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Abstract

Skin is a complex biological composite system that serves as the outermost barrier to
the environment and is mechanically robust. Understanding the mechanical
properties of skin is important to improve and compare current in vitro experiments to
the physiological conditions as the mechanical properties have a crucial role in
determining cell behaviour. The mechanical behaviour of skin at the cellular level is
expected to be dominated by the collagen fibre network within the dermis, which
displays an anisotropic mechanical response to macroscopic loading. However, the
three dimensional mechanical properties of skin at the nanoscale are not well
understood. The aim of this work is to examine the mechanical properties of skin at
the nanoscale in three dimensions and explore the links between the nanoscale and the
macroscopic behaviour. Multiple sample preparation techniques are employed to
expose the different layers of skin for mechanical testing and the elastic modulus of
skin is evaluated by using atomic force microscopy (AFM) nanoindentation. The
effect of freezing skin to cryogenic temperatures on the mechanical properties is
evaluated and found to have no impact on the mechanical response of skin, indicating
that the composition and structure of skin are robust enough to withstand the
cryosectioning sample preparation methods used to expose the transverse layers of
skin. AFM indentation was used to evaluate the elastic modulus of the dermis
depending on the orientation of the sample and found to have an isotropic mechanical
response. This result is opposite to anisotropy observed in macroscopic skin due to
small scale mechanical testing ignoring collagen fibril orientation during strain. The
variations in the elastic modulus of skin are also evaluated by AFM indentation at
high spatial resolution to construct a composite model of the mechanical behaviour of

skin at the nanoscale to predict the macroscopic response. The AFM nanoindentation




technique was extended to evaluate the mechanical properties of a cell derived matrix
deposited on an electrospun nanofibre scaffold, where the results indicate increasing
the nanofibre diameter produces a cell derived matrix with an increased elastic
modulus for more effective scaffolds. This work highlights the use of AFM
mechanical testing to evaluate the nanoscale mechanical behaviour of skin, treated as
a composite biological system, and determine the influence of the length scale and

sample orientation on the observed mechanical response.
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Chapter 1 — Introduction

1.1 Background

Skin is a complex biological composite material with multiscale structure, as shown
in Figure 1.1. The composition of skin is well understood, and predominantly
comprises of the collagenous dermal layer and the cellular epidermal layer. Each
constituent layer of skin contributes to the overall composite material properties.
However, the complexity of skin due to a structural hierarchy ranging from small
scale constituents to larger macroscopic features makes the link between skin
composition and resultant mechanical performance challenging. The aim of this
thesis is to therefore explore the small scale mechanical properties of skin, such as
elucidating the layered and sub-layer structure, and provide a relationship to the
material properties of the whole tissue. An experimental and theoretical approach is
taken using small scale experimental mechanical testing combined with analytical

and computational modelling to solve this demanding problem.
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Figure 1.1. lllustration of whole skin showing the constitute biological components,

adapated from (MacNeil, 2007).

General large scale macroscopic mechanical behaviour has been extensively
investigated through the use of conventional mechanical testing apparatus such has
uniaxial tension and indentation (Jachowicz et al., 2007; Ottenio et al., 2014). The
structural complexity of skin makes it difficult to draw significant conclusions from
the mechanical analysis of individual components or layers to the overall mechanical
response of skin, whereas large volume testing is ideal for examining the
macroscopic response of skin. The structure-property relationships at the macroscale
are well defined with large scale deformations of whole skin displaying highly
anisotropic behaviour (Gahagnon et al., 2012; Ni Annaidh et al., 2012b; Ottenio et

al., 2014).
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To a lesser degree, the nano/microscale mechanical properties of skin have been
evaluated using atomic force microscopy (AFM) and other microindentation
techniques through measurements of the constituent layers of skin. The nanoscale
mechanical response of whole skin and the relationship to the macroscopic response
along with the structure-property relationships are unknown. This thesis aims to
explore the spatial changes in the mechanical properties of skin at the nanoscale and
establish a link between nanoscale mechanical response and the macroscopic
mechanical behaviour in three dimensions. The need to understand spatial
mechanical properties specifically addresses the aim of evaluating the complexity of
skin, and indeed other biological structures that exploits compositional variations in
space to achieve mechanical function. The evaluation of skin at the nanoscale is
additionally considered as critical in understanding the complex microenvironment
required for the construction of engineered in vitro environments that are
representative of the in vivo condition, which have applications in the development

of tissue scaffolds for skin.

1.2 Thesis Outline

In this work the mechanical properties of skin are investigated at the nanoscale using
atomic force microscopy (AFM) indentation measurements. Several sample
preparation methods are evaluated to ensure the individual components of skin can
be accurately measured at the nanoscale using AFM. The spatial variation in skin
mechanical properties is determined and used to develop a finite element model. The

macroscopic mechanical behaviour of skin is predicted from the nanoscale
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mechanical measurements and a working link between the two length scales is

established.

The second chapter of this thesis reviews the existing literature focusing on the
composition, structure, and mechanical properties of skin at macroscopic and
microscopic length scales. This chapter also details the understanding and
importance of mechanical properties and how these properties can be investigated
using AFM. The third chapter outlines the experimental methods employed to isolate
the skin samples and expose the individual layers of skin. The in situ AFM
mechanical testing method is developed and validated. The fourth chapter explores
the effects of the sample preparation methods on the mechanical response of skin to
establish that treatments applied to skin are not influencing the mechanical
measurements being performed. With the sample preparation method validated, the
microscopic mechanical properties and the positional variations in mechanical
properties of skin could be measured. The fifth chapter therefore provides insight
into the effect of sample structure, particularly the influence of structural orientation,
on mechanical response at the nanoscale and comparisons to the observations in bulk
skin samples are discussed. The potential effect of the orientation of individual
components with respect to the applied load is investigated and an explanation for
the variations in mechanical response is established. The sixth chapter correlates the
nano/microscale mechanical properties to macroscopic mechanical measurements
conducted on whole skin samples. A link between the nanoscale and macroscale
mechanics is established by applying theoretical composite material theories to the
nanoscale mechanical properties. The complex spatial mechanical properties
evaluated in Chapter 5 are also used to develop a finite element analysis to predict

the macroscopic mechanical response of whole skin.
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The seventh chapter combines the experimental techniques applied to skin samples to
a cell derived matrix deposited on an electrospun tissue scaffold to evaluate the
spatial changes in the mechanical properties and investigate if changes in the
mechanical properties of the constituent components effect the overall mechanical
response of the cell derived matrix. The composite mechanical properties of the
engineered biocomposite are predicted and suitability as a mechanical analogue to
skin is discussed. Finally, the eighth chapter summarises the findings of this thesis

and future studies are proposed.
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Chapter 2 — Literature review

2.1 Introduction

This chapter aims to review the existing literature on skin structure, function, and
mechanical properties. Particular focus will be placed on the mechanical behaviour
of skin at different length scales and the importance of understanding the mechanical

behaviour of skin with respect to the cellular microenvironment.

2.2 The structure of skin

Skin is a complex composite material consisting of various components that combine
to form the outermost structure of the body. The skin is the largest organ in the
human body covering the entire surface area. The skin is approximately 2 mm in
thickness and covers more than 2 m? in surface area of an adult human (Shimizu,
2007). At the most basic level, skin provides a physical barrier between the interface

of the human body and the outside environment. The skin also regulates the internal
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temperature of the body through a sweating system and provides environmental
information through a vast neural network. Structurally, the skin is made up of two
main layers, with the overall structure illustrated in Figure 2.1. The first layer at the
surface of skin is the stratified epithelium, or the epidermis, which is roughly
between 75 and 150 um in thickness (Shimizu, 2007) but considerably thicker on the
palms and soles where the thickness can be up to 0.6 mm (Shimizu, 2007). Beneath
the epidermis lies a much denser fibrous connective tissue known as the dermis. The
dermis is much thicker than the epidermis and provides the majority of the structural
stability and is where the majority of the mass in the skin is located (Shimizu, 2007).
The dermis houses a large amount of the vascular and neural networks for the skin
and many specialised glands related to the excretion and secretion of biological

structures (Goldsmith, 1991).
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Figure 2.1. Illustration of the structure of skin, showing all the components and

layers present in the structure. Adapted from, Shimizu 2007.

2.2.1 Epidermis

The epidermis can be described as a continuous sheet of epithelial cells known as
keratinocytes, identified by the specific production of keratin proteins which form
intermediate fibres contained within the cell cytoskeleton (Fuchs and Green, 1980a),
but the epidermis also contains pores for glandular structures and hair follicles
(Goldsmith, 1991). The epidermis is a layered structure made up of four main layers,
as illustrated in Figure 2.2, with each layer identified by specific stage of

keratinocyte proliferation and the expression of specific proteins (Candi et al., 2005).
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The bottom layer of the epidermis is known as the basal cell layer. The basal cell
layer contains the subpopulation of epidermal stem cells, also known as basal cells,
and is the germinative layer for the epidermis (Fuchs and Raghavan, 2002). Basal
cells proliferate and remain attached to the basal layer with some of the basal cells
moving into the spinous layer, sometimes referred to as the stratum spinosum, of the
epidermis (Simpson et al., 2011). This transition from basal layer to spinous layer is
marked by a specific change in protein expression by the keratinocyte. Specifically,
basal cells readily expressing keratin 5 (K5) and keratin 14 (K14) as the intermediate
filaments which contribute to the cytoskeleton of the cell (Blanpain and Fuchs,
2009). This protein expression switches from K5/K14 to the expression of keratin 1
(K1) and keratin 10 (K10) when the basal cells proliferate into the spinous region
(Simpson et al., 2011). The expression of K1 and K10 forms a more robust network
of intermediate filaments that reinforce the cytoskeleton and result in a structure that
can better withstand mechanical stresses (Blanpain and Fuchs, 2009). Above the
spinous layer lies the stratum granulosum, or granular cell layer, which contains
flattened keratinocytes. The granular layer is named because of the granules of
proteins and lipids, called keratohyalin granules, that form within the cytoplasm of

the cell (Wickett and Visscher, 2006).

Keratinocytes increasingly undergo a transformation into corneocytes moving
upwards within the granular layer. Corneocytes are mechanically robust as their
nucleus is digested and the cytoplasm replaced with a crosslinked network of keratin
microfibrils and lipids that begin the formation of the cornified envelope. This
cornification process utilises the proteins and lipids contained within the keratohyalin
granules (Wickett and Visscher, 2006) and produces the cornified envelope of a

enzymatically crosslinked insoluble layer of proteins and lipids surrounding the
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corneocytes that acts as physical and chemical barrier protecting the body from the
environment but also retaining liquid within the body (Candi et al.,, 2005).
Corneocytes that have a fully developed cornified envelope make up the outermost
layer of the epidermis known as the cornifed layer, also referred to as the stratum
corneum or horny cell layer, and is approximately 15-20 cell layers in thickness but

substantially larger on the palms and soles (Shimizu, 2007).

Cornfied Layer
(Horny Cell Layer)

| Granular Cell Layer

|__Suprabasal Cell Layer | W%
(Spinous Layer)

Figure 2.2. (Left) Illustration of the layers of the epidermis from the basal layer to the
cornified layer at the surface of the skin.(Right) Histology image of the through
thickness skin showing the different regions of the epidermis adapted from

Kierszenbaum et al. (Kierszenbaum and Tres, 2015)

2.2.2 Epidermal-Dermal Junction

The epidermal-dermal junction, or the epidermal basement membrane, lies between
the epidermis and the dermis of the skin and is a critical component to the structure
of skin as it provides structural support for the monolayer of cells that begin the

formation of the basal layer in the epidermis (LeBleu et al., 2007). The basement
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membrane is a continuous structural element of the skin and consists of four major
components; type IV collagen, laminin, nidogen/entactin, and perlecan (LeBleu et
al., 2007). Type IV collagen is the most abundant component of the basement
membrane making up approximately 50% of the composition. Type IV collagen is a
nonfibrillar collagen and is secreted from keratinocytes and fibroblasts in the form of
protomer units that self-assemble into a network structure present in basement
membranes (Burgeson and Christiano, 1997). The second component of the
basement membrane is laminin that, in terms of composition, represents the most
abundant noncollagenous protein within the basement membrane structure. Laminin
is a heterotrimer formed of a a-chain, B-chain, and y-chain. The epidermal basement
membrane contains laminin a3, B3 and y2 chains that assemble into laminin-332,
also known as laminin 5 (Burgeson and Christiano, 1997). This basement membrane
assembles through the joining of both the collagen and laminin networks (LeBleu et
al., 2007). The interaction between collagen and laminin is stabilised by nidogen and
perlecan components found in the basement membrane. Nidogen and perlecan make
up the minor composition of the basement membrane and are responsible for binding
the collagen IV and laminin networks together (LeBleu et al., 2007). Nidogen is a
glycoprotein that has been shown to bind to type IV collagen, perlecan and laminin
among other protein structures. Perlecan is a heparin sulphate proteoglycan that is
not specific to the basement membrane but provides protein binding sites for
nidogen, type IV collagen and integrins. Together with nidogen, the perlecans are
integrated into the type IV collagen and laminin networks and cause additional

binding of the collagen and laminin (LeBleu et al., 2007).
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basal cell attachment to the basement membrane

At a larger scale, the basic structure of the basement membrane is separated into two
lamellae of lamina lucida and the lamina densa, as shown in Figure 2.3. The layer
directly below the basal cells of the epidermis is the lamina lucida, which is electron-
lucent and separates the basal cells from the electron dense lamina densa that
connects to the dermis below (Burgeson and Christiano, 1997). One of the major
functions of the epidermal basement membrane is to join the epidermis to the dermis
and therefore provides a clear mechanical role. The epidermis is attached to the
basement membrane through hemidesmosomes within the basal cells, which attach,

through the lamina luicda to the lamina densa by integrin binding sites and anchoring
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fibrils (Pulkkinen and Uitto, 1998). The anchoring fibrils are comprised of collagen
XVII, which is a form of collagen commonly referred to as bullous pemphigoid
antigen 2 or BP180 because the protein structure is 180 kDa in length (Zillikens and
Giudice, 1999). Integrin a6P4 is located within the hemidesmosomes and causes
basement membrane binding through to the lamina lucida (Burgeson and Christiano,
1997). The lamina luicda is a continuous amorphous region mainly comprised of
laminin glycoproteins with anchoring filaments oriented around hemidesomes. The
lamina densa is also a continuous amorphous region containing mainly laminin
glycoproteins, collagen IV, proteoglycans, and fibronectin (Andriani et al., 2003).
Beneath the lamina densa is a region referred to as the reticular layer which contains
mainly fibrous components such as anchoring fibrils, dermal microfibril bundles and
collagen fibres (Shimizu, 2007). The epidermal basement membrane is bound to the
dermis through anchoring fibrils composed of collagen type VII (Osawa et al., 2003).
These fibrils penetrate down from the lamina densa into the upper layers of the
dermis and then either loop back up to the lamina densa or terminate in the dermis

(Burgeson and Christiano, 1997).

The primary role of the epidermal basement membrane is the adherence of the
epidermis to the dermis through the structures described above in Figure 2.3. This
adhesion role includes providing structural stability to the monolayer of basal cells
that make up the base of the epidermis. The basement membrane also plays a role as
a specialised extra cellular matrix, by providing growth factors to influence cell
behaviour, manage cell proliferation, differentiation and migration. Typically, the
epidermal basement membrane will be approximately 100 nm in thickness (Osawa et

al., 2003) but is unevenly made up of the lamina lucida and the lamina densa.
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2.2.3 Dermis

The dermis represents the largest structural constituent of human skin. The dermis is
largely composed of collagen fibres, elastin fibres, and a matrix substance of
glycosamino-proteoglycans also known as the ground substance. These components
are controlled and regulated by dermal fibroblasts, which are the primary cells that
live within the dermis (Goldsmith, 1991). The major structural component of the
dermis is collagen which makes up 77% of the dry weight in skin (Shimizu, 2007).
Two main forms of collagen are present within the dermis; type I, type I11, and type
V with traces of type VI (Tobin, 2006). Collagens are formed of three polypeptide
chains that are composed of repeating amino acid structures, for each collagen type

the three chains combine to form a triple-helical structure (Kadler et al., 1996).

Collagen type 1, Ill, V present in the dermis readily self-assemble to form fibrils.
The fibrils are made up of 300 nm length triple helix collagen molecules that are
spaced approximately 40 nm apart. The spacing between the collagen molecules
leads to the characteristic periodic d-spacing, which leads to the periodic banding
structure (Chakravarti et al., 1998; Kadler et al., 1996). The nanometre sized fibrils
combine to form fibril bundles which occur at the micrometre length scale and are
referred to as collagen fibres (Gelse et al., 2003). The collagen fibres combine to
form a mesh structure within the dermis (Fang et al., 2012; Lavker et al., 1987). This
network of collagen fibres forms the basis for the robust mechanical properties of the
dermis (Silver et al.,, 2003). Observation of the structure of the dermis by
transmission electron microscopy, shown in Figure 2.4 (Lavker, 1979), highlights the
network nature of the collagen fibres present. The collagen network within the
dermis forms a lattice network structure which displays a preferential orientation

(Noorlander et al., 2002). The lattice network is composed of two collagen fibre
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families each exhibiting a preferential angle of alignment within the tissue. The
overall orientation direction has been shown to be consistent with the orientation of
the Langer’s lines observed in vivo (Ottenio et al., 2014). The Langer’s lines are
observed at the macroscopic level on the surface of the skin and represent the
predominant direction of the collagen fibrils parallel to the surface of the skin. Ni
Annaidh et al. have shown that the collagen within the dermis preferentially aligns at
two angles equidistant from the overall direction of the Langer’s line (Ni Annaidh et

al., 2012a).

Figure 2.4. Transmission electron micrograph of the dermis of human skin

highlighting the orientation of the collagen fibres, scale bar 1 um, (Lavker, 1979)
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Within the dermis, elastic fibres are woven within the bundles of collagen fibres and
are responsible for restoring the morphology of the collagen fibres after any
deformation (Tobin, 2006). The elastic fibres form a three dimensional network
mainly consists of elastin, fibrillins and microfibrillar associated glycoproteins
(Silver et al., 2003; Tobin, 2006) that spans the entire dermis . The network of elastic
fibres organises within the collagen network and near the epidermal-dermal junction
the elastic fibres are aligned vertically in relation to the surface of the skin and
cylindrical in shape (Lavker et al., 1987). The elastic fibres become more branched
within the papillary dermis and become larger and ribbon-like in morphology in the

reticular dermis (Lavker et al., 1987).

At a macromolecular level the collagen fibrils observed are mainly collagens type |
and V and are coated with type Ill, as illustrated in Figure 2.5 (Silver et al., 2003).
Glycosaminoglycans and proteoglycans link between the collagen fibrils and form

the extrafibrillar matrix of the dermis (Tobin, 2006).
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Figure 2.5. The macromolecular structure of the dermis with the collagen fibrils,
comprised of collagen type | and V coated with type Ill. Glycosaminoglycans and
proteoglycans form the extrafibrillar matrix of the dermis. The dermis is linked to the

epidermis by collagen type VII anchoring fibrils, (Silver et al., 2003).

The dermis is also divided into two separate regions, the papillary dermis and the
reticular dermis. The reticular dermis is much larger in volume than the papillary

dermis and comprises the majority of the dermis. The papillary dermis is present
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directly beneath the epidermal basement membrane and occupies the space between
dermal papillae (Evans et al., 2013). As a result, the papillary layer contains smaller
concentrations of collagen and elastic fibre bundles to maintain a higher
concentration of ground substance (Shimizu, 2007). Beneath the papillary dermis is
the denser reticular dermis layer and larger diameter collagen and elastin fibres with
a reduced concentration of ground substance. The reticular dermis accounts for the
majority of the mechanical properties of human skin as it is the largest volume within

skin (Silver et al., 2003).

2.2.4 Force Transduction in Skin

Skin is a particularly interesting candidate for studying the mechanical properties of
a tissue because of its complex structure, the large volume of skin present within the
human body and the important role the skin plays in daily function (Shimizu, 2007).
One of the major functions of the skin is to withstand the interaction forces that are
applied to the surface of the body. The skin should be able to withstand substantial
forces without failure and also transmit these forces to the body while reducing the
impact on the fragile cells and environment contained beneath the skin (Silver et al.,
2003). The dermis provides the major region of skin and is therefore expected to
define the mechanical properties of skin. However, the transfer of forces through all
layers of the skin needs to be achieved and structural integrity of the skin material
maintained. The process of understanding how force is transferred through skin
requires evaluation of both the components of skin as well as the interfaces formed
between each phase. A simple mechanism can be developed by considering that

external forces are applied to the skin through the epidermis. The keratinocytes
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joined through desmosomes in the epidermis transfer forces mainly from binding
through keratin and actin filaments in the cytoskeleton at keratinocyte-keratinocyte
junctions down through the epidermis (Silver et al., 2003). These forces can then be
transferred through hemidesmosomes bringing across the basement membrane to
integrin binding sites within the basement membrane and then down through
collagen anchoring fibrils into the dermis, as shown in Figure 2.3 (Silver et al.,
2003). A composite model considering the epidermis, basement membrane and
dermis is therefore expected to define the overall mechanical properties of skin
material. However, determination of the mechanical properties of the various layers

of skin at the submicrometre length scale requires suitable experimental techniques.

2.3 Mechanics

2.3.1 Basic mechanics

A solid material of a specified geometry subjected to an external force will deform in
response to the force. Elastic behaviour occurs when the material returns to the
original geometry upon removal of the force. The most common method for studying
this elastic behaviour is applying a force along a single axis that causes expansion
(stretching) along this axis, referred to as a tensile test. The basic tensile test is shown
in Figure 2.6, with the initial geometry and the deformation under load illustrated.
The two fundamental quantities used to describe the deformation behaviour of
materials are stress, o, and strain, €, where stress and strain can be related to the load

and deformation by (Courtney, 2005),

37



Chapter 2 — Literature review

Equation 2.1

Al Equation 2.2

where F is the force applied to the material that deforms the material, of initial cross
sectional area of Ay and length lo, to a length I. The deformation of the material is
described by this change in the length of the material geometry, A4/, is equivalent to
Al = [-l,. Examining the mechanical behaviour of materials using stress and strain
provide quantities that are in a normalised form and provide material properties that

are independent of the specimen geometry (Courtney, 2005).

Figure 2.6. Schematic representation of a uniaxial tensile test with the cross sectional
area of the sample A, contracting to A under the applied load and the extension of the

initial length of the sample |y to the final length |.
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Figure 2.7. Schematic representation of a linear elastic stress versus strain curve with

the unloading curve retracing the loading curve.

Elastic behaviour is observed in all classes of materials and represents the
deformation response corresponding to the reversible deformation of the interatomic
bonds within the material. The reversible deformation is a linear relationship
between the stress and the strain and is illustrated in Figure 2.7. The slope of this
response, ¢ Versus ¢, is represented as the elastic modulus, E, of the material. The
linear elasticity of a material can also be described by the force and deformation

relationship which is related to Hooke’s law by (Courtney, 2005),

F=k-Al Equation 2.3
where, k also referred to as the spring constant, is the slope of the linear force-
deformation curve. The spring constant of the material can be related to the elastic
modulus through a relationship including the geometry of the specimen (Courtney,

2005),
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EA Equation 2.4

The material properties have thus far been described for a material being stretched
under a tensile load. When the force is applied the material extension occurs along
the longitudinal axis of the material. Under elastic deformation there is a contraction
of the material along the transverse axis. The relationship between the axial strain
and transverse strain is through the Poisson’s ratio such that (Callister and

Rethwisch, 2007),

g Equation 2.5

where, g is the transverse strain and g, the axial strain. The transverse strain is
typically a contraction of the material leading to a negative value in most materials
and the axial strain is positive, all of which result in a positive value for the Poisson’s
ratio for most materials. The elastic modulus and Poisson’s ratio provide a
comprehensive description of the elastic behaviour of a material (Callister and
Rethwisch, 2007). The description of the elastic mechanical properties can be
extended to form a three dimensional mechanical response if the material is
homogenous and the stress-strain response is equal in all directions. If this is the
case and the material properties are equal in all three principal directions then the
material is considered isotropic (McClintock and Argon, 1966). If an applied load in
any direction results in an independent elastic response then the material is
anisotropic (McClintock and Argon, 1966). Anisotropic behaviour is common in
single crystals and composite materials, where the structure of the material

influences the mechanical response significantly.
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The uniaxial tensile test is often used to characterise the mechanical properties of
materials because of the simplicity of the testing set up. However, difficulties arise in
utilising this testing method with decreasing length scale (Oyen and Cook, 2009).
Standard uniaxial tensile testing involves gripping a large volume of sample and
applying a load, where the measured volume of the sample contributing to the stress-
strain measurements is expected to be the total sample volume. Indentation based
mechanical testing controllably measures smaller volume of the whole sample
volume using contact of a probe of known geometry into the material sample to be
investigated (McKee et al., 2011). The small measured volume using indentation
allows for characterisation of the variations in the mechanical properties across a
sample surface. Effectively observing the local changes in mechanical properties due
to changes in structure or composition using indentation is an advantage over tensile
testing where mechanical properties are averaged over the whole sample volume.
The ability to measure small volumes is of particular interest when considering
composite materials, which may have multiple components that result in variations in
the local mechanical properties that would not be measured using large volume
testing methods. The large volume testing methods, such as tensile testing, often
load a sample to complete failure, whereas indentation based testing subjects the
sample to a loading and unloading cycle that can avoid failure. Throughout the
loading and unloading cycle, the force applied to the indenter is recorded along with
the displacement of the indenter and the duration of the testing cycle. The data is
then represented as a force-displacement curve for analysis, which is analogous to

the force-deformation curves previously described for the tensile testing.

Indentation testing experiments critically require a complete description of the probe

used to indent the sample. As the contact area between the probe tip and the sample
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surface are used to describe the mechanical response, the probe geometry is often
selected to be either a flat cylindrical punch, conical, spherical, or pyramidal
geometries as these tip shapes are well established and have well defined
experimental methods (Oyen and Cook, 2009). The main difference between the flat
punch tip shape and the conical/spherical/pyramidal geometries is the variation of
contact area with increasing indentation depth. With the flat punch, the contact area
remains constant through the testing process to give force-deformation curves that
are similar to the large volume testing methods, where the elastic response produces
a linear force-deformation curve. Conical/spherical/pyramidal tip shapes provide
contact area changes with indentation depth that result in non-linear force-
deformation curve behaviour. This work considers the use of a sharp conical indenter
geometry, which is representative of the tip of an atomic force microscopy probe

able to evaluate nanometre structural features found within skin structures.

The solution for a rigid cone indenter in contact with an elastic half-space, with
Figure 2.8 illustrating the indenter tip shape and surface deformation from the
indentation load, was established by Sneddon and is given by the following

relationship (Love, 1939; Sneddon, 1948),

_2Etana

3 7zil—v2 5h2

where F is the force applied to move the indenter a distance, h, into the sample

Equation 2.6

surface, a is the half-tip opening angle of the cone, E the elastic modulus of the
surface, and v the Poisson’s ratio of the surface. Equation 2.6 highlights the non-
linear relationship between the applied force and the indentation depth. The solution
stated here is applicable for indentations that are completely elastic in behaviour.

For indentation measurements the elastic behaviour is described as the trace of the
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force-displacement curve during the loading is the same as the force-displacement

behaviour when the load is removed (Oyen and Cook, 2009).

Figure 2.8. A schematic representation of the conical indenter tip indenting the
sample surface, represented as an elastic half-space. The indentation depth, h, and

the half-tip opening angle, a, are shown.

More commonly the application of indentation loading will lead to permanent
deformation of the sample. Permanent deformation within the loading and unloading
curves is characterised by the lack of complete recovery of the displacement. The
elastic-plastic deformation behaviour is most readily analysed using the Oliver-Pharr

method, which has become synonymous with the analysis of nanoindentation data.

The Oliver-Pharr analysis builds upon the initial work by Doerner and Nix, which
established that the initial unloading region of the force-displacement curve is
described as a linear elastic response (Doerner and Nix, 1986). According to Oliver
and Pharr (1992), the elastic modulus is extracted from the unloading data of the
force-displacement curve where the initial unloading is fit to the following power-

law expression (Oliver and Pharr, 1992),
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F- a(h —h, )m Equation 2.7

where a, hy and m are curve fitting parameters. These parameters are then used to
calculate the stiffness at the maximum load, where the stiffness is defined as the
slope of the unloading curve and given by S = dF/dh. Computation of the stiffness
allows for evaluation of the contact depth, hc, which is the vertical distance where
contact is made between the sample and the indenter. The contact depth is computed
at the maximum point of the unloading curve (Fmax.hmax) @and is given by (Oliver and

Pharr, 1992)

Equation 2.8

where e is a dimensionless geometric parameter related to the shape of the indenter, e
= 0.72 for a conical indenter, e = 0.75 for a paraboloid of revolution, and e = 1 for a
flat punch geometry (Oliver and Pharr, 1992). The contact depth is used to define
the contact area between the indenter and the sample through the use of a calibration
function Ac(hs). The calibration function is determined by indenting a material of
known elastic modulus to several different depths and using linear regression to fit a
function to describe how the contact area of the indenter varies with indentation
depth. The reduced elastic modulus, E,, can be extracted by analysing the stiffness
and the contact area which are related through the following expression (Oliver and

Pharr, 1992),

- Sz Equation 2.9

r 2\/E

The reduced elastic modulus is used here to account for the contribution of a non-

rigid indenter to force-displacement curve and is defined by (Oliver and Pharr, 1992)
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1 (1_V52)+ (L-v?) Equation 2.10

with Es and vs being the elastic modulus and Poisson’s ratio of the sample and E; and
v; the same parameters for the indenter. In practice the elastic modulus of the
indenter is several orders of magnitude higher than that of the sample, especially in
the case of biological materials and the reduced elastic modulus is taken as the plane

strain modulus of the sample (Sirghi et al., 2008),

1 (1—v2) Equation 2.11

E E

r

For example a silicon nitride indenter will have an approximate elastic modulus of
280 GPa with a Poisson’s ratio of 0.2 (Khan et al., 2004) and polydimethylsiloxane
substrate with an elastic modulus of 2 MPa and an assumed Poisson’s ratio of 0.5
(Sirghi and Rossi, 2006), the contribution from the indenter to the calculated elastic
modulus according to Equation 2.10 would be less than 0.001%. Therefore, Equation
2.11 is suitable for calculating the elastic modulus from the reduced elastic modulus
value with low elastic modulus materials. It should be noted that throughout this
thesis whenever elastic modulus, or E, is stated it refers to the linear isotropic elastic

modulus.

2.4 Atomic Force Microscopy

The characterisation and mechanical testing of sample surfaces at small length scales
by indentation can be conducted using atomic force microscopy (AFM). AFM falls
into the class of scanning probe microscopy (SPM). SPM is a microscopy technique

that is based around using a probe to measure a specific interaction between a sample
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surface and the SPM probe. The interaction varies depending on the application, for
example scanning tunnelling microscopy uses the tunnelling current between the

probe and the sample surface.

In order to reconstruct an image from the measured interaction force, the probe is
scanned across the sample surface in a predetermined rectangular pattern in the x and
y directions, also known as raster scanning. The value of the interaction force at each
point during the scan is recorded along with the z coordinate of the probe. As the
interaction force between the probe and the sample surface changes, the z coordinate
is changed in order to maintain a predefined set point. The set point is a specified
value of the interaction force that the SPM system maintains throughout the raster
scan. A feedback loop is used to maintain the set point by comparing the value of
the interaction to the predefined set point value and adjusting the z coordinate in
order to return from the measured interaction value to the set point value. The x, y
and z coordinates at each point during the scan are recorded so a three dimensional

reconstruction can be performed (Binnig et al., 1986).

The AFM monitors the repulsive or attractive atomic forces between the probe and
the sample surface. The net force acting between the probe and sample surface will
be repulsive or attractive depending on the distance between the probe and the
sample surface. Contact between the probe and the sample surface is defined by a
repulsive force, resulting in the probe being pushed away from the sample surface
(Cappella and Dietler, 1999). The force acting between the probe and sample away
from hard contact becomes attractive and is caused by long range interaction through
van der Waals forces, which will pull the probe towards the surface (Weisenhorn et
al., 1989). The characterisation of the forces between the probe and the sample

surface can be described by a Lennard — Jones potential curve, shown in Figure 2.9.
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As the distance between the two decreases the force is attractive between the two
until a stable minimum is reached, decreasing the distance further results in a

repulsive interaction between the two bodies (Cappella and Dietler, 1999).
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Figure 2.9. The Lennard - Jones potential curve describing the interaction forces

between two atoms as a function of distance between the two atoms.

The AFM was originally developed by Binnig et al. in 1986 as a method for
measuring forces on the order of 10*® N (Binnig et al., 1986). The initial AFM
system utilised a diamond probe mounted on a gold foil cantilever with an STM
system as the feedback mechanism, where the tunnelling current was used to control
the z coordinate of the probe (Binnig et al., 1986). In the modern AFM system,
shown schematically in Figure 2.10, the probe is often mounted on a cantilever,
which is often made of silicon or silicon nitride. A cantilever system is used in order

to measure small attractive and repulsive forces between the probe and the sample
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surface. The interaction forces are measured by monitoring the cantilever deflection,
which is a result of the force applied to the AFM probe. An optical lever system,
where laser light is reflected off the back of the cantilever onto a photodiode, is used
to monitor the cantilever deflection (Lévy and Maaloum, 2001). The photodiode is
separated into quadrants to allow for measurement of cantilever deflection in the z
direction but also lateral deflection of the cantilever. The raster scanning elements
are piezoelectric positioners in the x, y and z directions. Individual piezo scanners
allow for high spatial resolution and control of the z position of the probe.
Depending on the AFM system, the piezo scanners can be mounted to the cantilever
system or beneath the sample. This mounting allows for raster scanning by moving
the stage or moving the probe. The cantilever itself is additionally fixed to a
piezoelectric generator, which allows oscillation of the cantilever for dynamic

operation as discussed below.

PHOTODIODE
LASER
PIEZO GENERATOR
SAMPLE
Z PIEZO SCANNER
~
Y PIEZO SCANNER X PIEZO SCANNER

Figure 2.10. Schematic of conventional AFM setup with optical lever method for

detecting cantilever deflections.
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Contact mode and semi contact mode are the two principal imaging operation modes
for the AFM. Each mode corresponds to a different region of the Lennard — Jones
potential. Contact mode operates in the repulsive region of the potential, as shown in
Figure 2.9, and corresponds to the probe moving into physical contact with the
surface of the sample, with the resultant repulsive force between the probe and the
surface causing cantilever deflection away from the sample surface. In contact mode,
the set point is a predefined amount of cantilever deflection, with a constant degree
of cantilever deflection corresponding to a constant force being applied to the sample
surface. As the probe is scanned across the surface, topographical features will cause
an increase in decrease in cantilever deflection, which will trigger the set point to
adjust the height of the probe to return to the set point value of cantilever bending
(Garcia and Perez, 2002). Placing the probe in contact with the sample surface has
the potential to damage both the sample surface and the probe tip as the applied force
between the probe in contact with the sample acts over a relatively small contact

area.

Semi contact mode, also known as non-contact or intermittent contact mode, operates
in the attractive force region of the Lennard — Jones potential as shown in Figure 2.9.
In semi contact mode, the cantilever is oscillated by a piezoelectric generator at the
resonant frequency of the cantilever. The resonant frequency provides a stable
amplitude of oscillation that can be measured by the optical lever system (Drake et
al., 1989). The attractive force applied through van der Waals interactions between
the probe and the sample surface reduces the amplitude of the oscillation of the
cantilever (Weisenhorn et al., 1989). Reducing the distance between the probe and
the sample surface increases the attractive force and further decreases the amplitude

of the oscillation of the cantilever (Weisenhorn et al., 1992). The set point in semi
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contact mode is specified as the magnitude of the cantilever oscillation. Low values
of the set point can result in a high attractive force between the probe and the sample
surface, resulting in probe coming into intermittent contact with the sample surface

during oscillation and scanning.

Within semi contact mode, phase imaging can be used to measure the material
properties of the sample surface in addition to collecting topographical information
with semi contact mode. The piezoelectric generator induces an oscillation at a
known phase angle and the interactions between the probe and the sample surface
result in a phase lag between the cantilever and the generator. Phase imaging
measures the phase shift between the phase angle of the piezoelectric generator and
the measured phase angle of the cantilever (Garcia and Perez, 2002). The oscillations
of the cantilever provide intermittent contact between the probe and sample surface
with the resulting attractive interaction between the probe and the sample causing a
phase lag, or phase shift, between the phase angle of the driving force and the
cantilever (Bar et al., 1997). The magnitude of the phase shift depends on the
stiffness of the material, where low stiffness materials will produce larger phase
shifts because of higher attractive interactions (Bar et al., 1998). The phase shift
information can be collected in conjunction with the topographical height
information measured with standard semi contact mode imaging to compare the
height information with qualitative material property information (Magonov and
Reneker, 1997). However, changing probe contact areas with a sample surface due to
changes in topography restrict the use of phasing imaging as a quantitative method
for evaluating material mechanical properties. Advantages of semi contact mode and
phase imaging are based on the probe requiring only intermittent contact with the

sample surface during operation, which reduces the risk of damaging the probe tip
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and the sample surface during imaging (Giessibl, 2003). Indeed, the integrity of the
probe tip is extremely important when studying the surface of a material as the radius
of curvature of the probe tip determines the ultimate achievable resolution with the
AFM (Jandt, 2001). The geometry of the AFM tip introduces convolution into the
final reconstructed image such that large tip radii of curvature cause broadening of
the lateral dimensions of features in the reconstruction of a sample’s surface, whereas
a blunted or damage tip can introduce additional error into the final reconstructed

image (Garcia and Perez, 2002).

One of the major benefits of the AFM is the operation in a liquid environment (Drake
et al.,, 1989; Hansma et al., 1994; Weisenhorn et al., 1992, 1989). The ability to
immerse the entire AFM system in a liquid allows for the imaging and
characterisation of many materials that would be otherwise impossible to measure in
air or a vacuum (Alsteens et al., 2012; Kurland et al., 2012). This operation is
particularly important when studying biological materials such as cells or proteins, as
they require specific imaging environments (Bastatas et al., 2012; Cross et al., 2008;
Ge et al., 2007; Haga et al., 2000; Heinisch et al., 2012; Kurland et al., 2012;

Lulevich et al., 2010; Sen et al., 2005; Sirghi et al., 2008; Wu et al., 1998).

2.4.1 Contact Mechanics

The local mechanical properties of a material are commonly measured using AFM
based indentation, which requires an understanding of the contact forces that are
involved between the two interacting bodies of the AFM tip and sample surface.
Specifically, force applied by the AFM tip will cause mechanical contact

deformation of the sample (Garcia and Perez, 2002). The deformation and contact
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mechanics between the probe and sample can be described by continuum elasticity
theories. These theories describe the forces between two interacting bodies through
both the contact and adhesive forces. Numerous theories have been developed that
can be applied to studying contact mechanics depending on the type of contact that is
taking place between the bodies. These theories relate the contact and adhesive

forces to the material properties of the system and are therefore considered here.

The interaction between two bodies in contact was initially studied by Hertz in 1882
(Notbohm et al., 2012). The work conducted by Hertz applied to linear elastic
spheres contacting planar surfaces at small displacements and assumed that there
were no surface or shear forces between the sample and contacting sphere. This work
was also applied to the contact between a sphere and a planar surface, referred to as
the linear elastic half space. Two other methods proposed more complete theories
that incorporate the adhesive forces into the description of the contact mechanics.
The Derjaguin-Muller-Toporov (DMT) theory generally applies to stiff contacts with
low adhesive forces and small tip interactions (Garcia and Perez, 2002). The final
main contact mechanics theory is described by the Johnson-Kendell-Roberts (JKR)
model, which can be used to describe low stiffness contact with large adhesive forces
and large tip interactions (Garcia and Perez, 2002). The major differences between
the DMT and JKR theories lie in the adhesion force between the sphere and the
elastic half space. Specifically, JKR accounts for the initial deformation that occurs
within the half space because of the applied adhesive force with the contacting
sphere (Greenwood, 2007). Figure 2.11 illustrates this initial contact between a
sphere mounted on an AFM cantilever and an elastic half space as modelled by each
theory. The Hertz model exhibits no initial adhesion between the two surfaces, DMT

displays an initial adhesive force between the two surfaces, whereas JKR accounts
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for the tensile force that is applied to the half space drawing it up into adhesive

contact with the sphere.

HERTZ DMT JKR

Figure 2.11. lllustration of the initial contact of Hertz, DMT, and JKR theories.

Maugis showed that DMT and JKR theories represent the upper and lower bounds of
the same contact behaviour and can be related through the Tabor parameter, ur

(Greenwood, 2007, 1997).

N
P :(RM/ ]3 Equation 2.12
T 2 3

E, &

Where R is the radius of the sphere, Ay the work of adhesion, & the equilibrium
spacing, and E, the reduced modulus defined in Equation 2.10 (Johnson and

Greenwood, 1997).

The Tabor parameter is instructive in defining which theory to apply when
measuring the contact behaviour between the sphere and sample surface. A Tabor
parameter of less than 0.1 indicates that elastic deformation is negligible, which
warrants use of DMT theory. Conversely a Tabor parameter of greater than 5
indicates that there is significant adhesive interaction so that JKR theory can be
applied. Additionally, these DMT and JKR theories can also be compared by the

elasticity parameter, 4, as proposed by Maugis (Greenwood, 1997).
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3
A=20, 9—R2 Equation 2.13
167A)E,

Where R is the radius of the sphere, Ay the work of adhesion, gy the maximum
adhesion stress, and E; the reduced modulus. The elasticity parameter, Equation 2.13
can again be used to select which theory describes the contact and is equal to 1.16r.
With A = 0 the Hertz theory applies, 2 < 0.1 DMT, and 4 > 5 JKR applies. The region
between 1 = 0.1 and 5 indicates a transition region between the DMT and JKR

theories (Johnson, 1997).

Magius also proposed a set of equations to define the contact in the region of 0.1 > 1
> 5 in addition to the elasticity parameter used to describe the transition between the
DMT and JKR theories. However, despite these equations, which were
experimentally verified by Lantz et al., the material properties of the elastic modulus
and the adhesive force cannot be directly determined from a simple force distance
curve (Butt et al., 2005). Despite these shortcomings, methods can be used to model
experimental data and extract material properties such as the elastic modulus, but
difficulties mainly lie in selecting the appropriate theory that applies to the
experimental conditions. Lin et al. have shown that these theories can be applied to
model the contact interactions of soft materials, mainly polyvinyalcohol gels and
tissue engineered cartilage, with and without adhesive forces and comparing the
results to macroscopic measurements with good agreement (Lin et al., 2007a,
2007b). The theories described above are generally used to evaluate the forces
involved in the adhesion and separation of two bodies, and are not generally suited to

the evaluation of material properties.
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The adhesive interactions between the AFM probe tip and the sample surface during
an indentation curve can be incorporated into the analysis of force-displacement
curves and a simple model was put forward by Sirghi and Rossi. The model proposes
that the total force applied to the cantilever during the unloading curve is a sum of
the elastic force of the sample, Fg, and the adhesive force of the AFM tip-sample

contact, Fa, via,
F=F. +F, Equation 2.14

The elastic force, for a conical indenter, is equal to Sneddon’s solution for the
indentation of a purely elastic half-space, described in Equation 2.6. The adhesive
forces will result in a remnant indentation depth, h:, which can be incorporated into
the expression for the elastic force during the unloading of the indenter such that the

expression becomes (Sirghi and Rossi, 2006),

2E tan o Equation 2.15
Fe = h—h

P o ¥

The contribution of the adhesive interaction between the AFM probe and the sample

surface the work of adhesion is first considered. Where the energy of adhesion, Wj,

for the contact is described as (Sirghi and Rossi, 2006)

W, =7, A Equation 2.16

where y, is the thermodynamic work of adhesion and A. is the function describing the
contact area between the AFM probe and the sample surface. The contact area of the

AFM probe, modelled as a sharp conical tip, is given by (Sirghi and Rossi, 2006),

_rtana Equation 2.17

A h?

Cos
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The adhesive contact energy can then be rewritten in terms of the indentation depth,

h, as (Sirghi and Rossi, 2006)

7. 4tana Equation 2.18

7TCoOSx

W, =— h?

a

The adhesive force can then be expressed as (Sirghi and Rossi, 2006)

= 7.8tana h Equation 2.19
~ zcosa

which, for a remnant indentation imprint at a displacement, h;, modifies Equation

2.19 to give (Sirghi and Rossi, 2006)

~ 7.8tana ( Equation 2.20

TCoSa h=h )

F =

a

The above equation leads to the total force being applied to the AFM probe tip to be

expressed via (Sirghi and Rossi, 2006)

F(h)— 2E tan (h _h, )2 _ 7J8tana (h _h, ) Equation 2.21

T h-vi) 7 Cosa
Equation 2.21 can then be applied to fit the unloading curve of an AFM force-

displacement curve where the adhesive interaction is present.

The adaptation of atomic force microscopy (AFM) systems to explore biomaterials
and native biological materials has become increasingly popular because the AFM
provides an accessible method for measuring the mechanical properties of biological
materials by applying forces to different points at a sample surface (Jandt, 2001). The
force sensitivity and high spatial resolution of the AFM allows for mechanical
measurements to be made on the nanoscale and accurately determine the material
properties of these small volumes (Mathur et al., 2001). Mathur et al. were able to

use the low force sensitivity of the AFM to accurately probe endothelial, cardiac
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muscle and skeletal muscle cells using AFM force distance curves and report the
measured elastic modulus; approximately 100 kPa for cardiac muscle, 25 kPa for
skeletal, and between 2 kPa and 7 kPa for endothelial cells (Mathur et al., 2001).
Similarly, Cross et al have shown that cancerous cells show a change in overall cell
stiffness and this has been extensively studied using AFM. Cancerous tumour cells
showed a statistically significant decrease, over 80% reduction, in the overall
stiffness when compared to benign cells (Cross et al., 2008). Charras et al. utilised
the high spatial resolution of the AFM to map the mechanical properties over the
surface of osteoblasts and develop a finite element model for the examining the
strains experienced throughout a cell (Charras and Horton, 2002). Such a method of
exploiting AFM to identify local mechanical properties across a surface is of
potential interest in exploring structure-mechanical function relationships in skin to

address the aims of this thesis.

2.4.2 Calibration of AFM Cantilevers

The AFM is a powerful technique able to both image a sample’s surface as well as
investigate surface mechanics, both with high spatial resolution. Mechanical
measurements at the surface of a material are typically quantified by recording the
interactions between the AFM probe and the surface of interest. The AFM probe is
the most important component of the system and directly interacts with the surface of
the material, which makes it extremely important to understand the behaviour of the
material. AFM probes are designed and fabricated as cantilever systems and
generally take two forms, a rectangular design or v-shaped design. The cantilever

design allows for direct application of Hooke’s law to the system and quantification
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of the interactions forces. In order to utilize Hooke’s law, the normal spring constant

of the cantilever must be known.

Numerous methods for calculating the spring constant of AFM cantilevers have been
developed, both analytical and experimental, but many require the input of cantilever
dimensions. However, accurately determining cantilever dimensions is non-trivial
and can lead to significant errors in the resultant spring constant value. In order to
understand the effect of the cantilever dimensions on the calculated spring constant, a
rectangular cantilever can be modelled as a simple beam with a rectangular cross
section and one fixed end, as shown in Figure 2.12 (Cleveland et al., 1993). The

stiffness of the rectangular beam can be defined as

F_Ewt’ Equation 2.22

5 4

Where k is the normal spring constant, F the force applied to the AFM probe that
causes cantilever bending, ¢ the deflection of the cantilever beam and E is the elastic
modulus of the beam material. Equation 2.22 shows a dependence of the stiffness on
the cube of the thickness of the beam, indicating that uncertainty in the measurement
of the thickness could result in a large error in the calculation of the spring constant

value.
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Figure 2.12. Simple beam bending diagram used to represent the geometric
approximations applied to the AFM rectangular cantilevers when calculating the

cantilever spring constant by the Sader method.

Initially Sader et al. developed a method for calibrating AFM cantilevers that
required knowledge of the mass and the dimensions of the cantilever (Sader et al.,
1995). However, the difficulties of measuring the mass and the dimensions,
particularly the cantilever thickness, made this impractical for standard laboratory
use. Sader et al. further outlined an analytical method that required knowledge of the
cantilever resonant frequency, quality factor and plan view dimensions shown in

Equation 2.23 (Sader et al., 1999).
k =0.190p,W’LQ, T @’ Equation 2.23

Where ps is the density of the fluid environment, usually air, w is the width of the
cantilever, L the length of the cantilever, Qs the quality factor of the cantilever in the
fluid environment, I'; the hydrodynamic function and o the resonant frequency of the

cantilever.
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Critically, all of the parameters in Equation 2.23 can be measured easily
experimentally. The plan view dimensions can be measured with high accuracy
optically or with an electron microscope and the resonant frequency and quality
factor can be measured using a standard AFM set up. Liquid density and the
hydrodynamic function, which described the motion of the cantilever in liquid, are
also assumed based on tables and mechanics calculations respectively. The spring
constant using Equation 2.23 is therefore easily measurable. The only drawback of
the Sader method is that cantilevers with rectangular plan view dimensions only are

considered (Sader et al., 1999).

For v-shaped cantilevers, the most basic approach is to use the parallel beam
approximation (PBA) (Sader, 1995). The PBA models the cantilever as two
rectangular beams joined at one end. The stiffness for this model can be defined as

(Albrecht et al., 1990)

(_Ewe( b N Equation 2.24
2\ 4l

Equation 2.24 shows a strong dependence between the measured thickness and the
calculated spring constant value in the model. In addition, PBA describes the v-

shaped cantilever shown in Figure 2.13a only and does not accurately model

additional v-shaped cantilever designs shown in Figure 2.13b-d.
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Figure 2.13. The variations in cantilever designs illustrated in a) and b) represent the
geometries used for theoretical calculations of the cantilever spring constant.
Cantilevers ¢) and d) display the actual geometry of v-shaped AFM cantilevers.
Different geometries of v-shaped cantilevers, illustrating the potential variations in
cantilever designs and highlighting the non-ideal geometries where the spring
constant cannot be evaluated by simplifying the geometry for an analytical

estimations.

The result of multiple v-shaped cantilever geometries has produced a range of
equations that aim to model the cantilever and calculate the spring constant value
(Clifford and Seah, 2005). The different analytical models are outlined in Equation

2.23-Equation 2.26 where the dimensions are shown in Figure 2.13a-b. Equation

61



Chapter 2 — Literature review

2.23 and Equation 2.24 consider the cantilever geometry a) from Figure 2.13 and are
different results for the parrallel beam approximation. The model described by
Equation 2.26 is applied to the idealised cantilever geometry shown in Figure 2.13b.
It should be noted that all of the models show a dependence on the elastic modulus
and the thickness of the cantilever.

+F

(Sader and White, 1993) Ewt® A Equation 2.25
k=——-—|1
21° { j

(Sader, 1995) Equation 2.26

3 3 -1

k = sz cos6) 1+4£3(3c056—2)
2L b

These methods also assume the cantilevers are perfect in shape and free of any

internal defects or stresses that can alter the spring constant.

For rectangular shaped cantilevers, the method for calculating the spring constant can
be achieved through dimensional or experimental analysis and are well defined using
the Sader method (Sader et al., 1999) or finite element analysis (Clifford and Seah,
2005). However, calculating the spring constant for v-shaped cantilevers can be more
complex due to non-perfect v-shaped cantilevers that are fabricated from multiple
materials with varying elastic modulus or additional layers deposited on the surface
of the cantilever. Heterogeneous cantilever materials are commonly found due to the
application of a thin film of gold sputtered onto the back surface of the cantilever to
improve laser reflection from the back of the cantilever to the photodiode detector.
The use of multiple layers in a cantilever complicates