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Abstract

Tactile sensors are now ubiquitous within human-computer interactions, where mouse and
keyboard functionality can be replaced with a trackpad or touchscreen sensor. In most tech-
nologies the sensor can detect the touch location only, with no information given on the force
of the touch. In this thesis, functional components of a novel nanocomposite ink are devel-
oped, which when printed, form a pressure-sensitive interface which can detect both touch
location and touch force. The physical basis of the force-sensitive response is investigated for
the touchscreen sensor as a whole, as well as the intrinsic force-sensitivity of the ink compo-
nents. In an earlier form the nanocomposite ink, that was the starting point of this study,
contained agglomerates of conductive nanoparticles which were formed during blending of
the ink, and provided the electrical functionality of the sensor. Here, novel nanocomposite
granules were pre-fabricated prior to inclusion in the ink. The granules were designed such
that they exhibited well-defined size, structure and strength. Control of these parameters
was achieved through selection of the granule constituents, as well as the energy and du-
ration of the granulation process. When incorporated into the ink and screen-printed to
form a pressure-sensitive layer in a touchscreen test device, the functional performance could
be assessed. Sensors containing pre-formed granules showed improved optical transmission,
compared to sensors containing the same mass loading of nanoparticles forming spontaneous
agglomerates. Agglomerates tend to create a larger number of small scattering centres which
scatter light to larger angles. The spatial variation in the force-resistance response, as well
as the sensitivity of this response, was also linked to the distribution of the granules within
the pressure-sensitive layer. The physical basis of the force-resistance response is two-fold.
Firstly, mathematical simulations showed that deflection of the upper electrode increased the
number of granules contacted with increasing applied force and therefore decreased the resis-
tance through the sensor. Secondly, a force-sensitive resistance of the granules themselves was
also observed, at high forces. Analysis of the non-linear current-voltage characteristics sug-
gested the presence of non-linear conduction pathways within the granules. Using a random
resistor network model, the non-linear current contribution decreased after approximately 0.7
N force. To understand this effect, a model based on the physical basis of quantum tunnelling
mechanisms was also applied, however this provided a poor fit to the data and no further

understanding could be gained.
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Chapter 1

Introduction

1.1 Introduction to thesis and Peratech (Holdco) Ltd.

Tactile sensors have a wealth of applications, allowing the detection of touch in fields as di-
verse as robotics, biomedical engineering and human-computer interactivity [1-3]. Typically,
tactile sensors comprise a force or pressure transducer, which converts a touch event into an
electrical signal. There is a growing demand of tactile sensing within the field of human-
computer interactivity, and specifically for consumer electronic devices, where the impetus is
on replacing the peripheral mouse or keyboard with in-built trackpads and touchscreens. For
example, in smartphones and tablets touch is detected through a transparent touchscreen
which is overlaid on top of the display unit, allowing direct interaction with the icons shown
on the display. Smartphones are ubiquitous in everyday life, and the market continues to
grow. Currently about half of the adult population own a smartphone, and by 2020 this

figure is expected to increase to 80 % [4].

Currently, tactile sensing within these examples is concerned with detecting the presence and
location of a touch event, with no information given on the force or pressure that the user
imparts to the interface. However, by measuring the touch force a new dimension of user
input can be realised. For example, touch force may enable pressure-based text entry, where
a harder press types a capital letter, or in handwriting or signature recognition where the
force of the touch controls the thickness of the pen stroke. Additionally, touch force may
be used to define force-enhanced gestures for scrolling, zooming and image manipulation on
an underlying display. Introducing a third dimension of user input in the form of force or
pressure sensing is a key focus of many leading consumer electronics companies, including
Apple, Samsung and LG. Apple have recently released their ‘ForceTouch’ concept, which

enables users to interact with Apple devices by applying varying degrees of force on the
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touch interface [5]. As a result of this, the interest in force-enhanced interactivity has grown
rapidly as developers look for new and intuitive ways for the user to interact with their

devices.

The primary focus of this thesis is the development and physical understanding of functional
components of a nanocomposite ink which, when printed, forms a transparent pressure-
sensitive layer. This layer, when incorporated into a touchscreen sensor, allows both touch
location and touch force to be detected. The transparent, screen-printable ink was developed

and patented by Peratech Holdco Ltd (‘Peratech’) [6].

Peratech were founded in 1996 by David Lussey. Initially, Lussey patented a novel conducting
polymer composite, comprising micro-sized nickel particles embedded in a silicone rubber
matrix [7]. This bulk material exhibited unusual electrical properties, where the resistance
dropped over several orders of magnitude when the composite was compressed [8, 9]. This
feature was attributed to the spiky surface morphology of the nickel particles, which promoted
field-assisted quantum tunnelling mechanisms, and from this the QTC®) (quantum tunnelling
composite) brand was developed. The material had primary applications in the detection of

touch-force, although vapour sensing applications were also explored [10, 11].

Changing markets and consumer demands led away from the bulk composite material and into
printable applications. Because of this, a screen-printable nanocomposite ink was developed,
which possessed similar electrical characteristics to the bulk material [12], that is it exhibited a
force or pressure-sensitive electrical resistance. The nanocomposite ink can be screen-printed
in a thin layer between two electrodes to form a thin, lightweight force sensor. Peratech then
developed a novel transparent version of their screen-printable ink, and it is this material
which provides the focus of this thesis. The primary application of this sensor is in the
field of human-computer interactivity, where the touch force can be used to open up new and
intuitive methods of interaction between user and device. In particular, because the composite
is optically transparent, it has key applications in the touchscreen industry. However, it is
important to note that force or pressure sensors also have extensive applications in fields
such as robotics and biomedical science. The printable nature of the sensors lends to easy

integration into any device architecture.

The printable nature of this sensor is also highly advantageous. The benefits of printable
electronics include low-cost, high throughput manufacture of integrated systems onto a variety
of substrates [13]. The additive process of printing a circuit, sensor, transducer or other form
of electrical system reduces the process complexity and allows integration of several electrical
components onto the same substrate. Printed sensors are of particular interest because, often,
they do not require complicated circuitry or complex lithographic structures, and as such are
well suited to the printing process. In other words, the printed sensor exhibits functionality

without the need for a high print resolution. Examples of printed sensors include glucose
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biosensors [14, 15], printed antennae for remote sensing [16], and sensors for the detection of
light [17], moisture [18, 19] and harmful vapours [20, 21], as well as tactile sensing which is
the scope of this thesis.

1.2 Aims of the thesis

This thesis considers the design and development of new ink components for resistive touch-
screen sensors, building on those developed by Peratech. The ink is then screen-printed be-
tween two transparent electrodes to form a pressure-sensitive layer. In a touchscreen format,
the pressure-sensitive layer allows quantification of the applied force. In its current config-
uration, this layer contains micro-sized agglomerates of conductive nanoparticles, which are
formed spontaneously during blending of the ink constituents. These agglomerates provide

the functional, pressure-sensitive response.

In this thesis, the spontaneous agglomerations of nanoparticles have been replaced with novel
nanocomposite granules, which can be mixed directly into the transparent ink base. Pre-
fabrication of the granules is highly beneficial as it allows the controlled manufacture of the
functional ink components prior to inclusion in the ink. The properties of the granules (for
example their size, structure and strength) can be modified by control of the fabrication
process. This was not possible when the agglomerates were spontaneously formed during

blending.

This thesis also considers the physical basis of the pressure-sensitive response of the touch-
screen sensors. Currently, the electrical functionality of the agglomerates or granules within
the pressure-sensitive layer is poorly understood. The resistance through the layer may de-
pend on the electrical contact created between the electrode and the granule ensemble, as
well as any intrinsic pressure-sensitivity within the granules. It is important to understand
any fundamental differences between the electrical and optical properties of pressure-sensing

layers containing either the pre-formed granules or spontaneously formed agglomerates.

With this in mind, this thesis is broadly split into two key aims, although there is significant
linkage between the two. The thesis is therefore divided into two parts. The first part of
the thesis relates to the design, fabrication and analysis of the conductive nanocomposite
granules. The aim is to develop a method to manufacture the granules with specific physical
properties, including size, shape, porosity and strength, in a controllable and repeatable
process. These parameters may be key to understanding the electrical conduction through
the granules, and also through the touchscreen device as a whole. An understanding of
how the method of fabrication (in this case a process called granulation) relates to the final

properties of the granules is key to this aim. In addition to this, it is important to develop
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a series of experiments which can accurately and reliably measure the granule properties.
This includes measuring the size distribution of the granules, visualising and quantifying
the granule internal structure and finally assessing their mechanical properties, including the

fracture strength.

The second aim relates to the functional performance of the touchscreen device as a whole,
and understanding the physical basis of the conduction processes within the pressure-sensitive
layer. Of particular interest is the difference in functional response between a touchscreen
containing pre-fabricated granules and one containing spontaneously formed agglomerates.
This functional response includes both the transmission of visible light through the pressure-
sensitive layer and the electrical conduction through the layer. In the former case, the aim
is to understand how the number and size of the granules affects the scattering of visible
light through the touchscreen assembly. In terms of electrical conduction, it is important to
understand and characterise the two contributions to the force-resistance response, that is
the effect of increasing the number of granules in contact with the electrode with increasing
force, and any intrinsic pressure sensitivity within the individual granules. The latter effect
links directly with the internal structure of the granules, covered by the first aim of this

thesis.

Ultimately, it is hoped that a full understanding of how the granule size, structure and
strength impacts on the functional performance of the touchscreen as a whole is created. This
would then open up the possibility of tailored granules for particular applications, where the

granule properties determine the sensitivity and range of the touchscreen resistance response.

1.3 Thesis outline

In line with the thesis aims as set out above, this thesis is split into two main parts. Part
I, comprising chapters 3—7, details the fabrication and structural analysis of the granules
whereas part II, comprising chapters 8-12 describes the incorporation of the granules into a
touchscreen device. The properties of touchscreens containing both pre-formed granules and
spontaneously formed agglomerations are compared, and a detailed study is presented on the

origin of the force-sensitive response.

Prior to part I, chapter 2 gives a broad overview of the field of tactile or touch sensing
within the field of human-computer interactivity, specifically within consumer electronics
applications. This helps to define the scope of this thesis, as it relates the current state-of-
the art within the field. The physical basis behind a range of touchscreen technologies is
described, along with recent research efforts into the incorporation of force sensing. Because

most innovation in this field is commercially driven, the relevant patents are reviewed. The
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chapter concludes with a description of the novel touchscreen design developed by Peratech,

from which this thesis is built upon.

Within part I, chapter 3 begins by giving a detailed account of the process of granulation,
which converts small, cohesive particulates into larger granules bound by the presence of a
liquid binder. This process is used to create the pre-formed granules which are later incorpo-
rated into the force-sensing touchscreen, and as such an understanding of this process is key
to designing functional granules with the desired physical properties. A detailed literature
review follows, describing how the granulation process can be used to tailor the final granule
properties, namely their size and shape, internal structure and strength, by altering both the

constituent material properties and the process conditions.

In order to fabricate and analyse the nanocomposite granules, a number of key techniques
are developed. Chapter 4 introduces the methodology of granule fabrication and subsequent
analysis. The raw materials, in this case conductive nanoparticles and electrically insulating
polymer binder, are described along with the process by which the granules are formed. This
is followed by a discussion of the concepts and theoretical underpinnings of each analytic tech-
nique used to assess the granule properties, including a comparison of methods for measuring
the granule size distributions. The technique of focussed ion beam milling, used to expose
the internal structure of the granules, is described, along with the methods used to determine
the granule mechanical behaviour. In combination, these techniques provide a powerful tool
to assess a range of granule properties (i.e. their size, structure and strength) as a function
of different constituent materials and a range of operating conditions. Then, direct linkage

can be made between the observed granule properties and the theory of granulation.

Chapter 5 provides a short, comparative study of the different size analysis techniques, and
gives a critical analysis of each method. For the remainder of the thesis, scanning electron
microscopy and manual image analysis form the basis of granule size measurements, and it
is therefore imperative to understand the advantages and limitations of such a technique in

comparison with automated size analysis techniques.

In chapter 6 the effect of changing the physical properties of the constituent materials of
the granules is investigated. This includes the effects of nanoparticle shape and the binder
composition and quantity on the size distribution, porosity and strength of the resultant
granules. In chapter 7 an investigation into altering the operation variables of the granulating
equipment is presented. This includes the effect of changing the energy and duration of the
mixing process on the granule properties. In both of these chapters, links are made to the
granulation process in the context of the current understanding of granulation mechanisms.
Ultimately, these chapters develop a ‘recipe’ which can be used for the controlled fabrication
of nanocomposite granules with well-defined physical properties. These granules can then be

incorporated into the touchscreen device.
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Part II is focussed on understanding the functional performance of both the granules and the
overall touchscreen device. Ultimately, the conductive properties of the granules may control
the functional response of the touchscreen sensor as a whole, so it is imperative to understand
the nature and mechanisms of any intrinsic conduction processes. The granules themselves
can be defined as conducting polymer composites, as they are formed of both conductive
and insulating phases. In chapter 8, electrical conduction through composite materials is
reviewed. This includes the theory of electron transport through conductors, semiconductors
and insulating materials. Emphasis is given to charge transport mechanisms through con-
ducting polymer composites, including models used to describe the macroscopic conduction
behaviour, such as percolation theory and random resistor network models. Fluctuations
in electrical conductivity, manifested as flicker noise, are also described, along with relevant
works which link flicker noise in composite materials to the nature and type of electrical

conduction.

Chapter 9 relates the experimental procedures used to formulate the transparent, screen-
printable ink containing the nanocomposite granules, and the deposition of this ink into
a touchscreen assembly by a screen-printing process. The methods of characterising the
touchscreen performance, in terms of its force-resistance response and its optical transmission
are described. The experimental design for assessing the conductive properties of the granules

themselves is also explained.

In chapter 10, the functional performance of the fabricated touchscreens, containing both
agglomerations and pre-formed granules, is assessed. The electrical resistance is measured as
a function of applied force, and parameters are defined which allow a quantitative comparison
between different test devices. The optical transmission through the touchscreens is assessed
in terms of the transmission profile (as a function of wavelength) and the optical haze. Links
are made between the distribution of granules and both the electrical and optical performance

of the touchscreen.

Finally, chapters 11 and 12 present a detailed study of the nature of the force-sensitive
response of both the touchscreen as a whole, and the individual nanocomposite granules.
In chapter 11 a simulation is developed, where from the geometry and mechanics of the
touchscreen assembly the number of granules contacted by the electrode can be calculated as
a function of applied force. This allows the surface-area contribution to the force-resistance
response to be assessed. Meanwhile, chapter 12 investigates any intrinsic force-sensitivity of
the granule electrical resistance. This is achieved through removing the surface-area effect
and compressing the granules directly. Lastly, chapter 13 summarises the key conclusions of
both part I and part II of this thesis. The impact of these results on the direction of future

touchscreen devices is also discussed.



Chapter 2

Pressure Sensitive Touch
Technology for Tactile Sensing in

Human Computer Interactivity

2.1 Introduction

Tactile sensing has become increasingly important in human-computer interactions (HCI) as
it introduces new and intuitive ways for users to interact with a computer interface. In touch
interfaces a variety of physical principles are used to detect the location of a touch and this
information is then relayed to the device to provide a certain functionality. As examples, the
touch surface may be a computer keyboard, a trackpad integrated into a laptop computer or
a touchscreen overlaid on top of a display. In the latter case, a touchscreen may be defined
as a transparent overlay located directly above a display unit such as an LCD (liquid crystal
display) or (O)LED (organic light emitting diode) display. The touchscreen market has grown
significantly from 0.31 billion units produced in 2007 to 1.32 billion units produced in 2012.
In 2017 a further increase to 2.41 billion units is forecast [22]. Touchscreens are found in a
wide range of applications including smartphones and tablets, as well as machinery control
panels, ATMs and point-of-sale kiosks. They eliminate the requirement to have a separate
touch interface, as the user can interact directly with icons shown on the underlying display.
Currently, most touch interfaces are capable of detecting the location of a touch (or several
simultaneous touches) but yield no information on the force or pressure of the touch. However,
recently there has been increasing interest in detecting the touch force as it introduces a third

dimension of user input alongside the two coordinates of touch location.
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The printable, resistive ink components that are the focus of this thesis have pressure-sensing
applications useful in this field. Hence, a full understanding of all current research and
innovation with the addition of force or pressure-sensitivity is needed to understand what
such a sensing material should be capable of achieving. However it is important to note that
force or pressure-sensitive tactile sensors are not limited to the field of HCI, as they also
have extensive applications in robotics and biomedical science. In robotics, force or pressure
sensors may be incorporated into electronic skin to mimic the sensing capability of human
skin, including its ability to sense touch pressure [23, 24]. In biomedical research, tactile
sensors incorporating force or pressure sensitivity can be used in bite-force measurement in
dentistry or in human gait analysis [25, 26]. There are many review articles which summarise

the important research and innovation within these applications [1, 2, 27-29].

A force sensor may be defined as giving a constant reading as a function of applied force,
independent of the contact area. Conversely, a pressure sensor will give, with a constant
applied force, a reading which is inversely proportional to the area over which the force is
applied. The technologies described in this chapter may be a combination of both physical
principles although the term ‘force sensitive’ is often used in the literature and especially in
the patents describing these devices. Often, these terms are used interchangeably. The touch
interface should be able to detect varying levels of applied pressure or force. The software
can then execute a specific response depending on the force level, such as a light touch or a
hard press. For the purpose of touch interfaces in HCI, a light touch may be of the order of
0.1 N and a hard press anything greater than 5 N. Assuming a human fingertip to have a
constant area of approximately 100 mm? this corresponds to touch pressures from 1 x 1073
Nmm~2 (light touch) to 0.05 Nmm~2 (hard press). By detecting a range of input forces or
pressures, many new and exciting applications can be introduced, including pressure based
text entry [30], menu selection [31] and handwriting/signature recognition [32], and force

enhanced gestures for scrolling, zooming and image manipulation [33, 34].

As mentioned previously, the majority of touch interfaces are currently only capable of de-
tecting the location of the touch, where the location sensing mechanism may use a range
of physical principles. Many resources describe the various principles behind touch sensing
interfaces, including resistive, capacitive, optical, infra-red and acoustic sensing [22, 35-37].
Currently, location and pressure sensing capabilities exist for piezoelectric, capacitive and
resistive sensing mechanisms and these are discussed in sections 2.2, 2.3 and 2.4 respectively
and compared in section 2.5. Finally, the resistive pressure sensing touch interface developed

by Peratech Holdco Ltd., which provides the basis for this thesis, is described in section 2.6.
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2.2 Piezoelectric pressure sensing in HCI applications

Piezoelectricity is caused by the coupling of elastic and dielectric properties of a crystalline
material, where an applied stress causes a change in the surface charge density. This is due
to either the formation or realignment of induced electric dipoles within the material, which
changes the electric polarisation. As such, the crystal structure must be non-centrosymmetric.

For an applied stress, o, the polarisation, P, of the internal charges is given by:
P =o0d+ Ecpy, (2.1)

for the one dimensional case when P and o are parallel, where d is the piezoelectric strain
constant, F is the electric field and  is the dielectric susceptibility [38]. Common piezoelectric
materials include SiOg (quartz), lead ziroconate titanate (PZT) and ZnO. The piezoelectric
strain constant d for SiOg crystals and ZnO thin films are of the order of 2 pCN~! and 11
pC N~ respectively [39, 40].

Polyvinylidene fluoride (PVDF) is a semicrystalline ferroelectric fluoropolymer which is ca-
pable of a large piezoelectric response and can be printed to form a transducer or pressure
sensing device [41-43]. For the case where the applied force is parallel to the direction in
which charge is measured (in this case through the thickness of a printed film) d values of
-33 pCN~! are reported [44]. The copolymer P(VDF-TrFE) (polyvinylidene fluoride—tri—
fluoroethylene) is often used as it enhances the crystallinity of the polymer and increases the
value of d to -38 pCN~! at room temperature [45]. Alignment of the hydrogen and fluorine
atoms within the crystals results in a permanent electric dipole moment. The dipole mo-
ments within the nanocrystals can be aligned by applying an external electric field greater
than the coercive field strength in a process called electrical poling. This is shown in the
inset of Fig. 2.1(a). Under an applied force the orientation of the dipoles within the film is
altered, inducing a voltage on the connecting electrodes which is proportional to the stress

applied.

Rendl et al. and Zirkl et al. demonstrated a prototype of a pressure-sensing touch interface
utilising an array of piezoelectric sensors [46, 47]. Fig. 2.1(a) shows the structure of the
pressure-sensitive array. The piezoelectric layer contained nanocrystals of the copolymer
P(VDF TrFE), where d was 20-30 pCN~!, and was printed at a thickness of 5 ym onto a
carbon electrode. The top and bottom electrodes were connected perpendicularly so that
a voltage signal could be read out from each electrode-PVDF-electrode intersection. Hence
each intersection was capable of measuring a touch force. The pressure-voltage response of
the sensor array is shown in Fig. 2.1(b), reproduced from data provided in [46]. It can be
seen that applied pressures in the range 0.12-0.29 Nmm™?2 produce a highly linear voltage

output. Here, pressure was applied using a test probe of diameter 4.5 mm giving an applied
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FIGURE 2.1: (a) Schematic of piezoelectric touch interface, comprising a piezoelectric layer
containing P(VDF-TrFE) nanocrystals located between two electrode arrays. The left hand
inset shows the alignment of nanocrystals within the film achieved through a poling pro-
cess. The right hand inset shows the atomic arrangement within a nanocrystal, where the
arrangement of carbon (black circles), fluorine (grey circles) and hydrogen (white circles)
atoms creates a permanent dipole moment. (b) Graph showing the output voltage as a func-
tion of applied pressure for a piezoelectric sensor array, reproduced from data provided by
Rendl et al. [46]. The output voltage is linearly dependent on the applied pressure in the
range 0.12-0.29 Nmm 2.

force of 1.9-4.7 N. However, after the PVDF is touched the induced voltage discharges over
a short time-scale through the internal resistance of the PVDF layer. The discharge has an

exponential function of the form exp (=) where the time constant 7 was 17.7 ms [47].

In its current format, this sensor cannot detect a static force unless complex signal processing
algorithms are used. Also, background noise may be introduced by the infra-red component
in ambient lighting, and from cross-sensitivity between the piezo- and pyroelectric responses.
This can complicate the detection of multiple adjacent touches. However, this technology
shows potential in that the highly linear response facilitates mapping of pressure levels to
the required applications. Each component of the piezoelectric sensor can be printed onto
a flexible substrate, leading to potential applications in flexible electronics. A transparent
sensor may be produced by replacing the carbon electrodes with a transparent alternative
such as poly(3,4-ethylenedioxythiophene) (PEDOT) or indium doped tin oxide (ITO).
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2.3 Capacitive tactile sensing in HCI

Capacitive touch sensing involves the measurement of the capacitance of one or two electrodes
which are embedded in the touch interface. When the interface is contacted by a conductive
object, the capacitance associated with these electrodes may change, allowing a touch to be
registered. Capacitive touch sensing can be split into several types, depending on how the
capacitance of the sensor or sensor array is measured and whether one or two electrodes are
present in each sensor element. A critical review of all types of capacitive touch interfaces can
be found in the literature [22, 35-37]. Here, the focus is on ‘pressed’ capacitive and projected

(mutual) capacitive touch interfaces, and the inclusion of pressure-sensitivity into these.

2.3.1 Pressed capacitive touch interfaces

The capacitance between two parallel conducting plates can be increased by either increasing
the overlapping area of the plates or by decreasing the plate separation. A pressed capacitive
tactile sensor uses one or both of these effects. For touchscreen applications, the pressed
capacitive tactile sensors can be incorporated into the display module, rather than being a
separate sensing module above the display. For example, in an LCD display the electrodes
are incorporated onto the colour filter glass and the thin film transistor layer which is found
beneath the liquid crystal array. Often, a column spacer is used to prevent full contact
between the two electrodes. This layout is shown in Fig. 2.2(a). Rigid layers of protective
covering, usually required in most applications to prevent damage to the display, cannot be
used here as the inflexibility of this layer would prevent the necessary deformation. The
touch resolution depends on the number of display pixels per sensor (and therefore the total
number of touch sensors present in the entire display). This is typically in the range of 4:1

(high touch resolution) to 16:1 (lower touch resolution) [35].

H. Kim et al. designed and fabricated a 20 x 20 array of pressed capacitive sensors [48, 49].
Indium zinc oxide (IZO) electrodes were deposited onto flexible polycarbonate films, and
an insulating layer of the polymer SU-8 (an expoxy-based photoresist) was deposited at a
thickness of 5 pm onto the lower electrode. The two electrodes were separated using spacer
columns of SU-8, creating a void space 8 pm in height between the electrodes. The total
thickness of the sensor array was 253 pm and the average optical transmittance in the visible
light range was 86 %. The capacitance is plotted as a function of pressure in Fig. 2.2(b), which
is replicated from results found in [48]. The capacitance increases from an initial value of 0.9
pF at no pressure to 4.5 pF at a pressure of 0.1 Nmm~?2, after which the capacitance output
saturates. Numerical modelling of the system confirmed that a pressure of 0.07 Nmm™?2

caused maximum deflection of the upper electrode at 8 pm, leading to no further increase in

capacitance.
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FIGURE 2.2: (a) Schematic of a pressed capacitive touch interface incorporated directly

into the LCD display. The touch electrodes are deposited on the thin film transistor and

colour filter substrate. When the top surface of the LCD is pressed the colour filter substrate

deforms, reducing the distance between the two electrodes and causing an increase in the

mutual capacitance. (b) Graph showing capacitance as a function of applied pressure for

two pressed capacitive transparent touchscreens developed by H. Kim (open diamonds) and
K. Kim (black crosses) [48, 50].

K. Kim et al. designed a similar sensor where the perpendicular electrode arrays were fabri-
cated by scribing and patterning single wall carbon nanotube (SWCNT) films. The electrodes
were separated by a 500 pm thick layer of compressive silicone gel [50]. The optical trans-
mittance at a wavelength of 550 nm was 81 %. The capacitance output as a function of
pressure is also shown in Fig. 2.2(b), reproduced from data provided by K. Kim et al. [50].
The capacitance increases from an initial value of 1.92 pF at zero pressure to 3.42 pF at a

pressure of 3.5 Nmm™2.

The magnitude and sensitivity of the response is highly dependent upon the electrode sep-
aration and the mechanical flexibility of the upper substrate. The maximum pressure that
can be detected is that which results in a vertical displacement of the electrode equal to that
of the electrode separation. The minimum pressure that can be detected is dependent upon
the read-out electronics, as the small change in capacitance must be detectable above any
background noise. When the touchscreen is incorporated into a device, background noise is
introduced through capacitive coupling of other device components, for example the display
and charging circuitry. It becomes very difficult to extract the required signal when the

background noise itself is also dependent on the changing separation of the components.

Due to the lack of a protective layer (or cover glass) the pressed capacitive touch interface
can suffer from poor durability. The flexible upper substrate may cause flexing and cracking

of the ITO electrodes and may damage the LCD display. Applying pressure directly to the
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LCD display can cause image artefacts and lead to short product lifetime. Despite these
limitations, a pressed capacitive touchscreen can be found in several camera touchscreen dis-
plays manufactured by Samsung (models ST550 and TL220) although the pressure sensitive

capabilities are not currently utilised [51].

2.3.2 Mutual projected capacitive touch interfaces

Mutual capacitive touch interfaces comprise an array of spatially separated electrode pairs,
for example a series of rows and columns which overlap to form intersections, as shown in
Fig. 2.3. Each electrode pair has a mutual capacitance. When a conductive object, for
example a fingertip, approaches the electrodes then capacitive coupling occurs between the
object and the electrodes and this results in a decrease in the mutual capacitance. Each
electrode intersection is scanned by a controlling unit and the location of the touch can be

determined from the change in capacitance measured at the corresponding intersection.

Mutual projected capacitive (often termed ‘p-cap’) is the dominant sensing mechanism used
in capacitive style touch interfaces and is commonly found in transparent touchscreens in
smartphones and tablets. This is because each electrode intersection is capable of sensing an
independent touch event, such that multiple simultaneous touches can be detected. Because
no deformation is required the touchscreen is rigid and durable. However, only touch from
conductive objects can be detected and the touch response is sensitive to screen contaminants

or surface moisture.
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FIGURE 2.3: Schematic of a projected mutual capacitive touch interface which comprises two

sets of perpendicular electrodes to create an array of electrode intersections. The approach

of a conductive object such as a finger reduces the charge stored between the electrodes,

resulting in a change in capacitance. Each electrode intersection is capable of measuring a
change in capacitance and hence a touch event.
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The lack of moving mechanical parts also means that an alternative approach to pressure
sensitivity must be used. There are three ways this can be achieved: by algorithms relating
the size of the contact area to the force applied, by using discrete force sensors external to

the location sensing surface or by using a pressure-sensitive stylus.

2.3.2.1 Relating size of contact area to touch force

The touch force may be approximated by measuring the size of the contact area. A harder
press will result in a greater contact area between finger and interface due to the compliant
nature of the human fingertip. A larger contact area means that more electrode intersections
are triggered and by integration of the capacitance values recorded at each intersection the
contact area can be calculated. This approach has been demonstrated [52, 53]. The difference
in contact area may also be used to differentiate between adult and child input and to
adjust the device functionality accordingly [54]. However, this approach requires additional
calibration to compensate for variation in user finger sizes and has limited accuracy. For
example, without user calibration the method cannot distinguish between a hard press from
a small finger and a light touch from a large finger. It is difficult to detect anything beyond
a moderately hard press, beyond which the touch area does not increase significantly, and of

course stylus input is not supported.

2.3.2.2 Using separate, discrete force or pressure sensors in the touch interface

The touch force may be measured independently of touch location by using several discrete
small-area force or pressure sensors placed underneath the touch interface, where the touch

interface is comprised of any capacitive touch system as described in section 2.3.

In fact, one type of touch interface, usually termed ‘force-based’ in the touch technology
industry, utilises discrete force sensors underneath the touch surface to measure both the
location and the force of a single touch. An example of this is shown in Fig. 2.4 where the
force sensors are placed underneath each of the four corners of the touch surface. The force
sensors may be strain gauges, piezoresistive, piezoelectric or capacitive sensors. Despite the
simplicity of the concept very little success was achieved due to its limitations, including
errors in location sensing due to the noisy, dynamic output from the force sensors, and the
unwanted detection of lateral forces [55]. Several attempts have been made to overcome the
latter problem, including beam-mounting of the sensors or using a spring-loaded suspension
system [56-58]. Despite these improvements this technology can only detect the force and
location of a single touch. Touching the interface in more than one location will return the

centroid of the applied forces and hence return an erroneous location.
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FIGURE 2.4: Schematic of a touch interface with four discrete force or pressure sensors

(F1 to F4), underneath each corner. Analysis of the force or pressure recorded at each

sensor provides information on both the location and the force of the touch. In ‘hybrid’

devices, touch location may be detected by a p-cap sensor, where the force sensors provide
independent information on the touch force.

However, by incorporating force sensors beneath a capacitive location sensing interface, both
multi-touch location sensing and force sensing can be achieved. These ‘hybrid’ touch inter-
faces provide a solution for applications such as smartphones and tablets where multi-touch
is standard. This approach has already achieved commercial successes, for example in the
ForcePad™ V.4 produced by Synaptics, Inc [59] comprises four force sensors underneath the
corners of the trackpad. This allows the sensing of up to 1000 g from up to five fingers
simultaneously with 15 g resolution, and 64 discrete force levels. The force-sensitivity can
be used to define force-sensitive multi-touch gestures [60, 61] and is also used to redefine the
click function. The hinge mechanism of the standard trackpad (which allows for click input)
is not required as the user can click anywhere on the trackpad by applying a force above
a predetermined threshold. In this case, the lack of moving mechanical parts may enhance
the product lifetime. The hybrid approach can also be found in the new generation of Apple
MacBook laptop trackpads [62] and also the newly released Apple Watch touchscreen [5]
through their patented ‘ForceTouch’ technology [63, 64].

2.3.2.3 Using pressure sensors in a stylus device

Touch force or pressure can also be determined through the use of an active stylus. These
are commercially available for devices such as smartphones, tablets and graphic tablets. The
stylus requires power in order to operate, which can either be drawn from the device or

provided by an internal battery. To detect the force the user is imparting to the interface,
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the stylus has an internal force or pressure sensor, which is usually connected to the stylus nib
such that retraction of the nib triggers the sensor. The sensor may detect pressure through a

change in inductance [65], capacitance [66, 67], resistance [68, 69] or light intensity [70, 71].

These devices can typically differentiate between 256 and 2048 levels of pressure. Because
only a single sensor is required, and the housing is large (the size of a typical pen) there is less
constraint on the physical dimensions of the sensor. However, the stylus use and performance
is also dependent on the display, chip, controller and driver support of the device it is used
with. A stylus will work only on specifically designed applications which utilise its pressure

sensitivity.

2.4 Resistive tactile sensing in HCI

In resistive touch sensing a change in resistance is measured between two electrodes, caused by
the contact and deformation of an interface. An example of this is the resistive touchscreen,
as shown in Fig. 2.5(a). In this case, a transparent electrode material such as ITO is used and
the electrodes are separated by an array of micro-sized transparent polymer beads (‘spacer
dots’). Metallic X and Y contacts are deposited at the edges of the substrate. When the
deformable upper substrate is pressed the ITO electrodes come into contact and a current can
be measured. The resistance of the ITO layer acts as a voltage divider, as shown in Fig. 2.5(b).
First, a voltage, Vxyef, is driven through the X contacts and one of the conductive bars in
the Y layer is connected to an analogue-to-digital converter (ADC) through large impedance.
By measuring the voltage Vi the location along the x axis, z, can be determined using the

equation:
T X Vy R

width - ADCxmaz - Vxref - R+ Rs

(2.2)

Similarly, the y coordinate of the touch, y, is measured by driving a voltage, Vy .y, through
the Y contacts and measuring the voltage Vx through high impedance. The Y coordinate is

then given by:
] Y Vx R3

height  ADCymas  Vires Rs+ Ra

(2.3)

Where the width and height are that of the touch surface, X and Y are the digital values read
from the ADC converter at driving voltages Vx ey and Vy,..r respectively, and ADCx 4z

and ADCY pqz are the maximum ADC values for x and y readings.

In this ‘four-wire’ format, only a single touch can be detected at a given time. However, it is
possible to create an array of I'TO electrodes similar to that used in capacitive touchscreens.

Then a touch can be registered at each intersection simultaneously. This approach has been
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FIGURE 2.5: (a) Schematic of a resistive touchscreen comprising two substrates, one of which

is flexible, coated in a transparent conductor such as ITO and with X and Y contact elec-

trodes. The substrates are initially separated by an array of insulating transparent polymer

beads (‘spacer dots’). When the flexible substrate is pressed the ITO electrodes make contact

allowing current to flow. The resistance of the ITO acts as a potential divider, as shown in

(b), which allows the touch coordinates to be measured by driving a voltage through the X
electrodes and measuring a voltage at a Y electrode, and vice versa.

developed by the company Stantum under the name Interpolated Voltage Sensing Matrix
(iVSM) [72].

The advantages of resistive touch interfaces are that a touch from any object can be regis-
tered, whether conductive or insulating. They are cheaper to manufacture and the power
consumption is lower than that of capacitive touchscreens as current flows only when the in-
terface is touched. However, the ITO electrodes suffer from poor durability due to repeated
flexing of the electrode. This can cause the ITO layer to crack and flake [73]. The touch
interface can be insensitive to low applied forces because a minimum force is required to cause

initial contact between the ITO electrodes.

In resistive touch interfaces, pressure-sensitivity may be achieved by the incorporation of
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a conducting polymer composite (CPC) layer between the electrodes, which modifies the
resistance between the electrodes as a function of the applied force or pressure. The CPC
layer must also have high optical transmission so as not to impact on light transmission from
the underlying display. In the literature there are very few examples of such an approach and
the few examples that exist are described in patents or patent applications such that technical
details are often obscured. However, the general approach of these examples is summarised
below. Each example comprises a functional CPC layer, however the geometry of this layer
is different in each case. These concepts relate directly to the conceptual approach discussed

in this thesis.

2.4.1 Pressure sensing using a percolative network of conductive particles

Li et al., in association with Motorola Inc., produced a prototype resistive pressure-sensing
touchscreen. A CPC layer 1 pm thick was screen-printed between two electrodes. The elec-
trodes comprised orthogonal rows and columns such that a touch at any electrode intersection
could be independently registered [74]. The CPC layer comprised conductive nanoparticles
less than 100 nm in size, e.g. ITO, tin dioxide or zinc oxide, dispersed in a translucent insu-
lating polymer, where the particulate loading was 20-30 % by volume [75]. A schematic of
this is illustrated in Fig. 2.6(a). When the CPC is compressed, more conductive pathways
form in the particle network, reducing the resistance through the layer. This effect can be

explained by percolation theory and quantum tunnelling, both of which are described later
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FIGURE 2.6: (a) Schematic of a conducting polymer composite layer comprising a network of

conductive particles dispersed in an insulating polymer. Under applied force the composite

compresses and the number of conductive pathways increase, causing a decrease in resistance

through the composite. (b) Force-resistance response of prototype pressure-sensitive resistive

touchscreen demonstrated by Li et al. [74]. Under application of 0.4-10 N applied force the

resistance decreases over four orders of magnitude, where the dotted line represents the
activation force needed to initiate pressure sensitivity.
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in chapter 8, section 8.3.1. The optical transmission through the CPC layer was reported as
94 % with respect to transmission through the glass substrate. Fig. 2.6(b) shows the force-
resistance response, reproduced from the data provided in [74]. The resistance decreases over
three orders of magnitude with applied force, dropping from 20 MQ at zero load to less than
5 kQ for a 10 N load. However, a minimum force of 0.4 N is required to cause a decrease in
resistance. This ‘activation’ force means that, in its current form, this composite is insensitive

to light touches.

2.4.2 Pressure sensing using magnetically aligned conductive particles

Goncalves et al. developed a CPC layer for use in a pressure-sensitive resistive touchscreen
which currently has a patent pending [76]. The conduction pathways are constrained in the
vertical (z) axis through application of an external magnetic field during the fabrication stage.
The CPC comprised magnetic, conductive nickel particles of diameter 2-5 pm, dispersed in
an insulating polymer matrix such as silicone or polyurethane. The particulate loading was
0.3-10 % by volume. The composite was deposited as a 50-100 pm thick film and an external
magnetic field of strength 3-10 mT was applied. The magnetic nickel particles were aligned
to form columns spanning the thickness of the printed film, as shown in Fig. 2.7(a). This

effect has been previously studied for composites containing nickel particles [77] and carbon
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FIGURE 2.7: (a) Schematic of conducting polymer composite layer comprising columns
of conductive, magnetic particles aligned through the application of an external magnetic
field. Under applied force the composite compresses and the number of conductive pathways
through the columns increase and field-assisted quantum tunnelling between particles may
occur, causing a decrease in resistance through the composite. (b) Force-resistance response
of a pressure-sensitive resistive touchscreen, demonstrated by Goncalves et al., redrawn from
data provided in the patent application [76]. The resistance through the composite decreases
by a factor of 10 for applied forces up to 1 N, beyond which the resistance remains almost
constant. The activation force of 0.03 N is shown by the dashed line.
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nanotubes [78, 79]. The cross-sectional diameter of the columns was controlled by the strength

of the applied magnetic field and was on average 20-25 pm.

The nickel particles had a spiky surface structure, with some surface protrusions exceeding 1
pm in length. CPCs containing these particles are of particular interest due to their enhanced
pressure-sensitivity [8, 9]. It is shown that conduction between two spatially separated par-
ticles may occur through a quantum tunnelling mechanism which is further enhanced by the
build-up of electric fields on the tips of the particles. Such field-enhanced quantum tunnelling

is further discussed in chapter 8, section 8.4.3.2.

Force applied to the upper electrode compresses the CPC and decreases the particle separation
within each column. Percolative conduction pathways are formed and conduction through
field-assisted quantum tunnelling may occur. A force-resistance response for this composite
is shown in Fig. 2.7(b), redrawn from data provided in the patent application [76]. In its
unloaded state the composite exhibits a resistance in excess of 100 k() and the resistance
begins to decrease at a force of 0.03 N. Increasing the load to 1 N decreases the resistance
to the order of 10 kQ but beyond this the resistance decreases marginally for loads up to 5
N. This insensitivity to applied forces larger than 0.1 N may limit its applicability in HCI

applications as in this format it is unable to differentiate anything beyond a light touch.

By decreasing the number of particles in the composite and constraining them to vertical
columns it is expected that the optical transmission would be enhanced, when compared to
a composite of the same thickness but with a random network of unconstrained particles.
However in practice it is likely that the large film thickness of 50-100 pm will, overall, have
a detrimental effect on the optical transmission, although no details of this have yet been

reported.

2.4.3 Pressure sensing using a single layer of particles spanning the CPC

thickness

Divigalpitiya et al., in association with 3M Innovative Properties Company (‘3M’), have de-
veloped a CPC layer which comprises a single layer of conductive particles that spans the
thickness of the layer, as shown in Fig. 2.8(a). This layer was patented for use in both force
sensitive membranes [80] and resistive touchscreens [81]. Rather than conduction occurring
through a convoluted vertical network of many small particles, here each individual particle
acts as an electrical bridge between upper and lower electrodes. The upper electrode was
initially separated from the CPC layer, for example using an array of spacer dots to main-

tain an electrically insulating air gap. When the upper electrode is pressed, the contact area
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FIGURE 2.8: (a) Schematic of a conducting polymer composite layer comprising a single layer
of conductive particles whose diameter is similar to the thickness of the layer. The upper
electrode is initially separated from the CPC by an air gap of thickness X. Under applied
force the upper electrode deforms. The contact area between electrode and CPC increases
with force, contacting an increasing number of particles and decreasing the resistance through
the layer. (b) Graph showing the force-resistance response of a pressure-sensitive interface
developed by Divigalpitiya et al., redrawn from data provided in the patent application [81].

between the upper electrode and CPC layer increases with increasing applied force. The num-
ber of particles contacted by the electrode increases, thus decreasing the resistance measured

between the electrodes.

For a transparent touchscreen application, the CPC layer may comprise ITO particles or
silver-coated glass beads dispersed in a single layer throughout an insulating elastomeric
polymer. No information is given on the particle loading within the layer although it is

justified within the patent to be low enough to allow high optical transmission.

A force-resistance response for a composite containing ITO-coated glass fibres deposited in a
silicone rubber film of thickness 25 pm is shown in Fig. 2.8(b), which is reproduced from data
provided in [81]. The resistance decreases from 10 kQ at a force of 0.4 N to approximately
20 Q) at a force of 8 N. Resistance values for less than 0.4 N are not reported. Whilst no
optical data was provided for this particular sensor, the transmission through a similar sensor
comprising 43 pm diameter silver-coated glass beads dispersed into a 60 pm thick film at a
particle loading of 140 particles mm™3

400-700 nm.

was reported to be 91 % over the visible wavelengths

The relationship between force, F', and resistance, R, was described by the equation:

A

R:ﬁ,

(2.4)
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where A and n are constants. The value of n indicates the sensitivity of the response, where
a larger n results in a greater decrease in resistance for a given increase in force. For the
force-resistance response shown in Fig. 2.8(b) n is 1.02. The sensitivity can be controlled by
the thickness of the air gap, that is the spacing between the surface of the CPC layer and
the upper, flexible electrode. Fig. 2.9 shows the value of n calculated for three insulating air
gap depths (denoted X in Fig. 2.8(a)) using data provided in the patent [80]. By increasing

the air gap n also increases.

2.4.4 Force sensitive resistors

Conducting polymer composites are also used in Force Sensitive Resistors (FSRs), which
were first patented by Franklin Eventoff in 1977 [82]. FSRs are typically small, discrete
sensors used in non-transparent applications. The CPC layer is screen-printed onto a flexible
substrate and separated from a set of inter-digitated electrodes by a spacer layer, as shown in
Fig. 2.10(a). In another format the CPC is printed directly onto one electrode and separated
from the other by the spacer layer. When the top layer is pressed the electrode(s) deforms
into the spacer layer and force is applied to the CPC.

In the CPC, conductive particles are dispersed into a printable base polymer. When printed,
this layer can exhibit micro- or nano-scale surface protrusions. The resistance through the
FSR sensor is determined by both the increase in contact area between FSR and electrode
and any intrinsic force-sensitive resistance of the CPC as governed by percolation theory
and quantum tunnelling mechanisms. Conductive particles used have included tin oxide [83],
carbon black [84] and titanium dioxide nanorods with a conductive coating [85]. As well
as modifying the CPC layer, the sensitivity of the response can be further controlled by
the number and spacing (pitch) of the inter-digitated electrodes and the flexibility of the

deformable electrode.

Sensitivity n

0 100 200 300 400 500 600
X (um)

FIGURE 2.9: Graph showing the sensitivity, n, of the force-resistance response as a function
of the depth of the air gap between electrode and CPC layer. By increasing the air gap, the
sensitivity of the force-resistance response also increases.
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FIGURE 2.10: (a) Schematic of a Force Sensitive Resistor (FSR) comprising a conducting

polymer composite layer printed onto a flexible substrate, separated from a set of inter-

digitated electrodes by an insulating spacer ring. When pressed, contact is made between

the CPC layer and the electrodes. (b) Graph showing the force-resistance profile of three

commercial FSR sensors sourced from Interlink Electronics, Sensitronic LLC and Peratech

Holdco Ltd. For each FSR, the resistance decreases by over three orders of magnitude for
up to 10 N applied force.

Fig. 2.10(b) compares the force-resistance responses of three commercial FSR sensors manu-
factured by Interlink Electronics, Sensitronics LLC and Peratech Holdco Ltd. In each case,
the active layer is printed onto inter-digitated electrodes as shown in Fig. 2.10(a) and the
sensor was loaded with forces up to 10 N using a load cell with a rubber probe of diameter 8
mm. For each sensor the resistance varies over three orders of magnitude when forces up to
10 N are applied. The sensors respond to forces as low as 0.15 N however for the Peratech

and Sensitronics sensors the response appears to approach saturation at higher forces.

The benefits of FSR technology include the low-cost large-area manufacture methods (e.g.
screen-printing) and the lightweight, thin geometry of the sensors. The sensitivity can be
controlled by the mechanical design of the sensor. The sensors are insensitive to high fre-
quency vibrations and electromagnetic noise interference. However, the resistance response
can be highly variable, for example caused by hysteresis effects due to mechanical relaxation

of the host polymer.

Applications of FSR sensors include biomedical sensing such as pressure mapping whilst walk-
ing [86], robotics [87] and musical synthesisers [88]. Reviews of FSR sensors in these applica-
tions have been conducted [89-92]. FSR sensors can be found in some computer keyboards
and laptop trackpads, such as the VersaPad(®) trackpad where two large electrode/CPC sub-
strates are separated by an array of spacer dots. The UnMousePad, developed by TouchCo,
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Inc. in 2009, is a multi-touch location and pressure sensing trackpad using FSR technol-
ogy [93] and the Microsoft Touch Cover is a pressure sensitive keyboard used with Microsoft
Surface tablets. Here, the pressure sensitivity is used to dismiss light touches as accidental
and for rejecting unintended touch from the palm of the hand (palm rejection). Other possi-
ble uses detailed in the relevant patent include using force to change the size, colour or case

of text input and also for gaming applications [94].

2.5 Comparison of pressure-sensing in HCI applications

To quantitatively compare the force-sensitive touch interface approaches discussed in this

chapter a basic response parameter was calculated as:

X’i - szn

L min . 100%, 2.5
Xma:r - szn ! ( )

Response =

where X; is the ith value of a measurable quantity X, for example resistance, capacitance or

voltage, and X, and X4, are the minimum and maximum values of X, respectively.

Fig. 2.11 compares the response of all the force-sensitive touch technologies discussed in this
chapter, where data is available. This includes the piezoelectric pressure-sensing interface
demonstrated by Rendl et al. and Zirkl et al. [46, 47], the pressed capacitive interfaces
demonstrated by H. Kim et al. and K. Kim et al. [48, 50], the three transparent resistive
sensors developed by the companies Motorola, Inc., Stantum and 3M Innovative Properties
Company [75, 76, 81] and the FSR, where the sensor commercialised by Interlink is chosen as a
representative example. Note that for the pressed capacitive sensors shown in Fig. 2.2(b), the
pressure has been converted to an applied force using available information on the dimensions

of the test probe.

Fig. 2.11 shows the force range over which each force-sensitive touch technology is sensitive.
FSR sensors, as well as the resistive touchscreens demonstrated by 3M and Motorola, cover
most of the range between a light touch (0.1 N) and a hard press (>5 N), although both
resistive touchscreens fall short of being able to detect a true light touch, instead requiring
a minimum force of around 0.4 N. Both the resistive touchscreen demonstrated by Stantum
and the pressed capacitive touch interface demonstrated by H. Kim et al. are sensitive to
very low levels of applied force (0.03 N), but in their current format they cannot distinguish
a touch force greater than 1 N. Also, the piezoelectric pressure sensor cannot detect less than

2 N applied force.

In Table 2.1 the response percentage at an applied force of 1 N is compared for each force-
sensitive technology. The piezoelectric sensor is not responsive at this force, whereas the

response for the pressed capacitive (H. Kim) and the resistive touchscreens demonstrated by
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FIGURE 2.11: Force-sensitive response for all touch interfaces discussed in this chapter,

including the piezoelectric sensor developed by Rendl et al. [46], the pressed capacitive

sensors demonstrated by K. Kim et al. and H. Kim et al. [48, 50], the transparent resis-

tive touchscreens patented by Motorola, Inc., Stantum and 3M Innovative Properties Com-

pany [75, 76, 81] and a force sensitive resistor commercialised by Interlink Electronics. Data
points are connected by straight lines as a guide to the eye.

Stantum and Motorola is already saturated, indicating that they are unresponsive to further
applied force. Here, the response may be defined as ‘switch-like’, in that it exhibits a very large
change in resistance at low applied forces with a negligible decrease at higher applied forces.
In this case the sensor is more suited to switching applications rather than the detection of
an extended range of applied pressure. However, a controlled resistance decrease over a range
of applied forces is ideal for sensing a multitude of applied force levels, as demonstrated by
the FSR sensor and the resistive touchscreen demonstrated by 3M, which have a response
at 1 N of 86 % and 53 % respectively. The pressed capacitive sensors demonstrated by K.
Kim et al. and H. Kim et al. show very different responses at 1 N of 18 % and 100 %. This
demonstrates the importance of the sensor structure, where the force range of the response
can be controlled by the mechanical properties of the deformable substrate. Furthermore,
the response for the latter sensor shows no sign of saturation, indicating that the full force

range of this sensor has not been assessed.
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Sensor Response at 1 N force

Piezoelectric 0%
Pressed capacitive (K. Kim) 18%
Pressed capacitive (H. Kim) 100%

Resistive - Motorola 98 %
Resistive - Stantum 100 %
Resistive - 3M 53%
Resistive - FSR 86%

TABLE 2.1: Response of pressure—sensing tactile technologies at an applied force of 1 N.

2.6 Peratech Holdco Ltd, QTC™ Clear and the scope of this

thesis

Peratech Ltd. (renamed Peratech Holdco Ltd. in 2014) have developed a transparent resistive
touch technology which utilises a CPC layer similar to that developed by Divigalpitiya et al.
as described in Section 2.4.3 [6]. However, here the CPC layer comprises a single layer
of conductive agglomerates, where each agglomerate is comprised of a network of smaller,
conductive particles. The agglomerates are dispersed into an insulating polymer and printed
such that the size of the agglomerates is roughly equal to the thickness of the printed layer.
However, this spontaneous agglomeration has many inherent disadvantages, including the lack
of control over the agglomerate size and shape, which can impact the optical transmission

through the CPC layer.

An alternative approach is to pre-form the agglomerates before they are dispersed into the
polymer during a separate manufacture process. These pre-formed agglomerates are hence-
forth called granules. There are many advantages of using pre-formed granules instead of an
uncontrolled agglomeration process. Firstly, it is possible to control both the size and shape
of the granules through the process by which they are fabricated. This process is explained
fully in chapter 3. Through this process, granules of a specific size and shape can be produced

before they are incorporated into the CPC.

The internal structure, porosity and strength of the pre-formed granules can also be con-
trolled through the manufacture process. These factors could have important implications
on the granule functionality. For example, by controlling the size of the granules the optical
properties through the CPC layer can be optimised, as the amount of light transmitted and
absorbed by the layer is strongly dependent on the size of the particles within the CPC. This
is explored further in chapter 10. Additionally, the size of the granules determines their elec-
trical functionality because those equal to or larger than the CPC layer thickness contribute

to the electrical conduction when the layer is compressed. Smaller granules are completely
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wetted by the polymer and do not contact the electrodes, although they still contribute to the
absorption of light through the CPC layer. By pre-forming the granules to a well-defined size
range this problem can be overcome. The strength of the pre-formed granules dictates their
durability and the range of applied forces they can withstand. Granule breakage is disadvan-
tageous because it may lead to a loss of electrical conductivity and structural degradation of
the CPC layer.

Finally, the resistance of the granules themselves may be inherently pressure sensitive, po-
tentially extending the functional range of response. During the manufacture of the granules
the constituent particles are mixed with an insulating polymeric binding agent. Hence the
internal structure of the granule mirrors that of a CPC similar to that shown in Fig. 2.6(a).
In this case it is expected that when compressed more conduction pathways are formed within
the granule, leading to a decrease in resistance. The conduction mechanisms that may be
present in such a composite are investigated in chapter 12. The presence of internal voids
within the granule may aid this process and hence the granule porosity is also an important

parameter to control.

2.7 Chapter summary

This chapter discussed various methods of incorporating pressure-sensitivity into sensors
which previously could only detect the location of a touch event, and the benefits and lim-
itations of each method were explained. Piezoelectric pressure sensors using the polymer
PVDF can be printed in an array of sensors, each of which is capable of detecting a touch
force. Pressed capacitive touch interfaces can measure a touch force through the increase
in capacitance associated with deforming the upper electrode. For projected capacitive in-
terfaces, where there are no moving parts, pressure sensitivity may be realised through the
addition of separate, discrete force sensors or through the use of a pressure-sensitive stylus.
For resistive touchscreens, a pressure sensitive layer can be printed onto one electrode, which
acts to modify the resistance through the layer as a function of applied force. Three different
pressure sensitive layers, comprising conducting polymer composites, have been compared
here. Finally, the pressure-sensing resistive touchscreen patented by Peratech Holdco Ltd

has been introduced as the focus for this thesis.



Chapter 3

Theory of Granulation

3.1 Introduction

In this chapter the theory of granulation processes are described. Granulation is a key process
within this thesis as it allows controlled design and formation of the nanocomposite granules
which are then incorporated into the touchscreen devices. Granulation may be defined as the
agglomeration of primary particles to form semi-permanent aggregates (or granules), where
the constituent particles can still be distinguished. In wet granulation, a liquid binder is used
to bind the particles together. Granulation is a useful procedure as the resultant granules
have a higher density than the cohesive powder. This results in improved flow characteristics
which is especially useful for industries handling large amounts of powders, where problems
such as caking of powders and the inhalation and explosion risks from these powders are
reduced [95]. Granulation is a beneficial process for drug manufacture in the pharmaceutical
industry as it can lead to a more efficient tabletting process and can be used to control the
dissolution rate of the final product [96, 97]. Granulation is also an important process in

food [98], agriculture [99], mineral processing [100] and the chemical industry [101].

Another benefit of granulation is the ability to produce a composite material whose properties
are dependant on the exact blend of the starting components. In most of the applications
highlighted above, the functionality of the granule is determined by the particle component
only and the binder plays little or no role beyond that of binding the required particles
together. However, for the purpose of this thesis, the process of granulation is used to produce
nanocomposite granules comprised of conductive nanoparticles and electrically insulating
polymer binder. Here the binder can act as a modifier to the electrical behaviour of the

particles. The composite granules may then exhibit non-linear electrical resistance as a

28
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function of applied force. More detail on this is given in chapter 8 which describes the

conduction mechanisms in such composite materials.

In the field of granulation the properties of the granules are tailored to suit the application.
By altering both the starting materials and the process variables the final properties of the
granules, namely the average size and size distribution, surface morphology, internal porosity
and strength can be controlled. Material variables include the quantity, viscosity and surface
tension of the binder and the size, shape and surface chemistry of the primary particles, while
important process variables include the granulator type and size, the duration and the energy
of the mixing process. The aim of this chapter is to outline and summarise the theoretical
granulation processes relevant to this work, namely nucleation, growth and breakage and
to explain the key concepts of these processes. By understanding these processes it may
be possible to predict how modifications to both the materials and process variables can
change the resultant granule properties. This understanding will aid in the manufacture of

the electrically functional nanocomposite granules which are the subject of this thesis.

The vessel in which granulation occurs (the granulator) may be a tumbling mixer (drum or
low-shear granulation) or a mixer vessel with one or several impellers or choppers (high-shear
granulation). Mixing may also occur in a fluidised-bed, where the binder is sprayed onto
a bed of particles which are constantly agitated by air flow. Whilst the focus here is on
high-shear granulation, results obtained using other types of granulator have been included

where they can be generalised to high-shear granulation.

The chapter is split into three parts. Firstly, there is a summary of the three main granula-
tion processes which are nucleation, growth and breakage. Then follows a discussion on how
altering the materials and the process variables will impact the resultant granule character-
istics, such as the size and shape, porosity and strength. Finally, the size parameters most

commonly used in order to classify granule dimensions are defined.

3.2 Granulation processes

Granulation is a complex series of processes in which small changes on the micro-scale can
result in large changes in the macroscopic properties of the resultant granules. To understand
granulation it is convenient to split it into three processes: nucleation, growth and breakage.
In the nucleation stage a liquid binder is brought into contact with the constituent particles
and small granule nuclei are formed. Granule growth may be defined as a process which
increases the overall size of the granule. This includes both coalescence and layering mecha-
nisms. Often, granule consolidation is also included in this stage as it acts as a pre-cursor to

growth. Granule breakage is defined as any process which reduces the granule size. Whilst
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these processes may be described individually, it is important to note that in reality they
may occur simultaneously during granulation, especially breakage and growth. The duration
of the nucleation stage often depends on the extent of the binder addition phase and growth

and breakage will often begin during the nucleation phase.

A detailed account of all aspects of granulation can be found in the literature. This includes
the mathematical description of rate processes from the micro- to the macro-scale, from the
theoretical description of individual particle-binder liquid bridges to the macro-scale growth

kinetics of the system [102-104].

3.2.1 Wetting and nucleation

Wetting and nucleation may be regarded as the first stage of the granulation process where the
liquid binder is brought into contact with the dry powder and is initially distributed during
the mixing process. It is an important stage in granulation as the initial nuclei properties
will affect the properties of the end-point granules, for example a broad size distribution of

nuclei typically results in a broad distribution of end-point granules.

Granule nuclei form in the nucleation or wetting zone, which is defined as the region of
the granulation vessel where binder and particles first come into contact. Ideally, during
contact the binder should spread over and wet the surface of the particle. Whether this
is energetically favourable is governed by thermodynamics and can be calculated from the
surface free energies of the constituents. The wetting behaviour can be understood from
surface energy studies. Fig. 3.1(a) shows a liquid droplet in contact with a smooth, non-
porous solid surface and a vapour phase (i.e the surrounding air). At equilibrium the droplet
forms a contact angle, 8, with the solid surface. For a flat surface, 0 < § < 180° , where
0 = 0° results in perfect wetting and angles greater than 90° result in the formation of liquid

Good wetting Poor wetting
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FIGURE 3.1: (a) Schematic showing a liquid droplet incident on a smooth, non-porous solid

surface with a contact angle, 8, between the solid and liquid phase. The surface free energy

between the phases is given by -y, where the subscripts L, S and V denote the liquid, solid

and vapour phases respectively (b) Good wetting occurs for < 90° and leads to a positive

spreading coefficient, A\pg, between liquid and solid. Poor wetting occurs for 8 > 90° and
this leads to a negative A\ g.
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‘beads’ on the surface. In general terms, the smaller the contact angle, the greater the affinity
between liquid and solid indicating good wetting, as shown in Fig. 3.1(b). For a water binder,
good and poor wetting are described by the terms hydrophilic and hydrophobic, respectively.

The Young-Dupré equation relates 6 to the surface free energy v between interfaces:

Ysv =Ls + yLv coso, (3.1)

where the subscripts S, L and V' denote the solid, liquid and vapour phases respectively.
Note that vy is also called the surface tension [105]. The spreading coefficient, A, is defined
as the difference between the work of cohesion and the work of adhesion of the liquid/solid

interface and is given by:

Ars = vrv (cos@ —1). (3.2)

When Apg is positive, spreading of the liquid over the solid is energetically favourable. For
granulation, a positive Ay g means that the liquid binder will spread over the primary particles
and form liquid bridges, resulting in a stronger granule nucleus. Conversely if A7 g is negative,
or if Agr (the spreading coefficient of the solid over the liquid) is positive then the binder
does not spread over the particle and liquid bridges will only form between the initial points

of contact between binder and particles. This results in a weaker nucleus.

The method by which the binder is initially introduced into the granulation vessel is also
important as it controls the size of the liquid binder droplets when they reach the nucleation
zone. Schafer and Mathieson proposed two different mechanisms by which nucleation may
occur in melt pelletisation (a process where the binder is added in solid form and then melted
by subsequent heating) [106]. The process depends on the size of the binder droplets relative
to the primary particles. The immersion mechanism occurs when the binder droplets are
much larger than the particles, so that the particles become immersed in the large droplet,
as shown in Fig. 3.2(a). The distribution mechanism occurs when relatively small binder
droplets are distributed onto the surface of larger particles as shown in Fig 3.2(b). These

mechanisms were generalised for any wet granulation process by Scott et al. [107].

Practically, there are three main ways of introducing the binder to the granulation vessel:
pouring, spraying and melt pelletisation. The effect of the binder introduction method is

discussed in section 3.3.2 of this chapter.

3.2.2 Granule growth

Granule growth is defined as the increase in size of the granules. Coalescence is the mecha-
nism by which two granules collide and stick together whilst layering is the adhesion of fine

particulate material onto the surface of an existing granule. The difference between these
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FIGURE 3.2: Schematic showing the immersion and distribution nucleation mechanisms first

proposed by Scheefer and Mathieson [106]. (a) If the binder droplet size is much larger than

the particle size then particles become immersed within the binder droplet. (b) If the binder

droplet size is much smaller than the particle size then the droplets are distributed amongst
the particles and adhere to the particle surfaces.

two processes is somewhat arbitrary, depending on what is classed as fine material. Growth
begins during the nucleation stage and can continue for a long time after all the binder has
been added. The amount of binder often determines the final granule size, to the point where
insufficient binder may limit growth such that the nucleation kinetics have the largest impact

on the final granule size.

For successful coalescence between two granules, the granules must collide, stick together and
not separate. This behaviour is heavily influenced by the presence of binder on the granule
surface and the strength of the wet granules, as this determines the degree of deformation
during collisions. During mixing, the liquid binder may be squeezed out from the central
nucleus to the surface in a process known as consolidation. The degree of consolidation

further affects the wet granule strength.

The following subsections firstly describe granule strength and consolidation, before dis-
cussing growth by coalescence and layering. Note that the wet granule strength defined here
should not be confused with dry granule strength (i.e. the strength of the resulting granules

after drying or curing).

3.2.2.1 Wet granule strength

Newitt and Conway-Jones first described the various states of liquid saturation of granules
as shown in Figure 3.3 [108]. When the constituent particles are connected at their contact
points by a liquid bridge then this is the pendular state. The capillary state occurs when the
granule is saturated by binder such that all pores are filled and the binder is pulled back into
the pores through capillary action. The intermediate state between pendular and capillary

is known as the funicular state, where some pores may remain unfilled. In the droplet state,
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At

Pendular Funicular Capillary Pseudo-droplet Droplet

FIGURE 3.3: Schematic illustrations of the various states of liquid saturation within a granule
as described by Newitt and Conway-Jones [108]

the particles are held within a binder droplet. The pseudo-droplet phase may form if there is
poor wetting between the solid particles and liquid binder, resulting in trapped air pockets

within the granule.

Wet granule strength is governed by capillary, viscous and frictional forces. The liquid bridges
between constituent particles provide a static surface tensional force and a dynamic force
relating to the binder viscosity. The surface tension itself has two components — a capillary
suction pressure which is caused by the curvature of the liquid interface and an interfacial

surface tension force acting on the perimeter of the liquid bridge cross-section.

Willet et al. found that the experimentally measured total bridge force is directly propor-
tional to the liquid adhesion tension of the binder material (yzycos(6)) [109]. The dynamic
strength of a liquid pendular bridge, associated with the shear stress resulting from a chang-
ing separation between two liquid-bound particles, is proportional to the binder viscosity
and the length of the liquid bridge. Finally, frictional forces arise from contacting particles.
Other forces such as electrostatic and van der Waal’s forces may also have a small effect for

particles less than 10 pm in size.

The peak yield stress of a wet granule increases with decreasing primary particle size. This is
because for smaller primary particles there are more inter-particle contacts per unit volume.
Additionally, the average size of the pores between particles decreases, which increases the
capillary and viscous forces and so increases the granule strength. The pore size can also be
reduced when using primary particles with a wide size distribution, as the range of particle

sizes promotes a high packing efficiency.

In 1962, Rumpf proposed a model for predicting the tensile static strength of a wet gran-
ule [110]. Granules were modelled as a collection of equal-sized particles of diameter d,

granulated with a binder of surface tension vry to produce granules in the funicular or
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capillary states. The static tensile strength, oy, is given by:

1—¢ cosf
or = Cs YLV CosY

5 PR (3.3)
where s is the liquid pore saturation (that is the fraction of the total pore space filled with
liquid binder), C'is a constant depending on the geometry of the system (equal to 6 for uniform
spheres) and ¢ is the granule porosity. The model is useful for qualitatively predicting the
effect of material and process parameters on the granule strength, but quantitative predictions
are usually incorrect because the model assumes failure is by the simultaneous rupture of the
liquid bridges between all particles. In reality, breakage is most likely to occur by crack

growth along defects such as pores or micro-cracks within the granule.

3.2.2.2 Consolidation

Granule consolidation occurs as the granules collide with each other or with the walls of the
vessel during the mixing process. This causes the granules to be compacted and reduces the
size of inter-particle voids, forcing the liquid binder towards the granule surface. The porosity

of the granule thus decreases, as shown in Fig. 3.4.

During consolidation the inter-particle friction and viscous forces increase. This is because
there is both a greater number of inter-particle contacts and smaller pores between the par-
ticles. These forces are dissipative, i.e. they resist consolidation of the granule. The capillary
force also increases until the granule becomes fully saturated. This force is conservative and
always acts to pull particles together and thus aids consolidation. The granules will continue
to consolidate until these forces resist further compaction, and a minimum porosity occurs

at dynamic equilibrium between the forces.

Liquid binder Particles

—_—

Consolidation

High porosity Low porosity

FIGURE 3.4: Schematic showing the process of granule consolidation. Repeated collisions be-

tween granules or with the walls of the granulating vessel causes densification of the granule,

where porosity decreases and binder is squeezed to the granule surface. If sufficient consol-

idation occurs, the presence of binder on the granule surface may promote rapid growth by
coalescence.
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An empirical model for granule consolidation was first described by Iveson et al. in 1998 [111],
who postulated that the rate of consolidation, k, is inversely proportional to the granule

porosity, €, at that time, as given by the equation:

€ — Emi

— = exp (—kN), (3.4)
€0 — Emin

where ¢q is the initial granule porosity, €min is the minimum, end-point porosity and N is

the number of revolutions of a drum granulator (proportional to the duration of the mixing

process). The consolidation rate is also proportional to the size of the primary particles

although this is not incorporated into equation 3.4.

Consolidation can directly impact granule growth. It has been observed in many systems that
after nucleation the granules may show a period of little growth, often termed the induction
or compaction phase. Following sufficient consolidation the binder is squeezed to the granule

surface and further granule growth may follow.

Consolidation also affects the granule strength, which can then impact on granule growth. A
decrease in granule porosity generally causes the granules to behave more rigidly, such that
upon collision very little deformation occurs and the granules are more likely to separate
than coalesce. However, low granule porosity also suggests that there may be more binder
present at the granule surface which can then aid coalescence. The net effect of consolidation

on granule growth is therefore complex and difficult to predict.

3.2.2.3 Coalescence and layering

For coalescence to occur the granules must first collide and stick together and not rebound.
The amount of binder present on the granule surface can influence this process. Ennis et al.
devised a model based on the collision between two solid particles of (average) radius r with
surface protrusions of characteristic height h,, covered with a uniform layer of liquid binder
of thickness h as shown in Fig. 3.5(a) [112]. An assumption is made that the particles are

not plastically deformed during impact (i.e. for low impact forces and rigid particles).

The model predicts that coalescence will occur if the kinetic energy of the impact is completely
dissipated by viscous dissipation in the binder layer. The ratio of the collisional kinetic energy

to the viscous dissipation is given by the viscous Stokes number, Sty :

8pru
O’

Sty = (3.5)

where p is the particle density, r is the harmonic mean radius of the two particles, u is half

of the relative velocity of the impact and p is the binder viscosity. Successful coalescence
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FIGURE 3.5: (a) Schematic illustration showing (a) coalescence of two elastic particles sepa-

rated by a distance 2z, each of which has a radius r and surface asperities of height h,, with

a layer of binder of depth h, described in model proposed by Ennis et al. [112]. (b) Coales-

cence of two granules which may undergo plastic deformation upon impact, as described in
the model proposed by Liu et al. [113].

occurs when Sty is less than the critical Stokes number, St{,, which is given by:

Sti, = (1 + é) (lnhi) (3.6)

a

where e is the coefficient of restitution of the particle. Hence, growth by coalescence is most

favourable when Sty is low and Stj, is high.

Because this model is dependent on the size of the particles (through the harmonic mean r)

three regimes are predicted:

1. The non-inertial regime occurs when Sty < Stj, so that all collisions are successful,

regardless of the particle size.

2. The inertial regime occurs when Sty ~ St], so that the probability of a successful
collision depends on the particle size. Because r is biased towards smaller particles,
coalescence between two small particles or one small and one large particle is more

likely than between two large particles.

3. The coating regime occurs when Sty > Stj, so that all collisions are unsuccessful,

regardless of particle size.

Whilst this model is very simplistic, it may be used to predict the maximum size of granules
produced although it can give no quantitative prediction of the rate of growth. It assumes that
the granules do not plastically deform and that the capillary forces are negligible. Because the
granules are already considered to be surface-wet, the effect of consolidation is ignored and the
model does not cover surface-dry granules where the collisions do not result in coalescence
but may aid consolidation. Furthermore, both the values of h and u are hard to predict.

Realistically there will be a large range of collision velocities inside the granulator and this is
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not easily calculable from the rotation or impeller speed. However, the model may be useful
in predicting the effect of changing the material or process variables by assessing their net

impact on the values of Sty and Stj,.

Liu et al. extended the Ennis model by including the effects of plastic deformation of the
colliding granules [113]. They define two types of coalescence. Type I occurs when the granule
collisional velocity reduces to zero before the granules collide and rebound, due to viscous

dissipation through the surface binder layer. For Type I:

St = zn:a. (3.7)
This is similar to the Ennis model, except that the mechanical properties of the granule do
not have an effect. Type II coalescence occurs when the collisional velocity reduces to zero
after the granules collide, deform and rebound, as shown in Fig. 3.5(b). Here the Stokes
deformation number is defined as the ratio of the collisional kinetic energy to the plastic

deformation for two colliding granules and is given by:

(3.8)

where d and m are the harmonic mean granule diameter and mass respectively, ug is the

collisional velocity and Yy is the plastic yield stress of the granule.

For initially surface-wet granules, at low Stp. the collisions are purely elastic and the coales-
cence probability is only dependent on Stj; as in the Ennis model and equation 3.6. As Stp.y
increases the granule may plastically deform. This aids coalescence by dissipating some of the
impact energy and by creating a flat contact area between granules so that there is a greater
viscous dissipation force during rebound. In this case, coalescence occurs over a greater range
of Sty values. Conversely to the Ennis model, increasing the collisional velocity (energy of
mixing) may lead to an increase in coalescence growth due to the plastic deformation of the
granules producing a flat contact layer. In the Ennis model, velocities above a critical value

always result in granule separation.

For initially surface-dry granules, the model predicts that at low values of Stp.s the granules
do not plastically deform and no liquid binder is squeezed to the granule surface so that
coalescence does not occur. Above a critical value of Stp.y the probability of coalescence is
a function of Sty , as in the surface-wet case. Whilst this is an improvement over the Ennis
model, as granule deformation is taken into account, it still neglects the effect of capillary
forces. It is also limited to small granule deformations as at high deformations the possibility

of granule breakage is not taken into account.
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Granule growth is usually assessed by measuring the granule size distribution at time intervals
during the granulation process and plotting the average granule size as a function of time.
Iveson and Litster [114] postulated that growth occurs by one of two mechanisms depending
on the nature of the particle and binder constituents. The induction growth regime is charac-
terised by an average granule size which remains fairly constant with limited growth. During
this time consolidation may occur, as described in section 3.2.2.2. If sufficient consolidation
occurs such that binder is squeezed to the granule surface this may be followed by a period of
rapid growth by coalescence. This is most likely for strong granules that resist deformation,
for example fine, widely-sized particles with a viscous binder. In the steady growth phase,
growth may occur through the crushing and layering mechanism or by granule deformation
leading to coalescence. This is most likely for weak, deformable granules or high impact

velocities, or for coarse particles with low viscosity binder.

Iveson and Litster stated that the growth mechanism is dependent on two parameters: the
Stokes deformation number Stp.y and the maximum granule pore saturation s,,qz, that is
the minimum porosity which the granules achieve during granulation. These are are given

by:

2
Pgto
St == 3.9
Def Yg ( )
1 _ .
Smazx = pr( 5mm)’ (310)
PlEmin

where pg, ps and p; are the densities of the granule, solid and liquid phase respectively, w is
the mass ratio of solid to liquid and &,,;, is the minimum porosity reached by the granules. ug
and Y, are the collisional velocity and the dynamic yield stress of the granules. They plotted
the growth behaviour as a function of both s,,4, and Stp.y on a regime map, an adaptation
of which is shown in Fig. 3.6 [114]. The regime map shows a number of distinct phases.
For insufficient granule strength the granules are constantly breaking and reforming into a
crumb-like mixture. If there is too much binder in the system an over-wetted paste or slurry
is formed. The model may be used to retrospectively define boundaries between regimes. It

cannot be used as a predictive tool because a priori knowledge of €, is required.

The regime map was initially validated for the granulation of sand with water or ethanol
binders and for glass ballotini (beads) with a glycerol binder in a drum granulator. Further
work involved validating the model for a number of particle/binder systems in both drum and
high-shear granulators [115]. Whilst the boundaries between regimes could be calculated for
the drum granulator, problems were encountered in extending the quantitative assessment to
high-shear granulators. The problem was that the collisional velocity was difficult to predict
in high-shear mixers and over-estimation led to high Stp.s values. Furthermore, additional
analysis led to the conclusion that the boundaries between regimes were also dependent on

additional parameters which were not included in the original model, such as binder viscosity.
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FIGURE 3.6: Granulation regime map as a function of the maximum pore saturation, S,,qz,
and the Stokes deformation number, Stp.¢. Figure adapted from that of Iveson and Lit-
ster [114].

3.2.3 Granule breakage

During granulation the wet granules may break apart or alternatively the granules may dry
during the process and subsequently fracture. Breakage of wet granules may be beneficial as
it aids distribution of the binder and it can be used to control the final granule size. However,
the breakage of dried granules tends to create small, dry particle fragments which are not

recycled back into the growth phase.

The breakage of wet granules is very difficult to observe experimentally. Breakage is more
likely to occur in high-shear granulation due to the high process energy. An increase in
granulation energy has been shown to decrease the final granule size (this is explored further

in section 3.3).

In some studies coloured tracer particles were incorporated into the granules (or binder) in
order to verify whether breakage of wet granules was occurring in the granulation process [116,
117]. However very little quantitative theory exists that can predict either the breakage rate
or the conditions for which breakage will occur. One model, developed by Tardos et al.,
predicts that granules will break in a shear field if they have sufficient externally applied
kinetic energy [118]. Similar to the theory developed by Liu on the deformation leading

to coalescence of granules, Tardos et al. proposed that breakage occurs if Stp.; exceeds a
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critical value. In this case, they proposed that Stp.; was defined as:

mypUZ

Stpef = #7_&), (3.11)
where m, and V), are the granule mass and volume, Uy is the relative particle velocity and
7() is a characteristic stress within the granule. The model predicts that breakage will occur
for granules above a maximum size and this decreases with increasing shear rate. This model
is severely restricted as it only accounts for granule breakage due to shear flow and does not
take into account breakage due to collisions with the impellers or the sides of the granulating
vessel. For instance, in a high-shear mixer it is often observed that broken granular material
forms a paste on the walls of the granulating vessel. This is because a granule exhibiting
plastic behaviour is more likely to smear than break when its yield stress is exceeded. Other
models relate the collisional kinetic energy to the energy absorbed by plastic defomation of

the granule [119].

3.3 Control of granulation

The aim of any granulation process is to convert the starting materials into granules with
tailored properties such as size, strength and porosity. The ultimate goal of granulation
theory is to be able to accurately predict and control the outcome of the granulation process
by control of the material and process variables. Rather than producing granules through
trial and error, if the effects of changing the material and process variables were predictable
then achieving the desired end-point granule becomes easier. There is a large volume of
existing work which aims to fulfil this aspiration. Unfortunately, as of yet a universal theory
does not exist and most results are specific to the particular particle/binder system or to
the type of granulating vessel used. In this section, the effect of changing the material and
process variables on the outcome (the size, strength and porosity) is explored and linked back
to the theory discussed in section 3.2. Whilst emphasis is given to high-shear granulation,

results are also quoted for other types of granulators where the principles may be transferred.

3.3.1 Effect of binder/particle surface energy

As described in section 3.2.1 the surface energy of both binder and particle can strongly affect
the nucleation kinetics during granulation. By choosing a binder and particle combination
with a favourable spreading coefficient, A g, it is possible to control the nucleation rate and
therefore the size, morphology and strength of the resultant granules. It is predicted that a

positive Arg will lead to stronger, less deformable granules.
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Ho et al. investigated the effect of granulating both untreated and silanised particles of
D-mannitol (a sugar alcohol commonly used as a drug bulking agent) of diameter 75-180
pm with a Polyvinylpyrrolidone (PVP) binder [120]. Apg was positive for the untreated
D-mannitol/PVP system and large and negative for the silanised D-mannitol/PVP system.
Granules were prepared using different ratios of untreated to silanised D-mannitol. An in-
crease in silanised D-mannitol (corresponding to increasing hydrophobicity) resulted in a
larger fraction of smaller granules and an increase in the span of the distribution, as well as
an increase in the granule porosity. Furthermore, it was found that with an increasing per-
centage of silanised D-mannitol (i.e. decreasing Arg from positive to negative) the granules
exhibited a lower Young’s modulus. Thielman et al. obtained similar results when granu-
lating hydrophobic (—Arg) and hydrophilic (+Azg) particles with a hydroxy propyl-cellulose
(HPC) binder [121]. Hydrophobic particles led to granules with a wider size distribution and
a higher proportion of smaller granules than for hydrophilic particles. Zhang et al. granu-
lated various pharmaceutical compounds with either pure water or a solution of 20 vol. %
ethanol in water [122]. In both cases A\rs was negative, but for the water/ethanol solution
Ars was higher (less negative). For the latter case the resultant granules had a higher density,
a lower porosity and a lower friability (higher strength) when compared to granules made
with pure water binder. Scanning electron microscopy showed that the water/ethanol gran-
ules had a smoother and more homogeneous morphology than when granulating with pure
water. Planinsek et al. obtained similar results when lactose or pentoxyfilline particles were
granulated with a PVP or HPMC (polymer) binder [123].

The increase in granule strength with increasing A;g may be attributed to a larger work
of adhesion between binder-particle bridges. Poor wetting between particle and binder also
leads to more voids within the granules which decreases the granule strength. Poor wetting
between particle and binder means that the binder droplet does not completely wet the
particle surface. During particle collisions there are fewer sites where viscous contacts are
formed and the collisional kinetic energy can be dissipated. Therefore there is a decreased
likelihood of coalescence and a higher probability of separation. Hence a low or negative
value of Apg can lead to smaller granule sizes. When A g is positive the binder spreads over
the particle surface increasing the amount of binder present for viscous dissipation during
coalescence. Furthermore, a positive Apg decreases the capillary suction pressure and inter-

particle friction, increasing the rate of consolidation and subsequent growth.

3.3.2 Effect of binder distribution method

The method by which the binder is introduced to the particles (or vice versa) can be critical
as it controls the nucleation mechanism in the early stages of granulation, as described in

section 3.2.1. In granulation experiments the binder is usually introduced into the vessel by
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either pouring, spraying or melting. For the latter case, often termed melt pelletisation, the
binder is introduced into the powder as solid pellets and then melted during the granulation

process.

Inhomogeneity in the binder distribution is found to promote bimodal granule size distribu-
tions, especially in the early stages of granulation. Analysis of the liquid-to-solid ratio in the
resulting granules often shows that larger granules contain a higher proportion of binder than
smaller granules. This indicates that preferential growth occurs in binder-rich regions and
this result has been found for high-shear granulation using both pouring and melting meth-
ods of binder distribution [124-127]. For the pouring method, the bimodality may persist
even after long granulation times. For example, Scott et al. granulated calcium carbonate
powders with polyethylene glycol (PEG) using both a pouring and melting binder addition
method [107]. In both cases the granule size distribution was bimodal in the early stages
(4 minutes). However, after 24 minutes the melting method produced a unimodal granule
size distribution, whereas for the pouring method the granule size distribution remained bi-
modal. Analysis of granule porosity showed that the pouring method produced lower porosity

granules, where the porosity was also found to increase with increasing granule size.

Pouring the binder onto the powder bed (or pouring the powder onto the binder) results in a
larger binder droplet size compared to the particle size, thus promoting the immersion method
of nucleation. This results in distinct ‘binder-rich’ and ‘binder-dry’ regions which leads to the
observed bimodality demonstrated above. Spraying of the binder onto the particles results
in liquid droplets which are smaller or similar to the particle size, so that nucleation occurs
through the distribution mechanism. Here, the binder droplet size can be used to control the
size of resultant granules [128]. Melt pelletisation can result in either mechanism depending
on the size of the pellets used — larger pellets may promote the immersion mechanism and
smaller pellets the distribution mechanism. For example, Schaefer and Mathieson found that
increasing the size of the binder pellets increased the initial nuclei size and the granulation
rate [106].

An understanding of the effect of binder introduction is of great importance, because the
method of granulation employed in this thesis requires a pouring method of binder addition
(see chapter 4, section 4.2.3). Understanding how this affects the resultant granule properties

will aid the understanding of how optimum granules may be produced.

3.3.3 Effect of binder quantity and viscosity

The Ennis model described in section 3.2.2.3 cannot account for binder viscosity, as this has
no predictable effect on Stp.; and spq.. The effect of binder viscosity is also dependent

on the binder amount and also on the primary particle size. With more liquid binder, the
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inter-particle friction is reduced as there is more lubrication. However viscous forces increase
due to the larger volume of binder squeezing through the pores. The rate of consolidation
may therefore increase or decrease, depending on whether inter-particle or viscous forces

dominate. Viscous forces are most likely to dominate for high viscosity binders.

Iveson and Litster, and Iveson et al., investigated the relationship between binder quantity
and viscosity when granulating 19 pm glass ballotini with water and glycerol mixtures in a
drum granulator [111, 129]. For lower viscosity binders the minimum porosity of the end-point
granules decreased with increasing binder content, suggesting that the extent of consolida-
tion increased with binder content. For higher-viscosity binders the minimum porosity was
found to increase with binder amount, suggesting the extent of consolidation decreased with
increasing binder content. Increasing the percentage of viscous glycerol in the binder mix
increases the viscous forces within the granules. Viscous forces were therefore more likely to

dominate over inter-particle forces and decrease the rate of consolidation.

Similar results were found by Keningley et al. when granulating calcium carbonate powders
with silicone binder of viscosity ranging from 1 mPas to 56 Pas [119]. They investigated
the minimum and maximum binder content to achieve non-granulated powder and over-wet
slurry respectively as a function of binder viscosity. At binder viscosities below 1 Pas the
minimum and maximum binder contents were viscosity-independent. They concluded that
in this regime inter-particle frictional forces were dominant and consolidation was reduced.
Above 1 Pas the minimum binder-particle ratio remained unchanged but the maximum
value increased dramatically. This was attributed to both viscous and inter-particle forces
controlling the consolidation rate. Mills et al. discovered that the growth mechanism of
90-180 pm silica sand particles granulated with a silicone binder of viscosity ranging from
20-500 mPas was dependent on binder viscosity [130]. At viscosities less than 100 mPas
granule growth occurred through a layering process. Increasing the binder viscosity up to
100 mPas increased the growth rate. For viscosities above 100 mPas growth occurred by

coalescence and the growth rate decreased with increasing binder viscosity.

The effect of binder viscosity and binder particle size in a fluidised bed melt pelletisation
process was investigated by Zhai et al., using polymer binder and glass ballotini of size
150-250 pm [131]. For a larger binder particle size the onset of granulation (defined as the
time taken for the ungranulated fraction to significantly decrease) decreased with increasing
binder viscosity. For a smaller binder particle size the onset of granulation increased when
the binder viscosity was also increased. For a smaller binder particle size, the growth was
dependent on the distribution of the melted binder through the particles. In this case a high
viscosity binder slowed down the binder distribution and resulted in a longer onset time before
growth occurred. For larger binder particle sizes, the agglomerate growth was not limited

by the distribution of the binder but instead by collisions between particles wetted by the
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melted binder. Because a higher viscosity binder increases the dissipative energy losses upon
collision, particles wetted by a more viscous binder were less likely to rebound. Hence in this
case an increased binder viscosity resulted in an increased coalescence rate and a decrease in

the onset time for granulation.

Johansen and Schaefer, and Johansen et al., concluded in their work that the issue of un-
equal binder distribution amongst the size classes of resultant granules (tested with calcium
carbonate particles and PEG binder in a high shear mixer) was dependant upon both the
particle size and binder viscosity [132-134]. When using a small particle size with a low
binder viscosity, or a large particle size with a high binder viscosity, the binder tended to
be equally distributed amongst the size classes. However, when small particles were granu-
lated with a high viscosity binder then the binder was unevenly distributed among the size
classes — larger granules contained a higher proportion of binder. This was attributed to the
immersion mechanism of nucleation which dominated when there was a large binder droplet

size.

In summary, it is often impossible to predict the effect of binder viscosity without first
understanding the relationship between binder content and viscosity. Similarly, increasing
the binder quantity cannot be understood without first understanding the effect of the binder

viscosity.

3.3.4 Effect of primary particle size, shape and distribution

Decreasing the particle size is expected to decrease the rate of consolidation because the num-
ber of inter-particle contacts increases and the pore diameters decrease. However, the extent
of consolidation (i.e. the minimum porosity achieved) increases because granule strength is

predicted to increase with decreasing particle size.

Mackaplow et al. investigated the effect of different sizes of lactose monohydrate powders in a
high-shear granulator [135]. The particles had varying volume mean diameters (defined later
in section 3.4.2) but similar packing densities due to the shape of the particles. Increasing
the particle size did not affect the binder distribution in the resultant granules. However,
the granule porosity decreased with increasing particle size, which is in opposition to the
predictions stated above. As well as the average particle size, factors such as the particle size

distribution (i.e. the span) and the particle shape were also predicted to have an effect.

Johansen and Scheefer investigated three grades of calcium carbonate powders granulated
with PEG in a melt pelletisation process in a high-shear mixer [132]. The median particle
size across the three grades was roughly 4-5 pm however the size distribution and particle

shape were different in each case. The powders were either angular and rough, round and
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smooth, or needle-shaped (acicular) and the packing efficiency was lowest for the needles and
highest for the angular particles. The span of the distribution was largest for the angular
particles and roughly equal for the round and acicular particles. The high packing efficiency
of the angular particles was attributed to the large span of the distribution. There was an
observed trend between the packing efficiency and the binder requirement for granulation.
The particles with the highest packing efficiencies required the least amount of binder for

successful granulation due to the decrease in the void size between particles.

Ramachandran et al. granulated three grades of D-mannitol with an aqueous polymer solu-
tion in a fluidised bed granulator [136]. Whilst the average particle size and shape was kept
constant, the size distribution of the particles was different for each grade, corresponding to
narrow, medium and wide size ranges. There was very little effect of the particle size distri-
bution (PSD) on the corresponding granule size distributions. In all cases, granule porosity
decreased with increasing granule size. However, this decrease is less pronounced for the nar-
row PSD and most pronounced for a widest PSD. The percentage of coarse, medium and fine
primary particles in each granule size class was determined. There were more fine particles
found in the largest granules, but in the other granule size classes the proportion of primary

particle sizes was roughly equal.

In summary, the effect of the size of primary particles is also strongly linked to the shape of the
particles and the PSD. Assessing the effect of changing one of these variables is only effective
when keeping the other two constant. For example, whilst decreasing the particle size should
in theory increase the strength of the granules, this is not always observed experimentally.
Instead, it is found that packing efficiencies for wide PSDs are higher and this can lead to an
increase in granule strength and a decrease in porosity. The shape of the particles can also
affect the packing efficiency. In this thesis, both acicular and spherical shaped particles are
used and it is important to understand how not only the shape but the size and span of the

particle distribution may affect the resultant granules.

3.3.5 Effect of speed/energy of mixing

Knight et al. reported on the effect of increasing the rotational speed of the impeller in a
high-shear mixer when granulating calcium carbonate powder with PEG binder in a melt
pelletisation process [137]. The granule growth was reported as a function of time in the
granulator, for three impeller speeds of low (450 rpm), medium (800 rpm) and high (1500
rpm). The growth rate was slowest at the low impeller speed and fastest for the medium
impeller speed. At the high impeller speed the growth rate was intermediate and this was
explained by increased granule breakage at high speeds. The fraction of smaller granules was

observed to decrease with time irrespective of impeller speed. This was attributed to growth
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by coalescence. For each impeller speed the granule size distribution started off as bimodal,
but the bimodality persisted after long mixing times which is unusual even after accounting
for the effects of an initially inhomogeneous binder distribution. For larger impeller speeds the
bimodality became skewed towards smaller granule sizes and this was attributed to granule
breakage. This was supported by scanning electron microscope images that showed that
granules produced at low and medium impeller speeds were rounder and smoother in shape

whereas those produced at high impeller speeds had irregular shapes suggestive of breakage.

Oulahna et al. found similar results using sericite powder granulated with PEG, water and
ethanol mixtures in a high-shear mixer, where the resultant granule porosity, friability and
binder content were also assessed [138]. At a low impeller speed (100 rpm) there was a higher
proportion of fine granules and a wider granule size distribution. This was attributed to
binder inhomogeneity due to low energy input. At medium (500 rpm) and high (1000 rpm)
speeds the distributions became narrower. However, at high speed the percentage of finer
granules was higher than for the medium impeller speed and again this was attributed to
breakage. Furthermore, the granule porosity decreased with increasing impeller speed. In-
creasing impeller speed increased both the collisional velocity and the frequency of collisions,
both of which increased the rate of consolidation. Because of this, granules produced at high
impeller speeds were less friable (i.e. they were stronger). Rahmanian et al. achieved similar
results for calcium carbonate particles granulated with an aqueous solution of PEG in high-
shear mixer, where the granule strength increased with increasing impeller speed [139, 140].
Furthermore, a more homogeneous internal structure was produced from higher impeller
speeds. In disagreement with the results of Oulahna, granules produced at higher impeller
speeds had a smoother, rounder morphology indicating that breakage had not yet occurred

in this system.

To summarise, an increase in agitation energy, for example caused by increasing the impeller
speed of a high-shear mixer, increases the rate of consolidation and leads to faster growth of
less porous, stronger granules. However, granule breakage becomes more common at higher
energies which may or may not be beneficial depending on the application. The granulation
method used in this thesis, as described later in chapter 4, allows control over the speed of
rotation of a high—shear mixer. Whilst the mixer used in this work contained no impellers,

the principles discussed above are transferable.
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3.4 Granule size and shape parameters

3.4.1 Size parameters of individual granules

Granules often have a complex shape which makes characterisation by a single size parameter
very difficult. In fact only a sphere can be completely characterised by one parameter. Never-
theless, it is often useful to be able to characterise the granules with a meaningful parameter
as it allows a quantitative comparison. The method used to measure the granule often im-
poses its own limitations on what properties of the granule can be measured. Granules which
have the same diameter can have vastly different shapes. If theoretically one could measure
all dimensions of a granule, then it is possible to define a volume or surface diameter which
is the diameter of a sphere having the same volume or surface area of the granule respec-
tively. However, for imaging techniques such as optical and scanning electron microscopy
the image represents a 2D projection of the granule. Furthermore, granules are measured at
one orientation. Usually the samples are prepared in such a way that the granules rest in a
stable equilibrium on a flat surface and the largest dimensions are parallel to the plane of the
image. Because the image gives a 2D projection of each granule this means there can be a

bias towards measuring the larger dimensions of the granules.

The diameter of a circle of equal projection area, dpgpc, is the diameter of a circle which has
an area equal to the projected area of the granule, as shown in Fig. 3.7(a). The perimeter
equal diameter, dpgpc, is the diameter of a circle with the same perimeter as the projected
image of the granule as shown in Fig. 3.7(b). However dpgp may give an over-estimation of

the granule size if the granule has an irregular, non-spherical shape.

The Feret X and Y diameters, df, and dy ,, are the maximum size of the granule measured in
the X or Y orientation, as shown in Fig. 3.7(c). In principle it is possible to measure a Feret
diameter at every orientation in the 2D plane from 0° to 180°. Then the maximum Feret
diameter, df mqz, can be determined. The Martin diameter is the diameter which bisects the
total granule area for a specified orientation. Fig. 3.7(d) shows the Martin diameter for the

X orientation.

3.4.2 Size parameters for granule distributions

Once a set of granule diameters has been measured, the mean granule size may be calculated
in one of several ways. The mean T of a set of numbers x, where n; numbers have a value of

x; is given by: .
Ty .
g 2T (3.12)
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FIGURE 3.7: Schematic of diameters used to characterise granules, where (a) dggpc is the
diameter of a circle with the same area as the projected area of the granule (b) dpgp is
the diameter of a circle with the same perimeter as the projected perimeter of the granule
(c) the Feret X and Y diameters, ds, and d;,, are the maximum granule sizes measured in
the X and Y orientations (b) the Martin diameter is the diameter measured at a specified
orientation which bisects the total granule area, where in this case the X orientation is shown.

where r may be equal to 0, 1, 2 or 3 for number, length, surface or volume weighted means
and k may be equal to -1, 0, 1 or 2 for harmonic, geometric, arithmetic or quadratic means
etc. The most common mean values used in granule size analysis are the arithmetic mean
(k =1, r =0), denoted D(1,0), the arithmetic surface mean D(3,2) (where k = 1, r = 2),

and the arithmetic volume mean D(4,3) (where k = 1, r = 3) which are given by:

D(3,2) = %zz (3.13)

D(4,3) = %xg, (3.14)

where the bracketed numbers are used as shorthand to denote the exponent of x; in the
numerator and denominator respectively. D(3,2) and D(4,3) are known as moment means
and are analogous to the moment of inertia as they indicate at what point (i.e. what surface
area or volume) the granule size distribution would rotate. The advantage of using a mea-
surement system where either D(3,2) or D(4,3) are calculated is that no knowledge of the

particle count is required.

Different size analysis techniques will report a different mean value for the same set of gran-
ules. For example, analysis of scanning electron or optical microscope images may give a set
of granule diameters (for example the Feret diameter). Adding these diameters and dividing
by the total number of granules gives D(1,0). However, image analysis software may be used

to determine the projected area of each granule. By dividing the sum of the projected areas
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of a number of granules and taking the square root D(2,0) is obtained. A Coulter counter
measures the change in resistance measured in a narrow channel passing between two elec-
trodes, where particles are dispersed in an electrolyte which is passed through the channel,
causing a change in the measured resistance proportional to the particle volume. Hence in
this case D(3,0) is measured. Laser diffraction (described in chapter 4) measures the D(4, 3)
value, that is the volume percentage of granules which scatter light by a certain intensity. Size
analysis by sieving also measures D(4,3) as the total mass in each sieve fraction is measured.

For constant granule density this is equivalent to the volume.

Fig. 3.8(a) shows a granule size distribution obtained by measuring the maximum Feret
diameter of 330 granules. To obtain the granule size distribution (GSD) the frequency of
granules residing in each bin was calculated as a percentage of the total number of granules
measured. D(1,0) was calculated as 5.4 pm. The mode of the distribution is the most common
granule size and this is the bin from 4-5pm. The cumulative granule size distribution (CGSD)
is shown in Fig. 3.8(b). This shows the total percentage of granules measured below a certain
size. It can be used to define the percentiles of the distribution. For example Dy is the size
below which 10% of the total granules are measured. Other commonly used percentiles in
particle size analysis are Dgg and Dsg where the latter is the median of the distribution. In

this case, Dig is 2.8 nm, Dsg is 5.1 pm and Dgg is 8.1 pm.

The span S of the distribution may be defined as:

_ Dgy — D1g

S
D5

(3.15)

and this gives a useful measure of the width of the distribution. In this example the span

is equal to 1.0. The smaller the S value the more monodisperse the distribution. Merkus
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FIGURE 3.8: (a) A granule size distribution (GSD) obtained from measuring the maximum
Feret diameter of 330 granules. (b) The cumulative granule size distribution (CGSD) of the
same granules, showing the median (Djo) and the 10th and 90th percentiles (D1g and Dgg).
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Dgo/D1o Distribution
< 1.02 (ideally 1.00) Monodisperse
1.02-1.05 Ultra-narrow
1.05-1.5 Narrow

1.5-4 Medium
4-10 Broad

> 10 Very broad

TABLE 3.1: Classification of granule size distributions according to the ratio of the 90th to
the 10th percentile of the distribution, according to Merkus [141].

adopted a different approach, where the width of the distribution was calculated as the ratio

of Dgy to Dyg [141]. Then, the distribution can be classified into one of several categories as
described in Table 3.1.

In the case of area or volume frequency distributions, the percentage of the total area of
volume is calculated for each area or volume class. To express this as a diameter often
a single granule shape is assumed, e.g. a circle or sphere. Fig. 3.9 shows the same set
of granules analysed in terms of number (as in Fig. 3.8(a)), area or volume. The GSD is
dramatically different in each case and will give different calculated values of D(X,0), Dy,
Dsp and Dgg. For example the D(1,0), D(2,0) and D(3,0) mean values are 5.4, 5.8 and 6.2
pm for the number, area and volume distributions respectively. One 100 pm granule has the
same volume as 1000 10 pm granules or 106 1 pm granules. Therefore a number distribution
is always dominated by the fine fraction whilst a volume distribution is dominated by the
coarse fraction of the sample. For a bimodal granule size distribution, even a couple of
large granules may heavily affect the surface or volume size distribution. For this reason,
number distributions are used throughout the thesis, with the caveat that the secondary

mode associated with a bimodal distribution is non-negligible. In this thesis, to overcome
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F1GURE 3.9: Granule size distributions calculated for same set of granules, where the fre-

quency weighting by number, area and volume are compared. Area and volume weighting

are biased towards larger granules compared to number weighting. For ease of comparison
the lines show the envelope of the measured GSDs.
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this issue the granules were often sieved in order to remove the large fraction, prior to their

incorporation into an ink.

3.5 Chapter summary

Granulation is a key process used in this thesis to produce nanocomposite granules. It is
very important to understand the processes and theory of granulation as this enables the
design of granules with the required characteristics, for example size, strength and porosity.
Here, the nanocomposite granule size must be carefully matched to the thickness of the
printed ink, and the strength and porosity of the granules may have important ramifications
in their electrical functionality. By understanding the theory behind granulation and having
a detailed comprehension of the relevant research in this field, the effect of changing both the
starting material properties (e.g. binder type and quantity, particle size and shape) and the

process variables (e.g. the granulation energy and duration) can be predicted.



Chapter 4

Experimental Details of Granule

Fabrication and Analysis

4.1 Introduction

This chapter describes the methodologies and relevant theory behind the techniques used
in the fabrication and subsequent analysis of the physical structure of the nanocomposite
granules, which are later incorporated into the transparent pressure-sensitive ink. First the
method of granule manufacture is described, beginning with details of the primary compo-
nents of the granules, which were conductive nanoparticles and electrically insulating polymer
binders. The mixing protocol using a dual asymmetric centrifuge is also explained and com-
pared to conventional granulation vessels. This chapter also describes a variety of different
size analysis techniques used to measure the size distribution of the granules, where various
types of instrument were trialled in order to compare and contrast each method for this
particular application. Following this, the methodology of focussed ion beam milling, which
was used to characterise the internal granule structure and porosity, is described. Finally the

procedure used to measure the mechanical properties of individual granules is detailed.

4.2 Granule constituents and fabrication

In granulation processes it is the properties of the primary particles which dictate the func-
tionality of the resulting granule. As an example, pharmaceutical granules contain an active
ingredient (i.e. the functional drug) which is granulated with other ‘bulking’ components
and a suitable binder. For the purposes of this thesis the nanocomposite granules should be

electro-active and ideally should have an electrical resistance which is dependent on the force

52
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applied. In order to achieve this, the primary particles used are semi-conductive by nature
and the polymer binder is electrically insulating. Possible conduction mechanisms in such a

composite material are described later in chapter 8.

4.2.1 Properties of conductive nanoparticles used in granulation

The primary particles for granulation were antimony-doped tin dioxide (ATO) nanoparticles
which were either spherical or acicular (needle-like). Scanning electron microscopy (SEM)
images of agglomerated clusters of the particles are shown in Fig. 4.1 and the properties
of these particles are compared in Table 4.1. Here the powder resistivity was measured by
compressing the powder into a tablet at 9.8 MPa. These particles are the same as those
used by Peratech in formulations of the ink in which agglomerates were formed during the
mixing process. By granulating these same particles, a comparison can be made between inks
containing pre-formed granules and those containing spontaneously formed agglomerates. In
principle (and in any extension of the work presented in this thesis) other sizes, shapes and

types of semiconducting or conducting particles may also be trialled.

Tin dioxide (SnOg) is a direct band gap semiconductor which has a tetragonal crystal struc-
ture. It has a band gap of 3.6 eV [142] and the Fermi level is situated 0.427 eV into the band
gap. The valence band is composed of mainly oxygen 2p states, whereas the conduction band
is a mix of tin 5s and 5p states and oxygen 2p states [143]. Oxygen vacancies or interstitial

doping results in a free electron concentration of the order 10?° cm=3.

The electron concentration can be increased by n-type doping with antimony (Sb). For ex-

ample, ATO thin films produced using a spray pyrolysis technique have shown an increase

(b)

FIGURE 4.1: SEM images of (a) agglomerated spherical ATO nanoparticles of diameter
10-30 nm (b) acicular ATO nanoparticles of diameter 10-20 nm and length 0.2-2 pm.
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Particles Diameter Length  Powder resistivity Density  Specific surface area

(nm) (nm) (€2cm) (gem™) (m’g™)
Acicular 1020 0.2-2.0 100 6.6 25-35
Spherical  10-30 - 1-5 6.6 70-80

TABLE 4.1: Details of antimony doped tin dioxide nanoparticles used in granulation

in conductivity from 67 Sm~! for no doping to 170 Sm~! for doping with 10 Mol.% anti-
mony. [144]. This is because doping with antimony causes the Sb>* electronic levels to overlap
the bottom of the conduction band, raising the Fermi level into the conduction band [145].
This conductivity is much larger than the powder conductivity of the spherical and acicular
ATO used here (the reciprocal of the powder resistivity given in Table 4.1) which is 0.2-1
Scm™! and 0.01 Scm™! respectively. This is because even for highly compacted particles,
voids between the particles act to increase the resistance through the tablet. ATO nano- or
micro-sized particles can be produced by various methods including solid-state synthesis [146],

co-precipitation [147, 148] and hydrothermal reactions [149].

4.2.2 Properties of polymer binders used in granulation

The binders used in the granulation process were either carbon-based, water-based or addition-
curable silicone. The carbon-based (organic) binder was an alcohol/petrol resistant (APR)
varnish. This was chosen due to its hardness and resistance to mechanical abrasion. The
viscosity was measured to be 5.5 Pas. The water-based binder was a commercial transpar-
ent screen-printable ink containing no organic solvent, which cures through evaporation in
20-30 minutes [150]. The viscosity was measured at 4.3 Pas. It was chosen as a non-organic

alternative to the APR varnish.

The silicone binder was a two-part translucent high consistency rubber of which the main
constituent was polydimethylsiloxane (PDMS). High consistency rubber is distinguished from
other silicones by its high degree of polymerisation (typically 5000 to 10000) and a molecular
weight of 370-740 x 103 Da. The basic structure of PDMS is shown in Fig. 4.2(a). It consists
of an inorganic silicon-oxygen backbone with organic side groups. In the silicone binder
used, a large proportion of the polymer chains were terminated with a dimethylvinyl group.
This introduced cross-linking sites throughout the polymer chain. The silicone was used in
conjunction with a curing agent which caused hardening of the silicone through an addition
curing (hydrosilylation) process. This involved the addition of a silicon hydride molecule to
an unsaturated carbon-carbon bond, for example in a side group containing vinyl, as shown

in Fig. 4.2(b). The process was catalysed by a noble metal catalyst such as platinum. The
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FIGURE 4.2: Schematic showing (a) the molecular arrangement of the polymer polydimethyl-

siloxane (PDMS) which was present in the silicone binder used for granulation. The polymer

comprises an inorganic backbone of silicon and oxygen atoms and organic side groups, in

this case methyl (b) The addition curing process, where a silicone hydride molecule is added
to an unsatured carbon-carbon bond.

viscosity of the silicone binder was 70 Pas. When the curing agent was added at a ratio of

10:1 by weight the viscosity decreased to 37 Pas [151].

Silicone was chosen as a binder for granulation for a number of reasons. It has a low surface
tension due to the methyl groups pointing outwards from the polymer chain, meaning it
is capable of wetting most solid surfaces. From chapter 3 it is known that good wetting
between particle and binder promotes efficient nucleation and granulation processes. After
curing, it had a hardness of 40 on the Shore A scale and a tensile strength of 6.7 MPa,
indicating resistance to mechanical abrasion. Its viscoelastic properties suggest that a granule
containing a sufficient amount of this binder may also have some degree of compressibility and
this in turn may have important implications if the granules were found to exhibit pressure-
sensitive electrical conduction. Finally, the silicone binder had a significantly higher viscosity
than the carbon and water-based binders, which allowed the effect of binder viscosity to be

investigated.

4.2.3 Granulation of components using a dual asymmetric centrifuge

The granules were fabricated in cylindrical non-reactive polypropylene containers of diameter
38 mm and height 40 mm. First the binder was added to the base of the container, where the
binder mass was measured at a precision of £+ 0.01 g. For the lower viscosity binders (carbon
and water-based) the binder spread to cover the entire base of the container. The high viscos-
ity silicone binder did not spread over the base. For the silicone binder, the curing agent was
added by allowing droplets to fall from a thin wooden stick onto the binder, whilst recording
the change in mass. The curing agent was in all cases added at a ratio of 10 parts silicone
to one part curing agent by weight and this corresponded to 4-5 droplets. When calculating

binder /particle ratios the mass of the curing agent was considered negligible. The particles
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(either spherical or acicular) were added on top of the binder in the cylindrical container,
where the typical quantity used was 2.00 & 0.01 g. This method of binder introduction
may have important implications for the nucleation stage of granulation. As explained in
chapter 3, this method favours the immersion mechanism of granule nucleation which can

promote bimodal granule size distributions.

The granulating vessel was a SpeedMixer™ DAC 150.1 FVZ dual asymmetric centrifugal
laboratory mixer (DAC). The mixing container was attached to an arm inclined at 40° to the
horizontal which spun around a central rotational axis, as shown in Fig. 4.3. The DAC also
incorporated a secondary rotation as the sample container rotated around its own centre at

a direction opposing the main rotational direction.

During operation the sample material was subject to high centripetal force. The effect of
the main rotation was to push the material to the outer edges of the container. Because
of the secondary rotation the material was also subject to a secondary centrifugal force
which modified the flow pattern such that there was a high-shear flow of material moving
towards and away from the sides of the container. This promoted rapid homogenisation of the
sample without the incorporation of air bubbles. This method of mixing has successfully been
applied to fields as diverse as liposome and fat emulsification [152, 153] and the formation
of composite materials such as dental adhesives [154], carbon nanotube-reinforced epoxy
adhesives [155] and magnetic silicone composites [156]. However this type of equipment has

not, to date, been used as a granulation vessel for the purpose of fabricating granules.

The angular velocity of the main rotation was set from 300-3500 rpm which corresponded to
tangential velocities in the range 2.5-29.3 ms~2. The angular speed of the secondary rotation
was 25% that of the main rotation and in the opposite direction. The mixing time was set

up to a maximum of 5 minutes. For longer mixing times, the timer was reset after each 5
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FIGURE 4.3: Schematic of the Dual Asymmetric Centrifuge (DAC). The sample is simulta-
neously spun around two axes of rotation as indicated. This leads to high-shear flow of the
sample within the sample container and promotes rapid homogenisation.
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minute interval. For example, for a 6 minute mixing time, the sample was first mixed for 5

minutes and then immediately for a further 1 minute.

After mixing, a loose granular powder was present at the bottom of the container and granular
residue was adhered to the sides of the container. The residue extended to a maximum height
of 13 mm up the walls of the 40 mm high container, which was independent of both the mixing
speed or mixing time. The thickness of the residue layer increased with increasing height up
the sides of the container, where towards the base there was little or no residue on the walls.
This suggested that the residue closest to the bottom of the container was reincorporated

into the granules.

The Froude number of a granulator with a characteristic radius » and angular velocity w in

units of rads™! is defined as:

WQT

Fr = e (4.1)
and is a measure of the centripetal acceleration acting on the sample as a ratio of the grav-
itational acceleration g [116]. It is often used when attempting to scale up a granulation
process [157-159]. Theoretically, by keeping the Froude number constant the flow properties
of the powder within should be similar and hence the resulting granules are similar regardless
of batch size. On a simpler level, the Froude number can be used to compare the energy of

granulation for each type and dimension of granulation vessel.

The Froude number of drum granulators are typically very low, for example Walker et al.
report Froude numbers of 0.2 and 0.1 [160]. A Froude number of less than one indicates that
the gravitational force dominates over the centripetal force, leading to a tumbling action of
the material within the drum. The Froude number of high-shear granulators incorporating a
rotating impeller are usually of the order of a few hundred or less, for example Cavinato et al.
report values up to 144 for various speed settings on a high-shear granulator [161]. Because
of the squared dependency on the rotational or impeller speed, the highest speeds result in
rapidly rising Froude numbers. Knight et al. report a large Froude number of approximately
270 when using a high-shear granulator capable of impeller speeds of 1500 rpm and they note
that typical Froude numbers for high-shear granulators are usually less than 30 [137].

The DAC had variable speed settings from 300 to 3500 rpm. The Froude number as a function
of the main rotational speed is shown in Fig. 4.4 as the solid black line. It can be seen that
at the highest speed of 3500 rpm an exceedingly large Froude number of 1096 is calculated.
Froude numbers this large are extremely unusual, perhaps even impossible, in high-shear
granulators using impeller blades. Use of a DAC as a granulation vessel has not previously
been reported in the literature. Furthermore, the secondary rotation (at 25% of the main
rotational speed) of the DAC can also be assumed to have its own Froude number. This

maximum and minimum perturbation around the main rotational Froude number is shown
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FIGURE 4.4: Graph showing the Froude number as a function of the main rotational speed

of the DAC (solid black line). Perturbations in this number may result from the secondary

rotation of the sample container about its own axis. The perturbation as a function of speed
is shown as a maximum and minimum envelope function (dashed black lines).

as the dotted black line in Fig. 4.4. It is possible that this causes unusual perturbations in

the powder flow.

4.2.4 Post-granulation curing and sieving

The resultant granules were removed from the mixing container into a heatproof open-topped
tin. After removal of the loose granules a residue was also found adhered to the base of the
container. Care was taken not to remove any of the residue from the sides or base of the
container. The granules were cured in a convective oven at 90 °C for a minimum of 90
minutes in order to remove surplus solvent or water content, in the case of carbon or water-

based binders, or to speed up the addition curing process in the case of the silicone binder.

Unless stated otherwise, all granules were sieved through a 75 pm sieve prior to imaging or
incorporation into the ink. This was performed manually, where the granules were agitated
over the sieve surface for at least 5 minutes. No external implements (e.g. brushes) were
used as this may have caused attrition of the granules. The sieving process removed any large
granular material or residue left from granulation. In some cases, the granules were sieved
using an automated sieve shaker. Here, the sieve was vibrated such that the material was
repeatedly passed over the entire surface of the sieve. The amplitude of vibration was set
from 40-100 mm/g. The sieves used had mesh sizes of 100 pm, 75 pm, 45 pm and 20 pm,
allowing the granules to be selected by various size fractions. After sieving, the granules were

stored in airtight containers until required.
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4.3 Size analysis of granules

Measurement of the granule size distribution was important in order to understand the effect
of altering the material and process variables on the resultant granule size. Understanding
exactly how these factors affect the resultant granule size distribution was beneficial as it
allowed the manufacture of optimum granules which had the desired properties suitable for
incorporation into the transparent resistive sensors. In this application it is desirable that
the granules are matched to the thickness of the printed ink and hence should be less than 10
pm in size. Furthermore, some imaging techniques also allowed visualisation of the granule
shape. Again, this could give insight into the granulation process. A number of size analysis
techniques were trialled, including static image analysis, dynamic image analysis and laser
diffractometry. In static image analysis, the granules were analysed whilst in static equi-
librium, for example dispersed on a horizontal stage. The longest axis of the granule lies
parallel to the stage surface, which means that there is an inherent bias towards measuring
the longest dimension of the granule. The images taken represent a projected area of each
granule, i.e. the granules are reduced to a two dimensional shape. Both optical microscopy
and scanning electron microscopy were used to image the granules prior to performing image
analysis and these methods are described in sections 4.3.1 and 4.3.2 respectively. In dynamic
image analysis the granules are imaged as they are moving through a sensing zone as part of
an aerosol jet or a liquid flow. All orientations of the granule are presented to the sensor, re-
moving the orientation bias associated with static image analysis. This technique is described
in section 4.3.3. Finally, in laser diffractometry the light scattering intensity of the volume
proportion of granules in each size range is detected. This is described in section 4.3.4. A
detailed discussion on the principles and limitations of these methods can be found in the
review literature and in books [141, 162-164].

4.3.1 Static image analysis by optical microscopy

In order to measure granule size distributions using static image analysis (STA), an automated,
optical microscopy imaging system was used. This was the Malvern Morphologi G3, which
was used in collaboration with the Institute of Particle Science and Engineering at Leeds

University. The physical principle of this instrument is shown in Fig. 4.5.

The granules were dispersed in a single layer onto the sample stage using the in-built dis-
persion unit. This dispersed loose agglomerates of the granules which would otherwise be
falsely classed as large, single granules. The dispersion of granules onto the slide controlled
the measurement time and the total number of granules measured. If the granule distribution

across the slide was too low there would be large empty spaces between granules and fewer
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FIGURE 4.5: Schematic of static image analysis using optical microscopy and digital image

capture. Granules are dispersed on a horizontal stage and illuminated from below. The

objective lens is chosen for optimum magnification. A CCD detector records an image of
each granule. The stage is automatically translated so that each granule can be imaged.

granules would be measured per unit time. For more efficient dispersion the granule spacing
decreases and more granules are measured per unit time. However if the granules overlap
they cannot be distinguished as individual entities. Granule dispersion was controlled by
the application of air pressure to a sealed unit containing the granules. A granule volume

3

of 7 mm® was placed in the dispersion unit and sealed. The application of 1 bar of pressure

ruptured the foil seal of the unit and dispersed the granules over the microscope slide.

An optical microscope with a CCD digital camera was used to take a digital image of each
granule. The stage height was set so that the granules lie in the focal plane of the objective
lens. The lens could be changed to give a magnification ranging from 2.5x to 50x, allowing
granules from 0.5 pm to 1 mm to be resolved. The focal depth decreased with increasing lens
magnification and this means that at high magnifications only a small vertical depth of the
granule was in focus. Automatic translation of the stage along the X, Y coordinates ensured
that each granule was imaged. Using this method, between 30 000 and 70 000 granules were
imaged. Subsequent automated image analysis characterised the granules in terms of their
diameter of equal projection area dpgpc and the Dig, Dso and Doy percentile values, as

defined previously in chapter 3.

The benefit of SIA is that each granule could be fully characterised by a range of size and
shape parameters. Details of the best practice for static image analysis are given in ISO
13322-1:2014 [165]. This explains that STA may only provide accurate results for particle size

distributions limited to less than one order of magnitude between minimum and maximum
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particle size. In order to comply with this standard, measurements from a minimum of
6000 particles are required to reliably calculate the volume mean diameter and to calculate
the percentiles of the distribution at least 61 000 particles should be measured. Automatic
operation is advantageous as it removes the need for an operator to be present throughout the
measurement. However, the measurement time may still be long, depending on the granule

size and dispersion.

4.3.2 Static image analysis by scanning electron microscopy

A Hitachi SU-70 scanning electron microscope (SEM) was also used to acquire images of
granules. The SEM uses a focussed beam of primary electrons to probe a sample surface. A
schematic of a typical SEM beam column is shown in Fig. 4.6. The electron beam can be
created by thermionic or field emission of electrons from the electron gun. In the Hitachi SU-
70 a Schottky field emission electron source was used. This consisted of a tungsten wire with a
tip diameter less than 100 nm through which a high electric field was passed. The electric field
at the tip can be in excess of 107 Vem ™! and this promotes field-assisted quantum tunnelling
of electrons [166]. Through this, a high brightness (defined as the current density per unit
solid angle) of 10 Acm™2sr~! and a low energy spread of 0.3 eV can be achieved [167].

The SEM chamber was kept under high vacuum, typically around 107 Torr, to prevent the

electrons from colliding with and scattering from atoms within the SEM chamber. This also

Electron gun

Condenser lens

Electron beam ———

Objective lens

Backscattered
electron detector Secondary

electron detector

Sample
Sample stage

FIGURE 4.6: Schematic of SEM column showing the main components including the
backscatter and secondary electron detectors. The SEM chamber itself is under vacuum
at a pressure of approximately 10~7 Torr.
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promoted efficient and stable electron emission from the electron source, as here the presence
of contaminants on the tungsten surface may increase the work function and hence decrease

the electron emission.

The primary electrons are accelerated towards an anode to the required energy. After filtering,
the emitted electrons are focussed into a narrow beam by a series of electromagnetic condenser
and objective lenses. These decrease the diameter of the electron beam to the order of a few
nm to give high resolution images of the sample surface. This effect is ultimately limited by
the effects of spherical and chromatic aberration and astigmatism of the condenser lens. Even
if these effects are corrected for the beam diameter is fundamentally limited by diffraction of
the electrons. The diffraction limited beam diameter dg;;s of an electron beam focussed to

an angle of v and of energy-dependent wavelength X is given by:

1.22)

sina

dgiff = (4.2)

Hence the beam diameter decreases for increasing electron energy (decreasing A) and decreas-
ing angle .. For typical values of A = 0.0037 nm and « =0.1 rad the diffraction limited beam
diameter is 0.02 nm which is smaller than the size of a single atom [168]. Hence electron

microscopy fundamentally offers much greater resolution than optical microscopy techniques.

When the electrons reach the sample surface they interact with the sample within the interac-
tion volume. Here the incident electrons may elastically collide and scatter from the electrons
within the sample, or inelastically scatter with the orbital electrons and be ejected from close
to the sample surface as secondary electrons (SE), which typically have low energies of less
than 20 keV. If the collision is elastic the incident electrons are scattered to high angles and
may leave the sample as backscattered electrons. SE detection is most commonly used for
high-resolution topographical imaging. This is because low-energy SEs are highly susceptible
to inelastic scattering and rapidly attenuate in energy. The probability of escape p is given
by:

p o exp (7) (4.3)

where z is the vertical depth below the sample surface where the SEs are generated and [
is the mean free path of the electrons, which is dependent on their energy. The lower the
electron energy, the closer to the surface the SE needs to be in order to have a high probability
of escape and detection. Because only SEs close to the surface escape and can be detected
this leads to high-resolution imaging of the topographical details of the sample surface. This

is almost independent of electron beam energy.

SE detection is by a specialised sensor such as an Everhart-Thornley (ET) detector. This

is a scintillator-photomultiplier system. The electrons impinge on a scintillator material
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which then emits light. The light is transmitted into a photomultiplier which converts the
photons into electrons. These are then amplified and used to modulate the intensity of the
corresponding pixel in the image. The electron beam is scanned over the sample surface in a
raster pattern and the E'T detector detects the SE intensity at each position on the sample

surface. This is used to create an image as a grey-scale representation of the sample surface.

The depth-of-field achievable in SEM is typically 10-100 times greater than for optical mi-
croscopy [166] and it can be increased by increasing the working distance (that is the distance
between the sample and the final objective lens). A decreased working distance gives a higher
resolution but a narrower depth-of-field. For the size analysis of granules a low magnification
was necessary. The working distance was typically 14 mm as this led to a large depth-of-field
giving a high level of detail on the 3D granular structure. The beam energy was set in the

range 1.5-5.0 keV to minimise electrical charging of the sample surface.

4.3.2.1 SEM sample preparation

Prior to SEM imaging, the granules were dispersed onto an aluminium ‘stub’ for mounting
onto the sample stage in the SEM chamber. A conductive carbon-based adhesive pad was
placed on the stub and granules were dispersed onto the pad using a cotton bud. The stub
was gently tapped to ensure adhesion of the granules and a low-pressure nitrogen gas was

passed over the surface to remove unattached granules.

For non-conductive samples electrical charging of the sample surface may occur during SEM
imaging. This is because the incident electrons are not conducted through the sample to earth
and this can result in imaging artefacts, such as glowing of the surface due to the trapped
electrons. Because the granules contained a proportion of non-conductive polymer binder it
was necessary to coat them with a thin layer of carbon in order to circumvent this problem.
The samples were coated by evaporation of carbon onto the stub by passing a large current
through a carbon rod placed directly above the samples in a vacuum chamber. In this way a

carbon layer of thickness 10-30 nm was deposited onto the granules prior to SEM imaging.

4.3.2.2 SEM image analysis

The SEM image magnification used depended on the granule size and ranged from 800x to
1500x for smaller granules (typically less than 20 pm) and 50x to 200x for larger granules
(typically larger than 20 pm). It was observed that the smaller granules were poorly dis-
persed and often agglomerated into large structures. In these cases, it was assumed that the
agglomerated structure was a weakly bound collection of granules and each granule within

was measured individually.
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Image processing software (ImageJ) was used to measure the granule dimensions. Because
the granules often overlapped or formed agglomerated structures it was not always possi-
ble to automate this process. Instead, the maximum Feret diameter of a minimum of 300
granules was manually assessed for each sample. The maximum Feret diameter (as defined
in section 3.4.1) was subjectively assessed by eye where it was assumed that any error as-
sociated with this technique would be small. In some cases automated measurement of the
granule shape and size was possible, for example for larger granules which were dispersed
with minimal overlapping. Collation of the granule sizes allowed the calculation of average

diameters, size distributions and cumulative size distributions in an automated process.

4.3.3 Dynamic image analysis

In dynamic image analysis (DIA) the granules are measured in dynamic flow as they move past
the detector in a liquid suspension or aerosol jet. As a granule moves it may rotate through
any plane and hence the granule orientation at the time of measurement is statistically
random. A pulsed light source is used to illuminate the granules and a high-resolution CCD
detector images the projection of the granule shadows. Some systems may also incorporate
an additional pulsed light source and a zoom camera which has a smaller field-of-view which
is optimised to image small granules at a high resolution [169]. The system may operate
in transmission or reflection mode dependent on the location of the pulsed light source and
CCD detector. The transmission mode is shown in Fig. 4.7. Here, the light source is opposite

to the detector such that a projection of the granule shadows is recorded by the CCD. In
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FIGURE 4.7: Schematic of a dynamic image analysis system. Granules flow through the

sample chamber, dispersed as an aerosol jet or in solution. A pulsed LED light source is

used to illuminate the granules and the CCD detector images the projection of the shadows
of the granules at a high frame rate.
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reflection mode, the light source and detector are next to one another such that the reflected
light from the granule surface is detected by the CCD. Both DIA systems used here operated

in transmission mode.

The pixel size of the CCD detector defines the smallest feature size measurable and this is
usually of the order of 1 pm. A pulsed light source is used so as to reduce the motion blur
caused by imaging fast-moving granules. For a high-speed granule travelling at 100 ms™!,
typical for a high pressure aerosol, pulsed light exposures of 1 ns are necessary in order to
reduce the motion blur to below the 1 pm resolution limit of the CCD detector. The CCD
detector can capture images at up to 450 frames per second. This allows for the detection and
measurement of very large numbers of granules in a short time. For example, if 50 granules
are detected per frame and 450 frames are collected per second then almost 23 000 granules

can be imaged per second.

A potential issue for DIA is ensuring that all measured granules are within the depth-of-field
of the camera. The depth-of-field in the optical system, DO Fpicq1, for a given magnification
M is given by:

0z
DOFoptical = jl\ﬂjgge ) (44)

where d2jmqge is dependent on the aperture angle of the camera and the pixel size. DOF,pical
decreases with the square of the magnification and this can cause problems when imaging
smaller granules where higher magnification objective lenses are likely to be used. For smaller
granules, the flow has to be constrained to a small dimension parallel to the optical light beam
in order to ensure that all granules are within the depth-of-field. Granules outside of this

range are likely to be blurred.

One way to overcome this is by using a telecentric objective lens before the camera and CCD
detector. In a standard objective lens, each point on the object plane is transferred to one
point in the corresponding image plane and all light rays up to a maximum scattering angle
pass through the lens, as shown in Fig. 4.8(a). However, for each distance between lens and
object a multitude of image planes are created. The camera detector, placed at just one of
the image planes, sees the corresponding granule in sharp focus but all other granules are
defocussed and appear blurred. Hence, the depth-of-field is limited. Furthermore, the magni-
fication of the image depends on the object position, i.e. a perspective image is formed. In a
telecentric lens, an aperture is placed at the focal length of the lens, as shown in Fig. 4.8(b).
Only rays which are near-parallel to the optical axis can pass through the aperture and light
which is scattered or diffracted to large angles is blocked. A secondary lens is used to focus
the light rays onto the image plane. In this case, light from a multitude of object planes is
focussed onto a single image plane, thereby increasing the depth-of-field. The magnification

of the image is independent of the object position, i.e. an orthographic image is formed.
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FIGURE 4.8: Schematic of (a) a standard imaging lens, where each granule in the object

plane is focussed onto a corresponding image plane resulting in a small depth-of-field and

(b) a telecentric lens, where an aperture stop is placed at the focal length of the first lens.

Only light rays which are near-parallel to the optical axis are incident on the second lens.

Each granule, in its own object plane, is focussed onto the same image plane resulting in a
greater depth-of-field.

The imaged granules can be subsequently analysed in terms of a wide range of size and shape
parameters, similar to SIA techniques. However, unlike SEM imaging, DIA in transmission

mode cannot give detail on the granule surface structure.

4.3.3.1 Dry dispersion of granules prior to DIA

Dry dispersion of granules can be achieved by one of two methods. The granules can be
subject to a gravity-induced flow or they can be dispersed in an aerosol jet. In the latter
case, granule agglomerates can be dispersed through granule-granule collisions, collisions
between the granules and the walls of the feed-pipe, or through turbulent flow caused by air
velocity gradients. The high-speeds of the granules dispersed in an aerosol jet require high

frame rates but result in very small measurement times.

Gravity-induced flow was used as the dry dispersion method for DIA used in this thesis,
using the Camsizer XT instrument. Here, a vibrating feeder was used to slowly move the
granules towards the feed-pipe of the instrument. The amplitude of vibration controlled
the rate at which the granules passed over the edge of the feeder and into the instrument.
However this dispersion method was unlikely to have been sufficiently energetic to break
apart small, cohesive granule agglomerates. For this reason, a lower limit on the measurable
granule size of 10 pm was imposed by the instrument manufacturer. A small sample size of
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less than 1 mm® was placed onto the vibrational feeder. The measurement time was limited

by the rate at which the feeder dispersed the granules into the measurement chamber, where
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each measurement typically took under 10 minutes. The resultant images were analysed

automatically to extract the maximum Feret diameter.

4.3.3.2 Wet dispersion of granules prior to DIA

Wet dispersion of granules was achieved through mixing a small amount of granules (typically
less than 1 g) into 50 mL of solvent. The solvent chosen was also used in the production
of the screen-printable granular ink, as described in chapter 9. Subsequent imaging of these
inks had shown that the granules did not dissolve in this solvent. However constant agitation

of the solution was necessary to prevent granule sedimentation.

The solution was introduced into the measurement chamber of the instrument (in this case the
QICPIC dynamic image analysis system) using a syringe, where the flow rate was controlled
manually. Inside the instrument, the solution passed though a flow cell. The flow cell can have
a range of optical path lengths (i.e. thicknesses) and in this case the cell width was 100 pm.
This meant that granules larger than 100 pm could not pass through the flow cell and were
not measured. The flow cell was positioned inside the measurement chamber such that the
granule flow was focussed by the imaging camera. Because of the relatively slow movement
of the granules through the flow cell, a low frame-rate of 50 frames per second was used.
From the resultant images the maximum Feret diameter of the granules was automatically

extracted.

4.3.4 Laser diffraction

Laser diffractometers use the principles of light scattering from a collection of particles in order
to measure their size distribution. A schematic of a typical laser diffractometer is shown in
Fig. 4.9. A He-Ne laser of wavelength 632.8 nm is passed through a lens in order to produce a
plane wave. The laser beam is passed through a flow of granules in the measurement chamber
and the light interacts with the granules in a number of ways. Diffraction and light scattering
occur at the granule edges, light can reflect from or be absorbed by the granule surface and
if the granule is optically transparent then refraction can also occur. The diffracted and
scattered light from the granules is focussed onto a radial multi-element photo-detector and
a spatial intensity profile is measured. Some diffractometers also incorporate an additional

array of light detectors which record the intensity of backscattered light.

For monosized granules, scattering of light produces an Airy disk which has concentric rings

of high and low intensity at radii . The spatial intensity profile for a granule of size d is

=10 (L)' (20" »

given by:
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FIGURE 4.9: Schematic of a laser diffractometer used to determine granule size distributions.
A laser light source is used to provide planar illumination of the granule flow. The light
interacts with the granules by diffraction, scattering, absorption, reflection and refraction.
Scattered and diffracted light is focussed onto a multi-element photo-detector which records
the angular intensity profile. From this the proportion of granules in each size class can be

determined.
where:
T
k=—. 4.6
o (16)

Here, Ij is the maximum intensity at » = 0, f is the focal length of the Fourier lens, A is the
wavelength of the light and Jy(krx) is a first order Bessel function. Light scattering from
both large and small granules and the corresponding intensity profiles are shown in Fig. 4.10.

The distance ry to the first intensity maximum is given by:

1.22f\
d

. (4.7)

To =

Hence smaller particles scatter light at a lower intensity to larger angles (radii) and larger
particles scatter light at a higher intensity to smaller angles (radii). The resulting intensity

profile measured on the detector is a superposition of scattered light from granules of all sizes.

Light scattered by angles greater than 90° cannot be focussed onto the photo-detector, im-
posing a lower limit on the smallest granule detectable. However, many laser diffractometers
also include a series of backscattered light detectors such that highly scattered light can be
detected. In practice, the lower limit on granule size is in the nm range. For very large
granules which cause small-angle scattering, the scattered light must be distinguishable from
the central intensity maxima which is produced by the undeflected laser beam striking the

sensor. In practice the upper limit of the measurable granule size is of the order of a few mm.
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FIGURE 4.10: Schematic of light scattering from granules which are small and large compared

to the wavelength of incident light. For large granules a high intensity of light is scattered to

small angles. For small granules a lower intensity of light is scattered to larger angles. The

corresponding maxima in the radial intensity profile occur at smaller radii for large granules
and larger radii for small granules.

The multi-element photo-detector is comprised of a series of discrete, non-overlapping sensing
elements which are arranged in a radial geometry as shown in Fig. 4.9. Due to the inverse
relationship between particle diameter and the first intensity maximum the central sensing
elements must be very narrow. Each sensing element represents a size class of granules that
can be detected and typically up to 32 elements are used. The photo-sensor comprises a
silicon photo-diode array, comprising an n-doped silicon substrate with sensing elements of
p-doped silicon areas. This creates a built-in voltage across the p-n junction. Thin regions of
silicon dioxide separate the sensing elements and prevent cross-talk. When light is incident
on the p-doped silicon electron-hole pairs are produced, causing a current to flow which is

proportional to the intensity of the incident light.

From the angular intensity profile measured at the photo-detector the size distribution of the
granules can be determined by applying either a Fraunhofer or Mie theory of light scattering.
The Mie parameter, a, is defined as:

a=—. (4.8)

Mie scattering theory is a general approach applicable to all granule sizes and light wave-
lengths and it describes the solution to Maxwell’s equations for the scattering of an electro-
magnetic plane wave by a homogeneous sphere, where the solution comprises an infinite series
of spherical partial waves [170]. The application of Mie theory is also necessary if the granules
are optically transparent as it includes the effect of light refraction as well as light absorption.
Using Mie theory requires knowledge of the optical properties of the granules, including the
complex refractive index and absorption coefficient. More details on light scattering from

large and small granules are provided in chapter 8.
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For the special case where a >1 a Fraunhofer approximation may be used. Here the refraction
and absorption effects are neglected, and this is generally applicable for opaque granules. For
a number density distribution go(d) of Ny, number of granules, where each granule produces
a radial intensity distribution I(r, d) as given for each granule size d in equation 4.5 the total

intensity profile is given by:

dmaa:

I(r) = / Nooeo(d)I(r, d)dd. (4.9)
dmin

This is solved using a linear system of equations, for example by using the approach of Phillips

and Twomey [171, 172]. In practice, it is possible to successfully apply Fraunhofer theory for

opaque granules down to 0.1 pm [173].

Here, the granules were dispersed in an aerosol jet prior to entering the laser diffraction
chamber. The dispersion pressure was varied between 1.5 and 5 bar to investigate the effect
of dispersion pressure on the measured size distribution. A small sample size, typically less
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than 1 mm?®, was used. The granules were assumed to be optically opaque and the Fraunhofer

approximation was used to calculate the volume-weighted granule size distribution.

4.4 Structural analysis of granules by focussed ion beam

milling

Understanding the internal structure of granules is beneficial for two reasons. Firstly, the
internal structure of the granules can be used to gain insight into the granulation mechanisms
occurring when the granules are produced. For example regions of high and low porosity, or
low and high binder content can give physical insight on the processes which are occurring
during granulation and how these are affected by changing the material and process variables
during fabrication. The porosity of the granules may lead to enhanced compressibility, and
the internal voids may also provide an insulating medium (i.e. air) between the conductive

nanoparticles which can alter the conductive properties, as explained later in chapter 8.

Many methods exist by which to investigate the internal structure of granules. Macroscopic
approaches to measuring granule porosity involve measuring both the mass and volume of
the granules and comparing this to the theoretical mass of a granule with no internal pores.
The volume of a granule ensemble can be determined using a displaced volume method,
where the granules are dispersed into a liquid solution and the displacement of the liquid is
measured [174]. Whilst giving an average porosity for the granule ensemble it can give no

information on the pore distribution within individual granules.
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Mercury intrusion porosimetry is often used to determine granule porosity [175-179]. This
involves forcing a non-wetting liquid such as mercury into the internal pores of a granule
through the application of varying levels of pressure. The pore size distribution and the total
porosity can be determined from the volume intruded at each pressure increment and the
total mercury volume intruded. The smallest pore diameter measurable can be as small as 3
nm [180], however only pores present on or connected to the outside surface can be measured
and completely enclosed pores are not assessed. The pore opening diameter is measured
rather than the maximum internal pore diameter which can lead to an underestimation of
pore size when compared to direct image analyses of porosity [181]. Additionally, no visual

data is given on the granule structure and the method is insensitive to pores filled with binder.

The technique of X-ray microtomography (XRT or XMT) or X-ray computed tomography
(XRCT) has also been used to image the internal structure of granules [177, 178, 182] and has
also been used simultaneously with mercury porosimetry [183]. This technique evolved from
the principles of computerised axial tomography (CAT) which has extensive applications
in medical imaging [184]. Here, X-rays from synchrotron radiation are used to probe the
internal structure of a granule. X-ray absorption is measured as a function of depth through
the material and this is used to build up a 3D picture of the granule interior [185]. Whilst
these techniques allow the 3D visualisation of the entire pore network within granules a
minimum resolution of several microns only is achievable. This method does not provide
adequate resolution needed to characterise the internal structure of the granules produced in

this thesis, which are often less than 10 pm in size.

SEM can also be used to investigate internal granule structure. Cross-sections of granules may
be produced through mechanical abrasion techniques such as diamond polishing [176, 186,
187]. In this case, the resolution limit is determined by the mechanical abrasion technique.
For example, abrading with diamond particles of minimum size of 1 pm means that granule
structures less than 1 pm in size cannot be resolved upon subsequent imaging. Focussed
ion beam (FIB) milling, which is the technique used throughout this thesis, has previously
been demonstrated for revealing the internal structure of granules [176]. Whilst in this case
a single cross-section through the granule was imaged, it is also possible to image the 3D
internal structure using a serial sectioning process where a thin layer of material from the
cross-section is milled and then imaged using SEM. This is repeated through the depth of the
material [188]. This approach allows both high-resolution milling and imaging of the granule

whereby structures as small as tens of nm can be resolved.
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4.4.1 Focussed ion beam milling principle of operation

An FEI Helios Nanolab DualBeam 600 was used to analyse the internal granule structure and
porosity, where Focussed Ion Beam (FIB) milling was used to expose the internal structure.
The system comprises a vertical electron beam column, as shown in Fig. 4.6 and an ion beam
column which is inclined at 52°, as shown in Fig. 4.11(a). The structure and principle of the
ion beam column is similar to that of the electron beam column except that a gallium ion
source is used instead of an electron gun. A tungsten tip coated in liquid gallium is exposed
to a large electric field which causes gallium ions to be emitted from the source through field

emission. The gallium ions are accelerated and focussed by a series of electromagnetic lenses.

During milling the sample was aligned perpendicular to the ion beam, that is at 52° to the
electron beam. Imaging through the electron beam was used to locate and align a sample
prior to milling. During the FIB milling process the gallium ion beam was focussed onto
the sample surface and causing localised sputtering of the sample surface. Gallium ions
also become implanted in the surface and sputtered material may be redeposited back onto
the sample. These processes are shown schematically in Fig. 4.11(b). The milling rate is
dependent on the beam current (dose) and the atomic properties of the sample, as different

elements and crystallographic planes are sputtered at different rates. This can lead to uneven

Electron beam column

Ion beam column

Sputtered ions

Redeposition of
O ©  sputtered material
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(Imaging)

Ion beam i e

Ton beam
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Rotating stage Sample surface
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FIGURE 4.11: Schematic showing (a) the FEI Helios Nanolab DualBeam 600, which includes

both an electron beam and a gallium ion beam column at an angle of 52° (b) Ion interaction

with the sample surface during FIB milling. The sputtered material is ejected from the

sample surface and may be redeposited. Gallium ions may also become implanted into the
sample surface.
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milling effects. To counteract this a final milling stage, using a low ion dose, was used to

‘polish’ the previously cut surface and to reveal the internal structure of the granule.

4.4.2 Sample preparation and milling procedure

The granules were first securely attached to a thin polyethylene terephthalate (PET) substrate
using a strong cyanoacrylate adhesive. A thin layer of the adhesive was blade-coated onto the
PET using a razorblade. Using a cotton bud, the granules were dispersed onto the adhesive
layer and the sample was then allowed to dry. Excess loose material was removed by passing
a low-pressure nitrogen flow over the surface. The PET was then attached to an aluminium

stub and carbon-coated before mounting onto the FEI Helios stage.

After location and alignment of a suitable granule, a platinum capping layer was deposited
on top of the granule using a localised chemical vapour deposition method. The platinum
protected the surface underneath from sputter damage so that only the required area was
milled. A SEM image of such a capping layer is shown in Fig. 4.12(a). A cross-section through
the granule was milled using a high-energy, high-dose ion beam (16 keV and 0.47 nA), as
shown in Fig. 4.12(b). Then, a low-dose ion beam (16 keV and 0.22 nA) was used to polish
the milled surface to reveal the internal structure of the granule, as shown in Fig. 4.12(c).

After milling, the exposed granular interior was imaged using the SEM system.

Platinum cap

FIGURE 4.12: SEM images of a granule during FIB milling, showing (a) a platinum capping

layer deposited on the granule surface in order to protect the surface prior to FIB milling (b)

A rough cross-section through the granule, milled using a high-energy, high-dose ion beam

and (c) the polished cross-section through the granule, milled using a low-dose ion beam,
revealing the internal granule structure.
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4.4.3 Image analysis

For each FIB milled granule, a series of images were taken at a high magnification across the
milled surface. In order to calculate the internal granule porosity the cross-sectional images
were analysed using image analysis software (ImagelJ). An automated procedure was defined
which extracted the pore size distribution and the average porosity of each image. This

procedure consisted of five steps:

1. The image was normalised in terms of brightness and contrast, such that the image
histogram (which shows the pixel count for each grey-scale value) was stretched and

the full range of grey-scale shades were used.

2. A median filter was applied over a two pixel radius, where each pixel was replaced with
the median grey-scale value of its neighbouring pixels. This removed extreme pixel
values associated with noise. A cross-sectional image with an applied median filter is

demonstrated in Fig. 4.13(a).

3. The image was thresholded to produce a black and white binary image. Pixel values
below the pixel value threshold were coloured black (representing pores) and pixel values
above the threshold were set to white (representing particles). To determine the pixel
threshold value the method proposed by Deshpande et al. was used [189]. A range of
threshold values were sampled and the number of pores with an area less than 4 square
pixels was determined. The results are shown in Fig. 4.14. At the critical threshold
the number of small-area pores drastically increased and this occurs at a pixel value of
120. It was assumed that this threshold value was the same for each image analysed.

An example of a thresholded image is shown in Fig. 4.13(Db).

4. Morphological opening was performed through application of an erosion and then a
dilation step. Here, a layer of pixels was removed from the perimeter of each pore
(erosion) and then added to the perimeter of the remaining pores. This removed small

or very thin pores whilst maintaining the original dimension of the larger pores.

5. The remaining pores were measured in terms of their area and maximum Feret diameter.
The porosity was then defined as the ratio of the total pore area to the total image
area. Fig. 4.13(c) shows the measured pore sizes overlaid onto the original cross-section

image.

In some cases images were taken along the entire length of the cross-section such that the
porosity could be calculated as a function of distance from the granule centre. In this case,
each image was bisected lengthways and the porosity calculated using the method detailed

above. The granule porosity was then recorded as distance through the granule.
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FI1GURE 4.13: SEM images showing steps from the procedure by which the granule porosity

was calculated from cross-section images through the granule. (a) Application of median

filter over 2 pixel radius removed noise in the pixel values and produced a smoothed image

(b) Image thresholding, where pixel values below the threshold value were converted to

black and represent the pores inside the granule, and pixels above the threshold value were

converted to white and represent the primary particles.(c) The measured pores, which have
been overlaid onto the original image.
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FI1GURE 4.14: Graph showing the number of pores with less than 4 pixel area measured for
various threshold values. Above the critical threshold value (in this case at 120) the number
of pores rapidly increases. This method was adapted from that of Deshpande et al [189).

4.5 Mechanical properties of granules

Analysis of the mechanical properties of granules is important as it can give insight into the
effects of changing the process and material parameters on the resultant granule strength. For
example, the effect of changing the binder type, the granulation energy and the granulation
duration on the granule strength could be investigated and then linked to the theoretical un-
derstanding of granulation presented in chapter 3. An understanding of the granule strength
also allows an understanding of the failure mechanisms by which granules may ultimately
break. It allows the estimation of an average force value above which the compressive yield

strength of the granule is exceeded. This may help in understanding and perhaps preventing
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any durability issues of the transparent resistive sensor containing these granules. For exam-
ple, if each granule is loaded to above its compressive yield strength during operation of the
sensor the granules may break and their electrical functionality may be compromised. This

would have a negative impact on the repeatability of the response of the resistive sensor.

The mechanical characteristics of granules or agglomerates can be investigated using one of
several methods. A common procedure for granules which are larger than 1 mm in size is
impact or collision testing [190-192]. Here, the granules are accelerated towards a stationary
plate, and the impact is recorded using a high-speed video camera. This gives a real-time
analysis of fracture and crack propagation and the resulting granule fragments can be analysed
to determine the breakage mechanisms. However, due to the imaging technique, this method
is suitable only for larger granules and hence cannot be used to characterise the small granules

typically less than 100 pm produced here.

Indentation (or nanoindentation) methods can also be used to investigate the mechanical
properties of granules [193, 194]. An indenter probe fabricated from a very hard material
such as diamond is pressed into the granule surface. Use of a nanoindenter allows mechanical
properties such as the hardness, elastic or Young’s modulus and the yield stress of the granule
to be determined. For a brittle material the nanoindenter may be used to investigate the
fracture behaviour resulting from microscale fractures. The indenter tip is typically less than

10 pm in size allowing even very small granules to be analysed [195, 196].

Crush tests may also be performed. Here an individual granule is compressed between two
plates, one of which is fixed and the other is moveable. A force is applied through the
moveable plate until the yield stress of the granule is reached, which is characterised by a
sudden decrease in the load. Ultimately, the resolution of the test equipment determines
both the smallest granule that can be compressed and the resolution at which the force
is applied. Typically displacement resolutions of the order of several micrometers can be
achieved for granules greater than 500 pm in size [139, 140, 187, 197-200]. Analysis of
the force-displacement data gives information on elastic and plastic deformation regimes,
Young’s modulus and the breakage point. Here, a similar testing method was used in which
the granules were compressed between the sample stage and the probe. The equipment was
specially designed for the testing of small granules, that is those above 75 pm in size, where

both high resolution force and displacement could be measured.

4.5.1 NanoCrush test facility

In order to determine the mechanical properties of individual granules, specialised testing
equipment at the Institute of Particle Science and Engineering at Leeds University was used.

The equipment used was the ‘NanoCrush’, an early prototype which was custom-built in
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collaboration with Micro Materials Ltd. It was specifically designed for measuring the crush
strength of individual granules at sub-mN resolution. A schematic of the NanoCrush appara-
tus is shown in Fig. 4.15. The compressive loading on the sample is controlled by regulating
the current through a coil, situated close to a permanent magnet, itself connected to a stiff
ceramic beam and onto the sample probe. Increasing the coil current causes the beam to ro-
tate through the pivot point such that the probe moves downwards towards the sample. The
probe displacement is measured using a Linear Variable Displacement Transducer (LVDT).

Specialised software records both the load applied and the displacement of the sample probe.

Prior to testing, the NanoCrush apparatus first had to be calibrated. Load calibration was
required in order to determine the relationship between the coil current and the load on the
sample probe. To do this, three known masses were applied to the beam at a fixed location
(denoted X on Fig. 4.15). The current required to balance this mass was then determined.
The LVDT coil was internally calibrated upon assembly of the equipment and it was not

necessary to recalibrate this before testing.

4.5.2 Sample preparation

Because of the nature of the equipment and the sample preparation method it was only
possible to measure the mechanical properties of larger granules. The granules to be tested

were first sieved, using the method outlined in section 4.2.4, to obtain the size fraction of

LVDT
Balance mass  displacement sensor

Levelling micrometer Rotation pivot Magnet

Loading coil

X
Sample probe
Glass slide with granule

Moveable sample stage

FI1GURE 4.15: Schematic of the NanoCrush apparatus, which allowed measurement of the

yield or fracture strength of individual granules. The force applied to the sample probe was

controlled by regulating the current in a coil close to a permanent magnet, which controlled

the force applied to a stiff ceramic beam. The probe displacement was measured using a
Linear Variable Displacement Transducer (LVDT).
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75-100 pm. A small circle matching the diameter of the crush probe tip was drawn on the
underside of a glass microscope slide to demarcate the testing zone, which was then aligned
underneath the crush probe prior to measurement. Granules were dispersed onto the slide
using a cotton bud. A digital microscope with 40x magnification was used to obtain live
imaging of the microscope slide and granules. A single granule was manipulated into the
testing zone using a small blunt-ended wooden pick, as shown in Fig. 4.16(a). The remainder
of the granules were removed from the vicinity of the test zone. The test zone was aligned
underneath the crush probe, as shown in Fig. 4.16(b). During testing, increasing force was
applied to the granule until breakage occurred. Breakage was characterised by a clear jump

in the measured displacement at the characteristic force, as illustrated in Fig. 4.16(c).

4.6 Chapter summary

This chapter has described the experimental methods used to both fabricate and charac-
terise nanocomposite granules. The physical principles of various size analysis techniques
used to determine the granule size distribution have been described, as well as the process
of focussed ion beam milling used to analyse the internal granule structure. The equip-
ment used to characterise the granule mechanical properties was also discussed. Granule
characterisation in terms of the granule size distribution, internal structure and mechanical
properties is important because it allows corroboration of the theoretical understanding of
the granulation process. For example, monitoring the effect on the granule size distribution,

the internal structure and the mechanical properties allows a better understanding of the

Ul Q gl *

—

Displacement

Force

(a) (b) (c)

FIGURE 4.16: Photographs and schematic of the NanoCrush testing apparatus. (a) A single
granule of size 75-100 pm was dispersed onto the testing zone. (b) The glass slide was
positioned on the stage so that the testing zone lay directly beneath the crush probe. (c) As
the force was increased the crush probe contacted the granule and applied increasing force
until the granule compressive yield stress was exceeded resulting in granule breakage.
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effects of changing either the material properties or the process variables during the gran-
ule fabrication stage. Furthermore, these parameters are also of great importance in order
to characterise the granules prior to their incorporation into the screen-printable ink and
subsequently the resistive pressure-sensing touch interface. Here, the granule size, porosity,
compressibility and strength may play an important role in the pressure-sensing capabilities

of the resistive touch interface.



Chapter 5

Comparative Study of Size Analysis

Techniques

5.1 Introduction

Counting and measuring granules is a statistical problem, where enough granules need to
be measured in order to obtain an accurate representation of the granule size distribution
(GSD). There are many techniques which can be used to measure large numbers of granules
(ideally in a short period of time) through either static or dynamic image analysis or by laser
diffraction. These techniques have been discussed previously in chapter 4. These methods
contrast with static image analysis using SEM, which is the only sizing technique available
at Durham University that is suited to the measurement of granules in the size range 1-100
pm. Size analysis using SEM imaging is limited in that the image capture is manual and time
consuming. The subsequent image analysis can only be automated for large, well dispersed
granules so that in most cases the granule measurements have to be taken manually and the
granule dimensions are approximated. Realistically only a very small number of granules
can be measured and it is then assumed that these granules are representative of the entire

granule batch.

This chapter compares the results obtained when measuring the size distribution of a granule
batch using SEM image analysis and other forms of static and dynamic image analysis,
as well as laser diffraction. Here, a granule batch is defined as a set of granules which
have been produced using the same material properties and operating variables. Through
this comparison, the advantages and limitations of each method are ascertained and more
importantly the limitations inherent in SEM analysis can be better understood. This is

important as SEM image analysis is used both qualitatively and quantitatively to assess the

80
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nanocomposite granules produced for a range of material and process variables. The size
analysis technique used therefore needs to be able to accurately and reliably quantify the

effect of changing these variables.

5.2 Error on granule measurements using SEM imaging

When imaging the granules using SEM, the granules are often agglomerated or poorly dis-
persed. This is most likely for smaller granules less than 10 pm in size. As a result, subsequent
image analysis cannot be automated as boundaries between the granules cannot be distin-
guished. Instead, measurements must be manually taken and this introduces some degree
of subjectivity when measuring the granule dimensions. In order to quantify this error, two
methods for determining the maximum Feret diameter df ,,q,, were compared. First, mea-
surements were taken by approximately measuring dy 4, of 75 granules from granule batch
A. This involved subjectively assessing the maximum dimension of the granule. Secondly,
the outline of each granule was carefully traced such that an algorithm could then be used
to accurately calculate df .. From preliminary investigations, granule batch A was known
to contain granules of a similar size (i.e. approaching unimodal) however the granules were
not perfectly spherical in shape. These were chosen as the irregular shape could lead to
large errors if df mq, Was not accurately measured. These granules are shown in Fig. 5.1(a),
where the outlines were used to accurately calculate df q, and the straight lines represent

the manual approximation of df 4z-

Fig. 5.1(b) plots the automatic and manually determined values of d f,maz> Where each data

point represents a single granule. The solid black line represents perfect correlation indicating
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FIGURE 5.1: (a) SEM image of granules, where the maximum Feret diameter, dy mqyp 1S

manually approximated (black straight lines) and calculated exactly from the area of the

granule (red perimeter) (b) Graph showing automatically and manually determined df 4z
values, where the black line represents perfect correllation.
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agreement between the methods. The maximum difference in granule size measured by the
two methods was just 7 pixels. This can be converted to an error in size using the scale factor
of the image. For the image shown in Fig. 5.1 this results in an error of 0.5 pm. This error
scales with the magnification of the image, where lower magnifications results in a larger
error on the measured granule size. In all subsequent measurements the error on the granule

size was assumed to be 7 times the scale factor of the image.

5.3 Effect of number of granules measured on the granule

size distribution using SEM imaging

The effect of the sample size (i.e. the number of granules measured) on the resultant GSD
was analysed for granule batch A using SEM imaging. The d ,q, value for each granule was
measured and used to determine the GSD. Fig. 5.2(a) shows the GSD for sample sizes of
100, 200, 300, 400, 500, 750 and 1000 granules, where the percentage of measured granules
is expressed as a function of granule size. The percentile values Dig, Dsg and Dgg of the
distribution are compared in Table 5.1. Each data point on the GSD represents the upper
limit of a granule size class and the percentage of granules within the size class. Lines are
drawn between data points as a guide to the eye, but it is important to note that the GSD
itself is not a continuous function. Representing the data in this way allows ease of comparison

between multiple data sets.

Granule Batch  Measurement Technique Dio (um) Dso (um) Dgo (um)
A Manual SIA (SEM) - 200 granules 2.4 4.9 8.5
Manual SIA (SEM) - 400 granules 2.3 5.3 8.2
Manual SIA (SEM) - 750 granules 2.3 5.3 8.3
Manual SIA (SEM) - 1000 granules 2.3 5.1 8.2
B Manual SIA (SEM) 36.2 58.7 95.5
Automated STA 34.2 40.8 82.4
C Manual STA (SEM) 6.3 26.7 38.6
Dry Dispersion DIA 58.8 113.5 211.1
Wet Dispersion DTA 6.5 12.2 20.4
D Laser Diffraction (1.5 Bar) 0.9 6.5 36.9
Laser Diffraction (3.0 Bar) 0.8 5.8 33.5
Laser Diffraction (5.0 Bar) 0.8 4.0 29.9
Manual SIA (SEM) 5.7 13.6 38.7

TABLE 5.1: Percentile values for granule batches A-D measured using static image anal-
ysis (manual and automated), dynamic image analysis (wet and dry dispersion) and laser
diffraction (dry dispersion).
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FIGURE 5.2: Graphs showing (a) GSD measured for a unimodal granule batch as a function
of sample size ranging from 100-1000 granules. (b) The variability in the frequency of
granules measured in each size range for each sample size, plotted against granule size.

Fig. 5.2(a) shows that the GSDs are very similar regardless of the sample size, where the modal
value occurs at 4-6 pm and a secondary mode is apparent at 12-14 pm. The percentile values
are very close, where for each sample size the difference is 0.1, 0.4 and 0.3 pm for D19, Dsg

and Dgg respectively.

A sampling error as a function of granule size can be defined. For each sample size a granule
frequency was measured for each granule size range in order to produce the GSD. The sam-
pling error was defined as the difference between the minimum and maximum frequency in
these sets of values, divided by the average frequency. This is calculated for each granule size
class and plotted in Fig. 5.2(b). For example, in the modal size class of 4-6 pm, the granule
frequency was measured as 32.0, 30.0, 29.0, 30.3, 31.7 and 33.1 % for sample sizes of 100,
200, 300, 400, 500, 750 and 1000 granules respectively, with an average value over all sample
sizes of 30.9 %. The sampling error in this case is (33.1 - 29.0) / 30.9 = 0.13.

Fig. 5.2(b) shows that the largest sampling error occurs at large and small granule sizes,
i.e. furthest away from the mean size. For wide or bimodal distributions, the few numbers
of large granule measured may not provide a representative sample of the true GSD. This
is confirmed by the ISO 13322-1:2006 standard which states that static image analysis can
only give accurate results for GSDs limited to less than one order of magnitude between the
minimum and maximum granule size when a minimum of 6000 granules are measured [165].

Such a large sample size is infeasible when the measurements must be taken manually.

As can be seen in Fig. 5.2(a), for the case of a unimodal GSD increasing the sample size gives
little improvement in the resulting GSD but requires a longer measurement time. Therefore
measuring in excess of 400 granules has a limited advantage and is assumed to be unnecessary

in order to provide an accurate representation of the true GSD. Henceforth, for manual
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measurements a sample size of a minimum of 300 granules is defined as giving the optimum

results between accuracy and measurement time.

5.4 Comparison of static image analysis using SEM and

optical microscopy

Fig. 5.3(a) shows the GSD obtained from using both manual and automated SIA (using
SEM and optical microscopy respectively), when sampling granule batch B. In both cases
d fmaz of the granules was measured and a bin size of 1 pm was used to calculate the GSD.
For the automated optical microscopy system 30 000 granules were measured, in comparison
with over 700 granules measured using SEM. Here, 700 granules were measured to ensure
minimum error due to sampling size, where it was previously shown that a minimum of
300 granules was required for a unimodal size distribution. Because the automated system
gave volume-weighted results, the results from SEM image analysis were also converted to a
volume-weighted distribution. This type of distribution was discussed previously in chapter 3.
Both GSDs have a similar range and a modal value at 40 pm. However the proportion of
large and small granules varies for each method used, as is shown by the large discrepancy
between the percentile values which are given in Table 5.1. Here, the percentile values differ
by 2.0, 17.9 and 13.1 um for (D1g, Dso and Dy respectively. The large discrepancy in Dsg
and Dgg indicates that each method measures a different (volume) proportion of granules

which are greater than 35 pm in size.
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FIGURE 5.3: Graphs showing (a) GSD of granules measured with static image analysis

techniques using SEM imaging (shown by the solid black line) and optical microscopy (shown

by the red shaded area), where in both cases the bin size was 1 pm. The optical microscopy

technique is automated allowing a large sample size to be measured in a short period of

time resulting in a smooth GSD. Discontinuities in the GSD for manual SEM image analysis

result from the small sample size (b) The bin size for SEM image analysis is increased to 5
nm, smoothing the resultant GSD.
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Because the SEM GSD is volume-weighted the distribution appears discontinuous at large
granule diameters and is characterised by a number of sharp, closely-spaced peaks. This
occurs because not all granule size classes have been sampled due to the small number of
granules measured. This may result in an over-estimation of the Dsg and Dgy percentiles
because the majority of the volume of the system is contained in a very small number of
large granules. It is expected that by increasing the sample size the GSD will approach
that of the automated SIA system. This effect may be minimised by increasing the bin size
at which frequency values are calculated. Fig. 5.3(b) shows the GSD for the SEM image
analysis where this time the bin size was increased to 5 pm. This smooths out some of the

discontinuity present in the distribution.

5.5 Comparison of dynamic image analysis techniques with

SEM imaging

Fig. 5.4 shows a comparison of dynamic image analysis (DIA) techniques with SEM imaging.
DIA was performed using both a wet and dry dispersion of granule batch C. This batch had
a bimodal distribution where many granules were larger than 20 pm in diameter. This batch
was chosen because the dry dispersion system could not resolve granules less than 10 pm in
size. When performing DIA the GSD is volume-weighted, hence the GSD from SEM analysis
was also calculated using volume weighting. The percentile values of each GSD are shown in

Table 5.1 and the large difference in these values reflects the differences between the GSDs.
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FIGURE 5.4: GSD of granule batch C measured with SEM imaging and dynamic image
analysis using both a dry and wet granule dispersion.
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SEM image analysis shows a bimodal distribution. Whilst there are a large number of small
granules less than 10 pm in size, when plotted as a volume distribution the larger granules
dominate. The dry dispersion method cannot measure granules which are less than 10 pm in
size and so this peak is missing in the corresponding GSD. This results in larger calculated
values for Dyg, D59 and Dgg. Furthermore, there were issues with the focussing of the camera
onto the granule flow in the DIA system. Fig. 5.5(a) shows an example image taken when
using the dry DIA method where it can be seen that only the granules in the forefront of the

vertical flow are in focus.

The GSD obtained using wet dispersion shows a peak with a modal value around 10 pm which
is slightly larger than that measured using SEM analysis. Additionally, no granules larger
than 30 pm were measured. As mentioned in chapter 4, the cuvette used in the wet dispersion
method was of a size that discounted granules greater than 100 pm from the measurement
chamber. This could explain why the peak at large granule sizes in the GSD is not present.
However, this does not explain the absence of granules in the range 30-100 pm. Again,
this could be due to issues with poor focussing. Analysis of the images taken during the
measurement process show that sometimes a larger granule may be split into several small
granules due to poor focussing when the image is taken. When the image is subsequently
thresholded lighter regions may be misclassified as empty space. An example of this is shown
in Fig. 5.5(b).

Whilst poor focussing in both the wet and dry DIA methods is an issue it does not fully explain
the discrepancy in the GSDs when comparing to the results from SEM image analysis. As
mentioned previously, this is largely due to the fact that the dry dispersion DIA system cannot

resolve particles less than 10 pm in size and the wet dispersion DIA system cannot measure

AT,

et

Lagu

True granule shape  Measured granules

(a) (b)

FIGURE 5.5: (a) Image taken using DIA method with dry dispersion of granules, where

the granular flow is top to bottom due to gravity. Only the granules in the forefront of the

image are properly focussed. (b) Example of poor focussing of a granule, leading to the
misclassification of a large granules into several smaller granules.
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granules greater than 100 pm in size. Furthermore, when imaging bimodal distributions using

SEM imaging, poor sampling leads to misrepresentation of the peaks.

5.6 Comparison of laser diffractometry and static image

analysis by SEM imaging

5.6.1 Effect of dispersion pressure on laser diffraction results

As described previously in chapter 4, prior to laser diffractometry the sample was dispersed
though air pressure. The air pressure controls the energy of the collisions between granules
and the dispersion chamber walls. If the pressure is insufficient, granule agglomerates are not
dispersed and if the pressure is too high breakage of individual granules may occur. Therefore,

the dispersion pressure can affect the measured GSD.

Fig. 5.6 shows the effect of altering the dispersion pressure on the GSD during laser diffrac-
tometry, for granule batch D. SEM imaging indicated that these granules had a bimodal
size distribution. However the GSD obtained using laser diffractometry shows three peaks
at granule diameters of 1, 8 and 30 pm, where the peak height is dependent on the disper-
sion pressure. As the dispersion pressure increases the modal value remains constant at 6
pm. However, the proportion of large granules decreases whilst the proportion of smaller
granules increases. Table 5.1 shows the percentile values for each dispersion pressure. With
increasing pressure the D1y, Dsg and Dgg values decrease, indicating that the GSD shifts

towards smaller particle sizes with increasing dispersion pressure. Kippax states that this is
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FIGURE 5.6: GSD obtained using laser diffractometry as a function of the air pressure used
to disperse the granules
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a common issue in laser diffractometers when the particles are dispersed in an air jet [201]
and can be caused by one of two processes. Firstly, it is possible that increasing the disper-
sion pressure breaks apart loose agglomerations of granules. This is a favourable process as
large agglomerates can then be correctly classified into their constituent granules. However,
a high dispersion pressure may also lead to granule breakage. SEM analysis of the same
granules (see the following section) showed no evidence of (whole) granules less than 2 pm in
size as the minimum size was nearer to 5 pm, even when imaging using a high magnification
capable of resolving much smaller granules. Therefore it is more likely that high dispersion
pressures lead to granule breakage. This effect needs to be fully assessed before accurate
results can be obtained using the laser diffractometry technique. For example, taking repeat
measurements of the same sample may indicate whether the granule size decreases with each
repeat, as would be characteristic of breakage. Another possibility is the effect of ‘ghosting’.
Here, sharp edges on angular granules scatter light to large angles and this can be erroneously

attributed to scattering from small spherical particles [202].

5.6.2 Comparison to static image analysis using SEM imaging

Fig. 5.7 compares the GSD produced using both laser diffraction and SEM image analysis
techniques, where both are represented as volume distributions. For the former, a disper-
sion pressure of 3.0 Bar was chosen as a compromise between the effects of agglomeration

dispersion and granule breakage.
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FI1GURE 5.7: Graph showing the GSD obtained for both a laser diffractometer measurement
system and static image analysis by SEM imaging.
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Both GSDs show a peak close to 10 pm, however for SEM analysis this peak is a secondary
mode because most of the volume is contained in two large granules of diameter 27 and 38
pm. As a result the percentile values, shown in Table 5.1, are very different. This highlights
the issue of representing granule sizes measured using SEM analysis with a volume weighted
distribution, as here just two granules out of a sample size of 350 dominate the distribution.
As mentioned in the previous section, the cause of the peak in the laser diffraction GSD at
1 pm could either be a real effect (for example small granule nuclei) or fragments of larger
granules which have been broken during the dispersion process. For SEM image analysis,
the dispersion during sample preparation is low-energy and therefore breakage is unlikely.
Additionally, broken granules can easily be identified and discounted due to their jagged,
uneven morphology associated with dry particle attrition. However, one of the benefits of
laser diffractometry is that a large size range can be measured, and bimodal or polydisperse
GSDs can be accurately characterised. This is in contrast to the technique of SEM image

analysis where bimodality is very difficult to assess.

5.7 Chapter summary

This chapter has highlighted the differences between GSDs obtained using different measure-
ment principles. By comparing these techniques the benefits and limitations of SEM imaging

(i.e. a manual STA technique) can be assessed.

From the results shown here, the main issue with SEM analysis is that the small sampling
size leads to difficulty in accurately determining a bimodal GSD. It has been shown that a
smaller sample size does not have a significant, negative impact for narrow, monodisperse
GSDs. However, for bimodal or polydisperse distributions a low granule count can cause
the distribution to appear discontinuous. This effect is magnified when the GSD is volume
weighted, where, a small number of large granules may represent the majority of the volume
of the system and therefore dominate the GSD. However, if the GSD is not weighted then the
few larger granules are not visible within the GSD. The image magnification can also affect
the number of small and large granules measured in bimodal distributions. If the SEM images
are taken at high magnification, small granules can be resolved but large granules are unlikely
to be sampled. Conversely, at a low magnification more large granules are sampled but the
small granules cannot be resolved. Furthermore, the error in single granule measurements is

amplified at low magnifications.

Whilst in this regard SEM imaging is disadvantageous, it is important to note that other
size analysis techniques are not without their limitations. Whilst in principle dynamic image
analysis is capable of measuring a large range of granule sizes, often the operation variables

and set-up of the equipment impose limits on the size range that can be measured. For
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example, the size of the cuvette used in wet dispersion DIA imposed an upper limit of 100
pm. The low-energy dispersion used in the dry dispersion DIA technique meant that granules
less than 10 pm could not be detected. Both of these systems can produce effects related to
the poor focussing of the granule images. Only laser diffraction is capable of measuring a
large range of granule sizes simultaneously. However, the energetic dispersion principle used
here may lead to granule breakage. Additionally, each of these techniques cannot give precise

detail on the shape, morphology and surface roughness of the granules.

In conclusion, whilst SEM imaging is used to determine granule properties throughout the
rest of this thesis, the above limitations should be noted. Most importantly, when imaging
bimodal distributions a secondary mode at a larger granule size may not always be apparent
in the number-weighted GSD. In practice, this is circumvented by sieving the granules before
inclusion into the transparent screen-printable ink. By sieving at 20 pm or even 45 pum, the

secondary mode in granule size can be removed.



Chapter 6

The Effect of Constituent Material

Properties on Granulation

6.1 Introduction

In this chapter, the effect of the constituent material properties upon the resultant granules is
investigated. As explored in chapter 3, granulation processes are controlled by a vast range of
factors, all of which interact and result in a complex process that is not yet fully understood.
Whilst this thesis does not aim to present a comprehensive review of the granulation of ATO
nanoparticles, nevertheless an in-depth understanding is required in order to better control
the properties of the final granules. These granules are incorporated into an ink and printed
to create a transparent touch interface which has a pressure-sensitive resistance response. As
such, the properties of the granules will play an important role in the pressure-sensitive touch
behaviour of the interface. The granules span the thickness of the printed CPC layer, and
for this reason granules less than 10 pm in size were favoured. To this aim, the formation
of the granules and their structural properties were investigated in detail and the results are
presented in this chapter and the next. This brings together extended studies of the effect
of changing the ATO particle shape, the type of binder and the amount of binder on the
granulation processes. The next chapter extends these studies by investigating the effect
of process variables on the granulation mechanisms, namely the speed of the DAC and the

granulation duration.

Here, granules were fabricated from a range of starting material properties and the resultant
granules were analysed in terms of their size distribution, internal structure and mechanical
properties. In section 6.2, the shape of the ATO nanoparticles, which were either spherical or

acicular, is studied. The effect of the type of binder used is investigated in section 6.3.1, where

91



Chapter 6. Granulation - Effect of Material Properties 92

the binders had either a carbon-based, water-based or silicone-based chemical composition
and each had a different viscosity. Finally, in section 6.4 the quantity of binder used is altered
and the effect on the resultant granules characterised. Throughout these investigations, SEM
was used to image the granules and enable measurement of the GSD. The advantages and
disadvantages of this process over other size analysis techniques was discussed previously in
chapter 5. FIB milling was used to reveal the internal granule structure, a tool which is
invaluable in assessing the effect of changing each variable on the internal properties of the
granules. Finally, the mechanical properties of selected granules were also assessed using the
specialised NanoCrush test equipment at Leeds University. These techniques were described
fully in chapter 4. Combined, they allow an in-depth understanding of not just the outward

appearance of the granules, but also their porosity and mechanical strength.

6.2 Effect of ATO particle shape on granulation mechanisms

Both spherical and acicular ATO particles, as described in chapter 4.2, were combined with
silicone binder at a ratio of 10% binder with respect to the particle mass, and granulated
at a speed of 2000 rpm for up to 10 minutes in the DAC. In both cases the cured granules
were sieved to remove agglomerates greater than 75 pm. This large material component was
comprised of a residual paste-like substance which had formed on the sides and base of the

container during granulation.

6.2.1 Granules comprising spherical ATO nanoparticles

To measure the size distribution of the granules, SEM images were collected and the maximum
Feret diameter of a minimum of 300 granules was measured for each sample. Representative
SEM images at each time interval are shown in Fig. 6.1. Fig. 6.2 shows the corresponding
GSD for each mixing time. For ease of comparison, data points are joined by lines, as a guide
to the eye. At short mixing times granule nuclei are formed by the initial contact between
the nanoparticles and the silicone binder. Here, granule nuclei are defined as granules with a

size less than 15 pm. Any granule over 15 um in size is classed as a large granule.

During fabrication, the primary particles were poured onto the binder, and this was expected
to promote nuclei formation through the immersion mechanism. Here, the binder droplets
are much larger than the particles so that the particles become immersed in the binder at
localised regions, resulting in binder-rich and binder-poor areas. It is predicted that prefer-
ential growth will occur in the binder-rich regions, resulting in a bimodal size distribution
of granules. Fig. 6.1(a) and Fig. 6.1(b) show granule nuclei produced after 1 and 2 minutes

mixing in the DAC where a bimodal size distribution was observed. As shown in Fig. 6.2, the
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(¢) 4 minutes

FIGURE 6.1: SEM images of granules produced using spherical ATO nanoparticles and 10
% silicone binder, granulated at 2000 rpm in the DAC for a range of mixing times. For each
time, low and high magnification images are shown. The figure continues overleaf.
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(f) 15 minutes

FIGURE 6.1: Continued
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(g) 20 minutes

FIGURE 6.1: Continued

majority of the granule nuclei are less than 10 pm in size, with a peak in the distribution at
4 pm. Analysis of the SEM images showed that the larger granules have a maximum size of
around 70 pm, corresponding to the sieve size of 75 pm used to process the granules. These
larger granules are poorly represented on the number-weighted GSD. This limitation of size
analysis through SEM imaging was discussed previously in chapter 5. Granule nuclei may be
adhered to the surface of larger granules, either superficially or perhaps during early stages of
continued growth by coalescence. The smaller granules are themselves cohesive and may be
agglomerated into loose structures. Closer inspection shows that the smaller granules have
roughly structured surfaces, where primary particles may be adhered to the surface but not
yet fully incorporated into the granule structure. This indicates that the granules themselves
are not fully compacted, as here it would be expected that the granule surface would be

smoothed through repeated collisions.

With increasing mixing time from 2 to 10 minutes the granule nuclei become increasingly
surface-smooth, as can be seen by comparing nuclei in Fig. 6.1(c), Fig. 6.1(d) and Fig. 6.1(e).
In Fig. 6.2, the peak of the corresponding GSD moves from 4 pm for 1 and 2 minutes, to 5 pm
after 4 minutes, and 6 pm after 6 and 10 minutes. Whilst the majority of the granules remain
less than 10 pm in size, it was also observed that the proportion of larger, surface-smooth
granules increased. This may be due to the continued preferential growth of the binder-rich

regions and coalescence and the layering of fine material onto the binder-rich granules.

After 15 minutes of granulation in the DAC, an important phenomenon occurred. Rapid
granule growth had occurred so that now the majority of granules are larger than 15 pm.
These granules are shown in Fig. 6.1(f) and Fig. 6.1(g). The GSD in Fig. 6.2 shows a strong

peak at 24-30 pm after 15 minutes, where 76 % of the total number of granules are greater
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FIGURE 6.2: Graphs showing GSD for granules comprising spherical ATO particles and 10
% silicone binder, granulated at a speed of 2000 rpm for 1 to 20 minutes. Lines between data
points are drawn as a guide to the eye.

than 24 pm in size. After 20 minutes there is a strong peak at 27-33 pm where 80 % of
granules are greater than 27 pm in size. The smaller granules had an angular jagged shape

suggestive of granular breakage, and few rounded, smooth nuclei remained.

A finite period of little or no growth, followed by rapid growth, is indicative of an induction
process. As described previously in chapter 3, during the induction phase the granules con-
solidate and liquid binder is squeezed to the granule surface as a result of granule collisions
and decreasing porosity. During the induction phase, the granules are surface-dry and little
growth occurs through coalescence. When binder is finally squeezed to the granule surface
rapid growth may occur by coalescence and layering. This process is not instantaneous and
happens over a finite time-scale. It is proposed that this is responsible for the increasing
number of large granules with granulation times up to 15 minutes, and the rapid growth that
is observed after 15 minutes in the DAC. It was also noted that irregularities in the granule
shape occur after 15 and 20 minutes, characterised by indentations and protrusions on the
surface of the the granule. This ‘golf-ball’ effect can be seen in Fig. 6.1(f) and Fig. 6.1(g)

and is discussed further in chapter 7.

6.2.1.1 Internal structure of granules comprising spherical ATO nanoparticles

To better understand granule growth, the internal structure of granules produced after 1
minute were cross-sectioned via FIB milling. Fig. 6.3(a) shows the cross-section of a granule
nucleus and high-resolution detail of the internal pore network is shown in Fig. 6.3(b). The
internal structure shows a network of pores between ATO nanoparticle agglomerates, where

the pore distribution appears homogeneous throughout the cross-sectioned surface. The
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(d)

FIGURE 6.3: SEM images of (a) cross-section of a granule nucleus formed after 1 minute,

and (b) high-magnification detail of the particle-pore system, which appeared homogeneous

across the cut surface. The internal structure of larger granules > 30 pm also produced after
1 minute are shown in (¢) and (d), where a binder-rich core was observed

average porosity was determined using the method developed and described in chapter 4. By
averaging over images taken from 5 granule nuclei with diameters of 5-8 pm, the average

porosity was calculated to be 20 4+ 2 %.

Large granules present in the bimodal distribution after 1 minute were also cross-sectioned.
Fig. 6.3(c) and Fig.6.3(d) show cross-sectioned surfaces through granules of diameter 31 and
35 pm respectively. Here, the darker regions found in the centre of the granule are large
deposits of the silicone binder. The presence of a binder-rich core is evidence supporting
the idea that preferential growth in the early stages of granulation occurs in binder-rich
areas. This can be explained by the immersion model of nucleation which produces both
binder-rich and binder-poor areas. The porosity of the granule (discounting the central area
comprising binder only) was measured at 19 + 2 %, averaged over three areas of the cross-

section. This agrees, within error, to the measured porosity of the small granule nuclei which



Chapter 6. Granulation - Effect of Material Properties 98

formed after the same time. It suggests that the degree of compaction, in these early stages
of granulation, is similar for these granules despite their difference in internal composition.
The effect of granulation time on the internal structure of granules is explored further in

chapter 7.

6.2.2 Granules comprising acicular ATO nanoparticles

The size distribution of granules containing acicular ATO nanoparticles was assessed by
measuring the maximum Feret diameter of a minimum of 300 granules. These granules
contained 10 % silicone binder and were fabricated using the same method as for the spherical
ATO nanoparticles, allowing direct comparison to be made. Representative SEM images for

different times in the granulation process are shown in Fig. 6.4. When compared against

(¢) 6 minutes (d) 10 minutes

FIGURE 6.4: SEM images showing granules fabricated with 10 % silicone binder and acicular
ATO nanoparticles, mixed at 2000 rpm in the DAC for (a) 1 minute (b) 2 minutes (c) 6
minutes and (d) 10 minutes.
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the corresponding images for spherical nanoparticles shown in Fig. 6.1, these images show
evidence of a very different granulation process. Fig. 6.4(a) and Fig. 6.4(b) show granule
nuclei which were formed after 1 and 2 minutes respectively, where the nuclei are heavily

agglomerated into large clusters.

The GSD of the individual nuclei within these clusters are shown in Fig. 6.5. Here, most
nuclei were less than 10 pm in size and the peaks of the distributions occurred at 3 pm. This
is similar to granules comprising spherical nanoparticles, where the peak in the distribution
occurred at 4 pm. After 2 minutes, large, smoother granules greater than 30 pm in size
can also be seen along with the smaller granule nuclei and nuclei agglomerations. After 6
minutes, most granule nuclei are incorporated into larger structures such as those shown in
Fig. 6.4(c). Fig. 6.4(d) shows a close-up image of the surface structure of such a granule,
produced after 10 minutes. It comprises a densely packed agglomeration of smaller granules
suggesting the dominance of growth by coalescence. The indented ‘golf-ball’ appearance
shown by the granules comprising spherical nanoparticles did not occur for acicular particles.
Due to the extent of the granule growth and the extreme bimodality of the distributions after

2 minutes, calculation of the GSD for these times was not possible

6.2.2.1 Internal structure of granules comprising acicular ATO nanoparticles

Fig. 6.6(a) shows a cross-section through a granule fabricated with acicular ATO nanopar-
ticles. The granule, of diameter 43 pm, was produced after 2 minutes mixing and appeared
surface-smooth, although several granule nuclei were adhered to the surface. FIB milling

revealed a complex internal structure consisting of many coalesced nuclei and regions of high
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FIGURE 6.5: Graph showing the GSD of granules comprising acicular ATO nanoparticles
and 10% silicone binder, mixed at 2000 rpm for 1 and 2 minutes.
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(d)

FIGURE 6.6: SEM images showing FIB cross-sections through a large granule agglomerate,

comprising acicular ATO nanoparticles and 10 % silicone binder, granulation for 2 minutes

at 2000 rpm in the DAC. (a) overview of the milled surface (b) close-up detail of coalesced

nuclei bound by binder-rich regions (c) solidified liquid bridges formed between adjacent

nuclei (d) the porosity of a single nuclei, where region A shows binder-filled pores and region
B shows open, air-filled pores.

binder content, as well as macro-pores between individual nuclei. Towards the surface of the
granule a continuous layer of particles was present, which is indicative of a layering mecha-
nism. This gave the granule its outwardly smooth appearance. This structure is very different

to granules comprising spherical ATO nanoparticles.

Fig. 6.6(b) shows the coalescence of several small nuclei within the large structure. The dark
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regions between nuclei indicate a high content of the silicone binder. This evidence supports
the surface-wet coalescence models proposed by Ennis et al. and Liu et al., as described
in chapter 3. However, it is not possible to confirm whether or not the nuclei have been
plastically deformed during the process. Fig. 6.6(c) shows evidence of solidified liquid bridges

between two granule nuclei which further supports growth by coalescence.

This structure is very different to that of the large, surface-smooth granules which appeared
in the early stages of granulation using spherical ATO particles. In that case, the granules
had a binder-rich core that was surrounded by a continuous deposition of particles, and there
was no evidence of coalesced nuclei. If these examples are representative of the entire granule
batch, then it may be inferred that for spherical particles, the small granule nuclei and the
large binder-rich surface-smooth granules form simultaneously but independently. In the case
of acicular particles, the presence of nuclei inside the large surface-smooth granules formed at
early stages in the granulation process suggests that formation of nuclei and the formation of
large smooth granules are sequential. This in turn suggests faster growth mechanics, where
nuclei form prior to one minute mixing and are then incorporated into the larger structures

observed here.

The internal structure of the individual granule nuclei was also different to that of nuclei
containing spherical ATO (see Fig. 6.3(b)). In the case of spherical ATO the cross-sectional
image of the nucleus could be split into two phases, particle or (air-filled) pore. For acicular
ATO nuclei a third phase was also present in the form of binder-filled pores. For example,
in region A in Fig. 6.6(d) the voids between particles are filled with binder. In region B the
pores remain empty. The porosity algorithm as described in chapter 4 was modified in order
to discount these binder-filled pores. Here, an estimated porosity was measured by changing
the threshold value between 50 and 70. At 50, no binder-filled pores were included in the
calculation. At a threshold value of 70, all unfilled pores and some binder-filled pores were
included. The true porosity lies between the porosity calculated at these two threshold values
and was calculated to be between 6 % and 14 %. Even at the highest value, this porosity is
lower than the corresponding porosity for spherical ATO nuclei, which was 20 &+ 2 %. This

can be attributed to the presence of the binder in the majority of the pores between particles.

6.2.3 Comparison between spherical and acicular nuclei

Here, granule nuclei are of most interest because they fall within the size criteria required
for the incorporation of the granules into the resistive touchscreen. For this application, the
granules should ideally be less than 10 pm in size. The granule nuclei produced at 1 and
2 minutes for both spherical and acicular ATO granules fall mainly within this size range.

However, the degree of agglomeration of the acicular ATO nuclei was significantly higher
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than for the spherical nuclei and this is suggestive of a strong cohesive nature in the former
case. This could partly be due to the shape of the constituent particles. The length of the
acicular rods was 0.2-2 pm and protrusions from the granule surface may promote interlocking
between adjacent nuclei. SEM images of the surfaces of both spherical and acicular nuclei
are compared in Fig. 6.7, where the greater surface roughness of the acicular granules is
evident. The heavily agglomerated nature of the ATO nanoparticle granules is not conducive
to efficient dispersion when the granules are subsequently incorporated into the transparent,
pressure-sensitive ink. In this regard, nuclei comprising spherical ATO particles may be most

beneficial.

Furthermore, the granules comprising spherical ATO particles showed slower growth kinetics.
The bimodal distribution produced at early granulation times is due to poor binder distri-
bution as a result of the immersion mechanism of nucleation, and FIB analysis showed that
large granules have a high binder content. Granule nuclei remain until the period of induction
growth ends, in this case after 10 minutes in the DAC. During induction the nuclei become
more surface smooth. FIB analysis showed a homogeneous internal structure with an average
porosity of 20 + 2 %. For granules comprising acicular ATO particles, fast growth occurred
by coalescence and layering from early stages of granulation. Granule nuclei were formed
after 1 minute but were heavily agglomerated. FIB analysis of larger granules showed they
consisted of both coalesced nuclei and large binder-rich regions. The average porosity of the
individual nuclei was estimated to be between 6 and 14 %, which is lower than for spherical
ATO particles. This was due to the presence of binder-filled pores and is suggestive of en-
ergetically favourable wetting between binder and particle. The induction period was much

shorter as granule coalescence produced very large structures after just 2 minutes. Granule

(a)

FIGURE 6.7: SEM images showing surface detail of granule nuclei comprising 10 % silicone
binder and (a) spherical ATO nanoparticles (b) acicular spherical nanoparticles, produced
after 1 minute mixing at 2000 rpm in the DAC.
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porosity is believed to have some importance for the application of nanocomposite granules
in a pressure sensitive resistive layer, as it may lead to compressibility of the granule. For
this reason, and the greater degree of control possible for spherical granules due to the longer

induction phase, spherical ATO particles are used henceforth for all future granules.

6.3 Effect of binder type on granulation mechanisms and

granule fracture strength

To investigate the effect of granulating with different binders, spherical ATO particles were
combined with carbon-based, water-based and silicone binders, the properties of which were
detailed in chapter 4. Here, changing the binder type alters two process variables. Firstly,
each binder has a different chemical composition and hence can affect the wetting kinetics
between binder and particle. Secondly, each binder had a different viscosity. The carbon and
water-based binders had relatively low viscosities of 5.5 and 4.3 Pas respectively. The two-
part addition cure silicone binder had a much larger viscosity of 37 Pas. In the literature, high
viscosity silicone fluids were defined as having a viscosity greater than 1 Pas [119]. Above
this value, it is predicted that the viscous force contribution to the strength of dynamic liquid
bridges formed between particles outweighs the capillary force from the surface tension of the

binder, and leads to a slower rate of consolidation.

Each binder was granulated with spherical ATO at a ratio of 10 % binder to particle mass,
at a speed of 2000 rpm for mixing times up to 10 minutes. Representative SEM images
from each stage in the granulation process for each binder are compared in Fig. 6.8. Fig. 6.9
shows the corresponding GSD and CGSD at each mixing time. The granulation process for
granules containing silicone binder mixed at 2000 rpm in the DAC was previously reported
in section 6.2.1. SEM images are also shown in Fig. 6.8(i) to Fig. 6.8(1) for a qualitative
comparison with the other binders used. Similarly, the GSD for mixing times up to 10
minutes were previously reported in Fig. 6.2. Note that in the GSD histograms reported

here, all granules greater than 15 um in size are represented by the last column.

For each type of binder, granule nuclei are produced at early stages of granulation after 2
minutes. Fig. 6.8(a), 6.8(e) and 6.8(i) show SEM images of the granule nuclei for carbon-
based, water-based and silicone binders respectively. At this stage, the GSD as shown in
Fig. 6.9(a) show close similarity. For carbon-based binder a peak in the distribution is spread
over the size range of 2-6 pm whilst for water-based and silicone binder a peak is observed
at 2-3 and 3—4 pm respectively. The CGSD shows that granules containing silicone binder
are on average smaller than for carbon and water-based binders. Agglomerations of granule

nuclei are relatively common during these early stages for each binder type, however the
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FIGURE 6.9: Graphs showing the GSD and cumulative size distributions for granules com-
prising spherical ATO nanoparticles with either carbon-based, water-based or silicone binder,
produced after (a) 2 minutes (b) 4 minutes (c) 6 minutes and (d) 10 minutes.
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water-based nuclei seemed to show the highest levels of agglomeration. Large granules above
15 pm in size are found to occur for all binder types, which is a typical occurrence related to

poor binder distribution in early stages of granulation, as previously discussed.

After 4 minutes, the GSD as shown in Fig. 6.9(b) are still very similar. Some growth has
occurred, indicated by the shift of the modal value to higher granule sizes. Here, silicone
binder produces a peak at 4-5 pm whilst carbon and water-based binders produce a peak
at 5—6 pm. Only after 6 minutes mixing in the DAC do the granules show any significant
differences, as can be seen in Fig. 6.9(c). The number of larger granules, that is those above
15 pm which can be said to have ‘outgrown’ the nucleation stage, has increased for silicone
and carbon-based binder but still remains low for water-based binder. For the latter case
there remains a strong peak in the GSD at 3-4 pm indicating the prevalence of granule
nuclei at this stage. The increase in the number of large (non-nuclear) granules indicates the
conclusion of the induction process, where consolidation squeezes liquid binder to the granule
surface and causes the onset of rapid growth. Here, it can be inferred that water-based binder

results in a longer induction stage.

After 10 minutes, rapid growth has occurred for granules containing the carbon-based binder,
as can be seen by the large peak at granule sizes larger than 15 pm in Fig. 6.9(d). There is
also a shift towards larger granule sizes for those less than 15 pm in size compared to water-
based and silicone binders. The corresponding SEM image in Fig. 6.8(d) shows a bimodal
distribution of granule sizes, where large near-spherical granules are produced. Whilst an
increase in large non-nuclear granules is also seen in the case of the silicone binder, it is to
a lesser extent. It has been shown previously that in this case, rapid growth occurs at 15

minutes mixing (as shown in Fig. 6.1(f) and the corresponding GSD in Fig. 6.2).

Fig. 6.10 shows the evolution of the percentile values D1g, D59 and Dgg for each binder type
as a function of mixing time. The data points represent the median value (Dj5p) whilst the
vertical bars represent the D1y and Dgg values. This provides further support of the theory
that induction growth occurs soonest for carbon-based binder and after 10 minutes for both
water-based and silicone binders. During induction, little or no growth of the granule nuclei
occurs and the span of the distribution is narrow because in most cases D1y, Dsg and Dgg
all lie below 10 pm. However, for carbon-based binder rapid growth had occurred after 10
minutes, leading to an increase in Dgg to 63 pm, whereas D1g and D5 remain low at 7 and 11
pm respectively. This is strong indication of either a polydisperse or a bimodal distribution,

where a significant fraction of granules are greater than 10 pm in size.
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FIGURE 6.10: Graphs showing the percentile values of the GSD for granules produced using

(a) carbon-based, (b) water-based and (c) silicone binder with spherical ATO particles for

mixing times up to 10 minutes. The data points show the median value (D(50)) and the
positive and negative vertical bars represent the D(90) and D(10) values respectively.

6.3.1 Effect of binder type on compressive fracture strength of granules

Granules comprising 10 % binder (carbon-based, water-based and silicone) and spherical
ATO nanoparticles, mixed at 10 minutes in the DAC at 2000 rpm, were assessed for their
fracture strength using the NanoCrush test facility as described in chapter 4. The fracture
strength indicates the maximum force that can be applied to the granule before breakage
occurs. This indirectly relates to the response of the granule-containing layer in the resistive
touch interface which is the focus of the second part of this thesis. Here, granule breakage
due to repeated or high-intensity testing is disadvantageous as it can affect the stability of

the pressure-sensitive resistance response of the layer.

The granules were selected in the sieve fraction of 75-100 um. Fig. 6.11(a) shows a typical
force-displacement curve obtained when operating the NanoCrush equipment, in this case for
a carbon-based granule. Initially, the test was performed with no granule present in order to
measure the distance from the sample probe to the surface of the glass slide. This distance is
shown as a dotted line at a displacement of 350 pm and allows an estimation of the granule
size in subsequent tests. During the test, force was applied to the sample probe, causing
downward displacement onto the granule surface. At an applied force of approximately 8
mN the probe contacts the granule surface. The granule size can be estimated at this point
and in this example was 117 pm. After initial contact, the displacement rate decreased as
the granule was compressed by the probe. At 19 mN applied force, the displacement shows
a sudden increase which indicated fracture of the granule. After this, the granule fragments
were then compressed by the probe. Fig. 6.11(b) shows a close-up of the compressive region
between 8 and 19 mN. Theoretically, the slope of the associated stress-strain curve can be
used to determine the mechanical properties of the granules including the Young’s (elastic)

modulus, the plastic yield strength and the hardness, as described previously in chapter 4.
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FIGURE 6.11: Graphs showing (a) force-displacement data obtained for a granule containing

carbon-based binder, where the dashed line represents the surface of the sample stage and

can be used to obtain an estimate of the granule size, in this case 117 pm. Initially the probe

is displaced towards the granule and contact is made at an applied force of 8 mN. At 19 mN

the large increase in displacement implies granule fracture. (b) Close-up of the region where
load is applied to the granule up until the fracture point.

Unfortunately, here the noise on the displacement (measured by a LVDT coil) means that
extraction of the gradient is not possible. However, by the near-horizontal appearance of the
force-displacement curve it can be inferred that the elastic modulus is very high. The Young’s
modulus was roughly estimated by fitting a line of best fit to the corresponding stress-strain
graph using a least squares regression model. From calculation of the gradient, a value of 2
GPa + 3 GPa was estimated. A maximum Young’s Modulus of 5 GPa can be inferred, however
the minimum value cannot be determined due to the large error value. Furthermore, this
average value was roughly constant for a range of granule properties and process conditions,
and any distinction between the mechanical properties of granules produced using various
operating variables or material properties is beyond the capabilities of the NanoCrush test
equipment for this particular application. In the literature, the Young’s modulus of granules
have been reported in the range of 1.2 GPa for glass beads granulated with PVP polymer
binder [194], 2.5-12.6 GPa for a range of granules used in the coating industry [196], 2-12 MPa

for aluminosilicate zeolite [200] and 0.3-1.8 GPa for a range of pharmaceutical excipients [203].

The fracture strength of the granules can be read from the force-displacement data as the
point at which the displacement rapidly increases, due to brittle failure of the granules (for
the granule in Fig. 6.11(a) this is 19 mN). For each binder type used, the fracture strength of 5
granules was determined. The results are plotted in Fig. 6.12. SEM images of a representative

granule in the size range 75-100 pm are also shown.

Granules containing silicone binder exhibit a greater fracture strength, with an average value

of 33 + 6 mN. Granules comprising carbon-based and water-based binders had an average
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FIGURE 6.12: Granule fracture strength of granules comprising carbon-based, water-based
and silicone binder with spherical ATO nanoparticles, granulated at 2000 rpm in the DAC
for 10 minutes.

fracture strength of 17 £ 2 mN and 14 + 2 mN respectively. It can be concluded that the
granules containing silicone binder, in the size range 75-100 pm can withstand greater applied

force before fracture than when using carbon and water-based binders.

The higher strength exhibited by granules containing silicone binder could be caused by either
the difference in surface chemistry between binder and particle, or the large viscosity exhibited
by the silicone binder. The average granule strength is plotted as a function of binder viscosity
in Fig. 6.13, which shows that increased binder viscosity leads to an increase in the average

fracture strength exhibited by the granules. The dashed line shows a logarithmic dependency.

Rahmanian et al., investigated the effect of PEG binder viscosity on the granulation of calcium
carbonate powders [140]. Here, increasing the viscosity of the PEG aqueous solution in the
range 0.100-0.424 Pas decreased the average strength of the granules when mixing at low
speed in a high-shear mixer. This was attributed to the dominance of decreased granule
deformability over the increased strength of dynamic liquid bridges which occurs when binder
viscosity is increased. The decreased granule deformability lead to a decrease in the rate of
consolidation, a decrease in the granule porosity and hence a lower fracture strength. This
is in line with the predictions of Keningley et al. who predicted that an increase in viscosity

would decrease the consolidation rate [119].



Chapter 6. Granulation - Effect of Material Properties 110

Z 40 .

C o

< 301

)

s .1

% 201 03 _______

) ] T

2 104 -3

Q

g ol

1 10 100

Viscosity (kPa)

FIGURE 6.13: Granule fracture strength as a function of the measured viscosity of each

binder used in granulation. Here, carbon-based, water-based and silicone binders are rep-

resented by the red, blue and black data points respectively. The dashed line shows a
logarithmic dependency between strength and viscosity.

However, the results presented here are in opposition to this theory. Here, the highest vis-
cosity binder produces granules with the greatest fracture strength. Later in chapter 7 it is
also shown that the porosity of silicone-containing granules decreases as a function of mixing
time, showing that consolidation is occurring and a low porosity is reached after 10 minutes
of mixing. This is perhaps due to the layering mechanism which occurred after longer mixing
times. The highly intensive mixing process in the DAC may play some part in counteract-
ing the retarded rate of consolidation expected for high-viscosity binders, however further

evidence is needed to confirm this.

When granules are dried or cured, liquid bridges between the constituent particles solidify,
producing permanent bonds between the particles which contribute to the granule strength.
Hence the formation of liquid bridges through coalescence is also an important mechanism to
consider. In the model proposed by Ennis et al., as described by equation 3.5, coalescence is
promoted by a low Stokes deformation number, which in turn is promoted by a high binder
viscosity. Hence a high viscosity may lead to increased granule strength through the number
of inter-particle solid bridges. Of course, this analysis is simplified by neglecting the wetting
characteristics of each binder. This itself may play a role in the observed difference in granule
fracture strength with each binder type used. However, in order to understand this effect it
is necessary to determine the exact wetting coefficients and contact angles between spherical

ATO nanoparticles and each of the liquid binders, which was beyond the scope of this thesis.

For the purposes of this thesis, the granules which were incorporated into the resistive touch-
screen devices comprised spherical ATO nanoparticles and silicone binder. This was largely
due to the increased fracture strength exhibited by the granules which was believed to pro-
mote high durability in the resultant touchscreen. Granules comprising carbon-based granules
were not carried forwards into this stage, because of two reasons. Firstly, the faster growth

kinetics when compared to silicone binder meant a lesser degree of control over the nucleation
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stage of granulation. Secondly, the carbon-based binder was also used as a base material in
the transparent granule-containing ink and it was not confirmed whether the granules would
redissolve when dispersed in the same material. Despite the lower fracture strength of the
water-based granules, the growth kinetics were favourable to the control of nucleation, and
whilst not further investigated in this thesis, this should not be fully discounted in any future

investigations.

6.4 Effect of binder quantity on granulation

To investigate the effect of the binder quantity on the resultant granule properties, silicone
binder at mass percentages of 2.5, 5.0, 10.0, 15.0 and 20 % were granulated with spherical
ATO nanoparticles, at 3500 rpm in the DAC. Fig. 6.14 shows representative SEM images and

the corresponding GSDs for granules produced after 1 minute for each binder quantity.

As binder quantity increases, the GSDs are shifted toward larger granule sizes. For 2.5, 5.0
and 10.0 % of binder, a minimum of 97 % of the number of granules measured are less than
10 pm in size. With 15.0 and 20.0 % silicone, only 64 % and 42 % are less than 10 pm in
size, respectively. Therefore, in terms of nuclei production, less binder is favourable. The
granule growth was further monitored for up to 10 minutes of mixing time. Fig. 6.15 shows

the change in the median granule size, D5, for each binder amount as a function of time.

For binder fractions up to and including 10.0 %, the growth behaviour obeys a similar trend.
After 1 minute, binder nuclei are formed, after which rapid growth occurs and a peak in
the median value is seen at 6 minutes. There appears to be no correlation between the
amount of silicone binder and the extent of the growth between 1 and 2 minutes, where it
can be seen that at 2 minutes granules containing 2.5 % binder have the largest median
size, followed by 10.0 and then 5.0 % binder. After 6 minutes, the median value decreases
indicating the dominance of a breakage mechanism over subsequent granule growth. Evidence
of breakage was observed via SEM imaging; as an example Fig. 6.16 shows the presence of
granule fragments amongst whole, spherical granules after mixing for 6 minutes for 2.5 %,
5.0 % and 10.0 % binder. Whilst such granule fragments have been observed at all mixing
times above 2 minutes, after 6 minutes the proportion of fragments outweighs that of large,
intact granules and the average size of the distribution decreases. Furthermore, the intact
granules produced at 6 minutes show indented surfaces. The presence of surface indentations
is explored further in chapter 7, however it should be noted here that the surface indentations
appear deeper and are more pronounced for 2.5 % binder and are the least pronounced for
10.0 % binder. If the surface indentations are caused by plastic deformation during collisions
it can be inferred that granules containing 2.5 % binder are the most deformable. Wet

granule strength is controlled by two competing mechanisms. Viscous force contributions
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FIGURE 6.14: SEM images and GSD for granules produced after 1 minute at a speed of
3500 rpm, where the granules comprise spherical ATO nanoparticles and (a) 2.5 % (b) 5.0
% (c) 10.0 % (d) 15.0 % and (e) 20.0 % silicone binder. Figure is continued overleaf.
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FIGURE 6.14: Continued

to the dynamic bridge strength dominate the wet granule strength at high viscosities, and
resist granule deformation. However, for decreasing binder content the number of these liquid

bridges is reduced and thus the granule may be expected to be more deformable.

For high binder quantities of 15.0 % and 20.0 %, a different growth pattern is observed. In
the case of 15.0 % binder, the growth appears to be slow and steady throughout the entire
granulation process. After an apparent sharp increase after 2 minutes, the median value for
20.0 % silicone also follows this trend. Analysis of the SEM images shows that the reason
for the small median granule sizes is the overwhelming prevalence of fragmented material, an
example of which is shown in Fig. 6.17(a) and Fig. 6.17(b), produced after 6 minutes for 15.0

and 20.0 % silicone respectively.

As explored in chapter 3, by increasing the binder content in a granulation process it is
expected that the inter-particle frictional forces are lessened, due to the increase in lubrication
between primary particles. Whilst this aids granule consolidation, it must overcome the

conflicting increase in the viscous force of the liquid bridges between particles. For high
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time for granules comprising spherical ATO nanoparticles and 2.5 %, 5.0 %, 10.0 %, 15.0 %
and 20.0 % silicone binder.

FI1GURE 6.16: SEM images of granules produced after 6 minutes, where the granules comprise
(a) 2.5 % (b) 5.0 % and (c) 10.0 % silicone binder.

viscosity binder it is generally accepted that this is not the case. In this case, it is expected
that increasing the binder amount would act to decrease the rate of consolidation and thus
extend the induction phase. Keningley et al. attribute this reasoning to their observed result
that for silicone binder viscosities of 12.2 and 55.7 Pa s, a maximum liquid-to-solid ratio of 0.8
and 1.1 still produced a stable granule formulation [119]. This is because low consolidation
rates are unlikely to result in surface-wet granules. The lack of a stable granulation formation
observed here is contrary to this result, however this may be partially due to the high energy
mixing dynamics of the DAC. In Keningley’s experiment a low impeller speed of 1000 rpm,

1

corresponding to an impeller tip speed of 10 ms™", was used. Here, at 3500 rpm the tangential

velocity of the main rotation is 29 ms~! and this promotes a faster rate of consolidation
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FIGURE 6.17: SEM images of granules produced after 6 minutes, where the granules comprise
(a) 15.0 % (b) 20.0 % silicone binder. Here, a large proportion of granule fragments result
from breakage processes are observed.

through more frequent and higher energy collisions between granules. This effect may be
enough to counteract the slow rate of consolidation and produce unstable granule formulations

at high binder contents.

Whilst the growth process is not fully understood, it is evident that high binder contents are
not conducive to the controlled production of granule nuclei less than 10 pm in size, which
are required for incorporation into the resistive sensor that is the focus of this thesis. For the
remainder of this thesis, granules were made with 10 % silicone binder. This was a compromise
between a stable granule formulation and limiting the propensity for breakage. Additionally,
with a higher binder content there is an increased fraction of electrically insulating material,

which may allow modification of the conductive properties of the nanocomposite granule.

However, in future work lower binder quantities should not be discounted. Furthermore, the
interplay between other process variables means that a binder content of 10 % will not always
be optimal. For example, granulation at 2000 rpm, using 10 % silicone binder was reported
earlier in section 6.2.1. Comparing the SEM images shown in Fig. 6.1(d) for 2000 rpm with
Fig. 6.16(c) for 3500 rpm clearly demonstrates the effect of changing the speed of the DAC
whilst maintaining the binder quantity. It is also worthwhile to note that the trends observed
when granulating a range of binder concentrations at 3500 rpm may be very different to the

trends produced when granulating at 2000 rpm.
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6.5 Chapter summary

This chapter described the effect that changing the primary particle shape, and the type and
quantity of the liquid binder, had on the resulting granules, in terms of their size distribu-
tion, porosity and mechanical properties. It is important to understand the effects of these
parameters in order to fully appreciate the granulation process. From these results, a ‘recipe’
for producing granules optimised for incorporation into the resistive touchscreen which is the
focus of this thesis. From this recipe, precise control over the granule nuclei may be achieved
through changing the operating conditions of the DAC, which is investigated in the next
chapter.

Here, it was found that granulating spherical ATO nanoparticles resulted in a well-defined
granulation process, with a long induction stage when mixing at 2000 rpm. Significant granule
growth did not occur until after 15 minutes and prior to this point the majority of granule
nuclei were less than 10 pm in size. However, for acicular particles a different growth process
occurred, where granule growth by the coalescence of nuclei was promoted during the early
stages. These agglomerated nuclei are not conducive to effective dispersion when the granules
are subsequently incorporated into the screen-printable ink. Granules containing silicone
binder showed on average the largest fracture strength, compared to those comprising carbon
and water-based binders. Furthermore, the growth kinetics were also altered where rapid
growth of carbon-based binder occurred soonest. Silicone binder was deemed preferential
for this application because of the higher fracture strength of the resultant granules. Lastly,
there was a complex reaction to the quantity of silicone binder used for granulation at 3500
rpm. For binder quantities up to and including 10 % a stable, predictable granulation process
of nucleation, growth and then breakage occurred. However for larger binder quantities an
unstable formulation was produced where granule breakage dominated even at early stages

of the process.



Chapter 7

Effect of Process Variables on

Granule Structure and Morphology

7.1 Introduction

In the previous chapter, it was found that spherical ATO nanoparticles granulated with 10 %
silicone binder were the optimum materials for a granulation process which was controllable
and could be understood in terms of granulation theory. Here, this granule composition
was further investigated by altering the operating variables, specifically the duration of the
granulation process and the rotational speed of the DAC. Whilst some preliminary results
for the evolution of granule size through time was presented early in chapter 6, here the
results are extended to include the granule shape and surface-roughness, internal structure
and the mechanical fracture strength as a function of granulation time, in sections 7.2.2, 7.2.3
and 7.2.4.

The effect of the rotational speed of the DAC granulator was investigated by changing the
speed of the main rotation of the DAC in the range of 1600-3500 rpm (with tangential
velocities of 13.4-29.3 ms™!). This corresponds to Froude numbers in the range 229-1095
and, as described in chapter 4, this has the potential to be far in excess of any Froude numbers
reported in the granulation literature. This indicated that the centripetal acceleration of
the DAC is extremely large and this contributes to the superior mixing properties of the
DAC. In section 7.3.1, the effect of increasing the speed, and therefore the energy of the
granulation process, was investigated and is linked to the induction growth of granule nuclei.

The mechanical fracture strength as a function of speed is reported in section 7.3.2.

Finally, the temperature inside the DAC was monitored as a function of time. In the curing

process, the cross-linking of the silicone binder can be accelerated by raising the temperature.

117
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Therefore it was important to understand how a temperature increase during the temperature

process may affect the properties of the silicone binder.

7.2 Time evolution of granule properties during granulation

7.2.1 Granule size and morphology as a function of time

The evolution of granule morphology and the GSD for spherical ATO nanoparticles granu-
lated with 10 % binder at 2000 rpm was reported previously in chapter 6.2.1, where SEM
images were shown in Fig. 6.1 and the GSD for each granulation time were compared in

Fig. 6.2. For clarity, a summary of the key findings is also presented here.

Nuclei are formed after 1 minute of granulation from the initial contact between the nanopar-
ticles and the silicone binder, where 97 % of the number of granules measured were less than
10 pm in size. The remainder of the granules were much larger, reaching sizes of up to 50 pm
and indicating a bimodal size distribution. FIB cross-sectional analysis, shown in Fig. 6.3(c)
and Fig. 6.3(d), revealed a binder-rich core which further supported the immersion mechanism
of nucleation and poor binder distribution. Granule nuclei persisted for up to 10 minutes.
Throughout this interval, the nuclei appeared increasingly surface smooth which indicated
some level of compaction, perhaps caused by repeated collisions. On average, the nuclei size
increased incrementally, evidenced by the shifting peak of the GSD from 4 pm at 1 and 2
minutes, to 5 pm after 4 minutes, and 6 pm after 6 and 10 minutes. Qualitatively, it was

observed that the number of larger non-nuclear granules increased throughout this time.

After 15 minutes, rapid granule growth had occurred and the majority of granules were now
larger than 10 pm. The peak of the GSD occurred at 24-30 pym and 76 % of the total
number of granules were greater than 24 pum in size. After 20 minutes there was a strong
peak at 27-33 pum where 80 % of granules are greater than 27 pm in size. Very few granule
nuclei remained, and these sub-10 pm granules had an angular, jagged shape suggesting that
they were fragments of a larger granule which had broken apart during granulation. Rapid
growth was attributed to an induction mechanism. It was proposed that for times up to 15
minutes, granule consolidation caused binder to migrate towards the granule surface. During
this process little growth occurred. When binder finally reached the surface, rapid growth
occurred through either surface-wet coalescence or by a layering mechanism. Of course, this
process does not occur simultaneously for all granules and the increase in the number of large

non-nuclear granules up until 15 minutes can also be attributed to the induction process.
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In the next section, the induction process is investigated further by monitoring the surface-
roughness of the granule nuclei, as well as changes in the internal structure of granules before

and after rapid growth has occurred.

7.2.2 Evolution of granule nuclei surface roughness and granule shape

Granule surface-roughness results from sub-micron protrusions on the granule surface. Surface-
roughness was quantitatively assessed by measuring the ratio of dggpc to dpgp for granule
nuclei, which assesses the roughness of the edge of the 2D projection of the granule shape.
These diameters were defined in chapter 3. The magnification of the SEM images was main-
tained at 1500x, corresponding to a scale of 15 pixels per pm. For a perfect circle (and
assuming infinitely small pixel size) the values of dggpc and dpgp are equal. With increas-
ing surface roughness both dpgpc and dpgp increase, however the effect is significantly larger

for dpgp. Hence with increasing surface roughness the ratio j;@% is expected to increase.

Fig. 7.1(a) shows the average surface roughness as a function of granulation time up to 10
minutes, beyond which few granule nuclei remained. For each sample, 10 granule nuclei

with df e, in the range 4-13 pm, were analysed. The error on each measurement was

taken as 0.05, which corresponded to the deviation from unity of ddEPQEPDC for a pixellated
circle of diameter 13 pm. However, the error bars shown here represent the minimum and
maximum surface roughness measured for that particular sample and indicate the spread of
the results. The ratio &% decreases with increasing granulation time, indicating that the
granule surfaces do indeed become smoother with increasing time. A power-law relationship
has been fitted to the data where the exponent is —0.08 4+ 0.01. The error bars on the
data also become narrower with increasing time, indicating a smaller spread in the measured
smoothness values and therefore a greater degree of homogeneity of the granule surfaces. The
measurable decrease in the surface roughness over time is evidence of granule compaction
and smoothing through repeated collisions. At early granulation times, i.e. 1 and 2 minutes,
primary particles may be loosely adhered onto the surface of a nucleus causing a high degree
of roughness. With increasing time, and increasing number of collisions within the DAC,
the nuclei surface becomes compacted resulting in a smoother surface. This is in line with
theoretical models which suggest that granule consolidation increases with residence time in
the granulating vessel. If consolidation of the nuclei is occurring then it is expected that the

internal nuclei porosity would also decrease over time.

The aspect ratio can give an indication to the macro-scale shape of the nuclei. It is inde-
pendent of the perimeter length and hence the surface roughness. The aspect ratio is the
ratio of the major to the minor axis of an ellipse fitted to encompass the projected granule

area. For a perfectly circular granule projection, the encompassing ellipse is also circular and
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FIGURE 7.1: Graphs showing (a) the decrease in surface roughness with increasing mixing

time, where the dotted line shows a power law relation with exponent —0.08 + 0.01. (b)

nuclei aspect ratio as a function of mixing time. There is no discernible change in nuclei
shape over time, where the aspect ratio fluctuates around an average value of 1.2 + 0.1.

the aspect ratio is 1. The larger the aspect ratio, the more elongated the particle shape.
Fig. 7.1(b) shows the average aspect ratio as a function of granulation time up to 10 minutes.
For granule nuclei, there is no discernible trend of changing shape over time and the aspect
ratio varies within an average of 1.2 + 0.1. This corresponds to the observed nuclei shape

which is not spherical but rather a slightly elongated ellipsoid, regardless of granulation time.

7.2.3 Internal structure of granules as a function of time

7.2.3.1 Internal structure of granule nuclei

The internal structure of granule nuclei was investigated as a function of granulation time
using FIB milling to obtain cross-sections of representative granules. The internal structure of
a granule nucleus produced after 1 minute was previously shown in Fig. 6.3(a) and Fig. 6.3(b).
FIB cross-sections for 4 and 6 minutes are shown in Fig. 7.2. Similar to structures formed after
1 minute, the pore network appears homogeneous across the entirety of the cross-sectioned
surface. To calculate the average porosity, a minimum of three separate images from the

central region of three different nuclei were analysed.

The pore size distribution is shown for 1, 4 and 6 minutes in Fig. 7.3(a), where dggpc of each
pore was measured. The average porosity is plotted against time in the inset. The majority
of the total number of pores measured have a dpgpc in the range 10-30 nm. Pores with
drgpc < 30 nm tend to be found within individual nanoparticle clusters. The distribution
of these micro-pores in one FIB cross-section is shown in Fig. 7.3(b). These clusters are

separated by larger dendritic pore networks, to form the overall nucleus. Such macro-pores,
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(b)

FI1GURE 7.2: SEM images showing a FIB-milled cross-section through granule nuclei, pro-
duced after (a) 4 minutes and (b) 6 minutes mixing in the DAC. The porosity appears
homogeneous over the entire cross-sectioned surface.

defined as having dpgpc > 30 nm, contribute significantly to the overall porosity and their
distribution is highlighted in Fig. 7.3(c). For example, for the granule shown in Fig. 7.2(a)
the overall porosity was 23.5 %, with 2.0 % from micro-pores and 21.5 % from macro-pores.
The slight increase in pore size observed at 6 minutes is likely to be an artefact resulting from
the limitations of the algorithm used to determine porosity. Whilst re-normalisation of the
pixel value histogram does remove some discrepancy caused by difference in brightness and
contrast, smaller or shallower pores can be under-represented if there is insufficient contrast

between them and the surrounding particulate material.

The decrease in the average porosity between 1 and 4 minutes is further evidence of granule
compaction, which was also responsible for decreasing the surface roughness of the nuclei.
After 6 minutes, it appears that no further compaction occurs, although the surface roughness
continues to decrease, as in Fig. 7.1(a). To understand this further, the porosity of the nuclei
produced after 6 minutes was measured towards the edge of the granule. As an example,
for one nucleus the central porosity (averaged across three locations) was 15.7 % whilst the
porosity near to the granule surface (averaged across three locations) was 12.9 %. Here,

granule compaction causes the greatest decrease in granule porosity near to the surface.

7.2.3.2 Internal structure of granules after induction

Granules produced after 15 minutes were cross-sectioned in order to better understand the
growth mechanisms in the later stages of granulation. Rather than a uniform internal ap-
pearance, there was a greater variability between these granules, where the porosity was not

constant throughout the granule. Fig. 7.4 shows a small selection of the observed internal
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FIGURE 7.3: (a) Graph showing the pore size distribution as a function of granulation time.

The inset shows the change in average porosity as a function of mixing time. SEM images

(b) and (c) show the distribution of micro-pores, with dpgpc < 30 nm, and macro-pores,
with dggpc > 30 nm, within a granule nucleus.

structures which were discovered. In Fig. 7.4(a) and Fig. 7.4(b), which show 66 and 47 pm
granules produced after 10 minutes, the central region consists of several coalesced nuclei,
regions of high binder content and large internal voids. In Fig. 7.4(c) and Fig. 7.4(d), which
show granules produced after 15 and 20 minutes, the internal structure comprises concentric

rings of high binder content and deposited material around a central region.

Because of the complex internal structure the granule porosity was calculated as a function
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of distance from the granule centre. A number of high-resolution SEM images were taken
along a continuous strip passing through the granule centre. The strip was split into a
number of thresholded images, from which the average porosity was calculated. This process

is exemplified in Fig. 7.5 for granules with a concentric ring structure.

In Fig. 7.5, the central region of the 25 ym granule has a peak porosity of 17.5 %, whilst at
the edges the porosity is much lower at 5.3 and 4.2 %. Similarly, the central region of the 28
pm granule has a high porosity of 24.1 % whilst the edges have low porosities of 8.1 and 1.6
%. In the latter case, the particularly low porosity is caused by a high proportion of binder
close to the granule surface. In both cases, the higher porosity of the central region (similar

to that of granule nuclei produced after 1 minute), coupled with the diameter of the region

(c) (d)

FIGURE 7.4: SEM images showing a FIB-milled cross-section through various granules: (a)

and (b) 66 and 47 pm granules produced after 10 minutes, showing a binder-rich core and

evidence of coalesced nuclei (¢) and (d): 25 and 28 pm granules produced after 15 and

20 minutes respectively, showing a central nuclear core and concentric rings of binder and
deposited material.
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(4.5 and 8.0 pm) is suggestive of granule nucleus which has then grown by the addition of
successive layers of particulate material. Vertical lines are drawn on the porosity profile to
indicate the presence of a binder-rich ring of material. This would be expected to lower the
porosity of the image segment it is found in. It can be seen that these lines approximately

correspond to local minima in the porosity profile.

FIB milling also revealed granules which contained no central high porosity nuclear region.
For completeness, the porosity profile of two granules of diameter 26 and 29 pm are shown
in Fig. 7.6. The porosity exhibits localised maxima and minima but with no overall trend.
However, common to all granules presented above is the existence of concentric rings of
binder progressing outwards from the granule center. This was observed in all cross-sections
of granules produced at 15 and 20 minutes. This structural phenomenon is magnified in
Fig. 7.7(a), which shows how the rings become more frequent toward the granule edges.
Fig. 7.7(b) shows that inside the rings both the micro- and macro-pores have been filled with
silicone binder. This structure is strong evidence that the process of layering is responsible
for granule growth at long granulation times. Binder, squeezed from the interior of the
granule, reaches the granule surface and a short period of granule growth occurs by a layering
mechanism, where fine particulate material is deposited onto the granule surface. After a
short period of time, the liquid binder is again squeezed to the new surface and the next layer

is deposited.

Aside from a layering mechanism, evidence for granule growth by coalescence was also dis-
covered. The FIB cross-sections shown in Fig. 7.4(a) and 7.4(b) show internal structures
consisting of a central region of coalesced granule nuclei, alongside regions of high binder

content and large internal voids. The porosity profile of a 34 ym granule produced after

10 minutes, with this type of internal structure, is shown in Fig. 7.8. The porosity reaches

-15 -10 5 0 5 10 15
Distance from granule centre (um)

FIGURE 7.6: Porosity profiles of two granules of diameter 26 (red squares) and 29 pm (blue
diamond) produced after 20 minutes. Here, the porosity exhibits localised maxima and
minima throughout the granule cross-section although there is no overall trend.
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FiGURE 7.7: SEM images detailing the concentric ring structure found in all FIB-milled
cross-sections of granules produced at 15 and 20 minutes, where the arrows indicate the
circumference of successive rings. (a) The rings become more frequent towards the surface
of the granule. (b) Inside the rings, the inter-particle pores are filled with silicone binder.

Porosity (%)

oI5 -10 5 0 5 10

Distance from granule centre (um)

FI1GURE 7.8: Porosity profile of a granule of Feret diameter 34 pm produced after 10 minutes,

comprising a core of coalesced nuclei, areas of high binder content and large internal voids.

The porosity reaches a peak value of 51.3 % at the granule centre, caused by a large internal
void.

a peak value of 51.3 % at the granule centre due to the presence of a large internal void.
Overall, the porosity decreases towards the edges of the granule where continuous material is

deposited on to the coalesced nuclei, reaching a minimum of 7% at the edges of the granule.

7.2.3.3 Average porosity as a function of time

To calculate the average porosities of the complex granule structures described previously,

regions within the granule were chosen which were relatively homogeneous. For example,
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regions outside of the coalesced nuclei core, or the single nuclear core, yet not at the surface
of the granules as this tended to have a high binder content and therefore low porosity. The
average porosity was calculated from a minimum of three images of such regions inside each
granule, for each granulation time. The results are appended onto those obtained for the
granule nuclei produced prior to 10 minutes and are shown in Fig. 7.9(a). A logarithmic

trendline is fitted, suggesting a power law dependence of porosity on granulation time.

As described in chapter 3, Iveson et al. proposed an empirical consolidation model for drum
granulation described by equation. 3.4 [111]. This proposed an exponential relationship be-
tween the change in porosity (as a fraction of the overall change in porosity) and the number
of revolutions of the drum, where the equation constants were expected to be complex func-
tions of other granulation parameters. This model can be adapted to high shear granulation
in the DAC as the number of revolutions is simply the speed setting of the DAC (in rpm)
multiplied by the granulation time in minutes. This model is fitted for the result obtained
here in Fig. 7.9(b). A linear relationship would indicate agreement with the model. Whilst
this may be true within error, the large spread around the line of best fit indicates that the
complexities observed here are not precisely described by this simplified model. Iveson et al.
proposed that each granule produced at a certain time has a well-defined porosity. Whilst
this may be true for the granule nuclei produced here, granules produced after rapid growth
has occurred have a complex internal structure for which it is difficult to define an average
porosity. Also, Iveson et al. pre-wetted the glass ballotini with a glycerol binder prior to
granulation. Here, binder dispersion is an important process and has already been shown to
result in an initial bimodal distribution of granule sizes. The model does not account for this

early stage of granulation.
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FIGURE 7.9: Graphs showing (a) the decrease of average porosity as a function of granulation

time, where the solid black line shows a logarithmic relationship between porosity and time

(b) data fit to the consolidation model predicted by Iveson et al. [111] with a linear line of
best fit.
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7.2.4 Mechanical properties of granules as a function of time

Granules produced after 1 to 20 minutes were tested for their fracture strength using the
NanoCrush test facility, as described in chapter 4. Granules in the size range 75-100 pm were
chosen. An understanding of the fracture strength of the granules as a function of granulation
time is beneficial as it may provide an understanding of the behaviour of granules under load

in a resistive touchscreen, which is the focus of the second half of this thesis.

Fig. 7.10 shows the fracture strength of granules as a function of the mixing time. SEM
images of representative granules for each mixing time, of size 75-100 pm, are shown in
the inset. Between 4 and 15 minutes, the average granule fracture strength was 11 + 2
mN, irrespective of granulation time. However, after 20 minutes the fracture strength of the
granules had increased to 33 £ 8 mN. The large error reflects the spread in the measured
fracture strengths, however this still represents a significant increase in the strength of the

granules.

The overall trend of increasing strength fits with general granulation theory whereby a de-
crease in porosity results in stronger granules. A decrease in porosity with increasing mixing
time was shown earlier in Fig. 7.9(a). Granule strength as a function of fractional porosity, p,

is shown in Fig. 7.11(a). It can be seen that lower porosity granules exhibit the largest values
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FIGURE 7.10: Graph showing the effect of granulation time on the granule fracture strength
of granules of size 75-100 pm produced at 2000 rpm. The SEM images show characteristic
granules produced after each time.
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of fracture strength. In the Rumpf model of wet granule strength [110], the tensile strength

o is proportional to — p. The tensile strength can be related to the compressive granule
fracture strength measgred here. Bika et al. argue that during uniaxial, unconfined, com-
pression tests such as the diametrical compression test utilised in the Nanocrush, the stress
required to break the granule can be equated to the tensile stress [194]. With the further
assumption that the wet granule strength can be assumed proportional to the cured granule

L i Fig. 7.11(b).

strength, the average fracture strength is plotted against the factor

The absence of a linear relationship suggests that the Rumpf model cannot describe the re-
sults observed here and a more complicated relationship exists between the granule strength
and porosity. The Rumpf model is often criticised because it predicts that granule breakage
occurs by the simultaneous rupture of all interparticle bonds within the granule. However
the granules produced here undergo a brittle breakage mechanism, whereby fracture occurs
through crack propagation at weak points in the granule structure. This is evidenced by the
existence and appearance of granule fragments during SEM imaging, especially after longer
mixing times where hemispherical fragments, or shell fragments from the core-shell struc-
ture are observed. It is also evidenced by the individual force-displacement curves obtained

during strength measurements where breakage is sudden and preceded by very little granule

deformation.

Furthermore, the granule strength calculated here may not be representative of the granules
for which the porosity was measured, despite being produced at the same granulation time.

For up to 6 minutes the porosity of granule nuclei typically less than 10 pm in size was
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FIGURE 7.11: Graphs showing (a) the relationship between granule strength and porosity,

where the lowest porosity granules show the largest granule fracture strength. (b) Application

of the Rumpf model of granule strength [110], where a linear relationship would indicate a
good fit of the data to the model.
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measured, reflecting the prevalence of the nuclei at these times. For 15 and 20 minutes,
after rapid growth had occurred, most granules were greater than 10 ym in size and so the
porosity of these granules were analysed. By selecting the size fraction 75-100 pm for strength
measurements, the granules tested may not be representative of the majority of granules
which are produced at that time. As an example, large non-nuclear granules produced at
short mixing times are likely to contain a binder-rich core and large internal voids, such as
the granules shown in Fig. 6.3(c) and Fig. 6.3(d). Here, the granule porosity may be much
larger than for the granule nuclei. On the other hand for granules produced at 15 and 20
minutes, FIB analysis of granules of size 23-24 pm showed evidence of binder distribution
through the presence of concentric rings of binder progressing outwards from the granule
centre. These granules had a distinctive ‘golf-ball’ shape, which is also evident in the granule
size fraction 75-100 pm used for strength measurement. Hence it is a likely assumption
that these granules possess a similar internal structure. Cross-sectional analysis through FIB
milling showed that at later times there was a high binder concentration near to the granule
surface and this may have added to the strength of the granule. However, this is currently
inconclusive and further testing is necessary in order to better understand the cause of the

increase in strength after 20 minutes.

7.3 The Effect of DAC speed and the link to granulation

time

7.3.1 Effect of DAC speed on the induction process

To further understand the granulation processes the influence of DAC speed was investi-
gated. The link between DAC speed and the onset of rapid growth after the induction period
was of particular interest, as here the DAC speed offers another degree of control over the

development of granule nuclei.

The speed of the main rotation was altered between 1600 rpm and 3500 rpm, corresponding
to tangential velocities of 13.4 — 29.3 ms~! and Froude numbers in the range 229-1095. In
all cases, the secondary rotation remained at 25 % that of the main rotation, in the opposite
direction. Granules comprising spherical ATO nanoparticles and 10% silicone binder were

produced at different DAC speeds, for times in the range 1-20 minutes.

Fig. 7.12 shows SEM images of granules produced after 2 and 15 minutes, as a function of DAC
speed. At 1600 rpm, surface-rough granule nuclei are present after 2 minutes (Fig. 7.12(a)).
After 15 minutes (Fig. 7.12(b)), surface-smooth granule nuclei are predominant and rapid

growth has not occurred. Fig. 7.12(c) and Fig. 7.12(d) show that, at 2000 rpm, the granule
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(g) 3500 rpm, 2 minutes (h) 3500 rpm, 15 minutes

FIGURE 7.12: SEM images showing granules produced at DAC speeds from 1600 rpm to
3500 rpm, at granulation times of 2 minutes and 15 minutes.
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nuclei which are observed after 2 minutes have undergone rapid growth after 15 minutes.
Here, the large granules show very shallow surface indentations. Fig. 7.12(e) and Fig. 7.12(f)
show, at 2500 rpm, the granule nuclei present at 2 minutes have undergone rapid growth by
15 minutes, and also exhibit the distinctive ‘golf-ball’ effect. At 3500 rpm after 15 minutes,
whilst there are some large, heavily indented granules there is also a large proportion of

granule fragments suggestive of increased granule breakage.

These images suggest that the onset of rapid growth, and the onset of granule surface inden-
tations, can be controlled through the speed of the DAC. Increasing the rotational speed of
the DAC increases both the frequency and the energy of collisions between granules and the
container, which results in a faster rate of consolidation. Liquid binder is squeezed through
the internal macro- and micro-pores and reaches the granule surface, promoting rapid growth
by coalescence and/or layering mechanisms, as was observed previously in section 7.2.3. The
effect of increasing the DAC rotational speed and time of granulation are closely linked. The
same extent of consolidation can in theory be achieved through a range of granulation speeds

and time.

In order to understand this effect, a speed-time regime map was produced by collating results
across all granulation experiments for a range of DAC speeds and granulation times. For each
speed, the size distribution and average size of granules produced for up to 20 minutes was
calculated. Fig. 7.13 shows the results. Each granulation event is plotted according to the
speed setting of the DAC and the granulation time. The marker identifies the average size of
the resultant granules, where green represents granules with an average size less than 10 pm,
yellow for 10-20 pm, orange for 2040 pm and red for > 40 ym. The green markers are of
most interest as they correspond to the granule size range most suited for incorporation into

the resistive pressure sensing touchscreen developed in Part II of this thesis.

This regime map is similar to that devised by Iveson and Litster [114], shown in Fig. 3.6. Tt
predicts the result of changing the granulation speed and time on the size of the resultant
granules, based on empirical evidence. However, it is only applicable for the individual case
where granules are fabricated using spherical ATO nanoparticles and 10 % silicone binder. It
does not predict the effect of changing the binder concentration or viscosity, or the primary
particle size. In order to calculate the parameters Stp.; and Sp,qz, knowledge of the granule
porosity, density and strength are required for every point on the phase diagram. Such

detailed analysis is beyond the scope of this thesis.

However, the diagram does show various granulation methodologies which result in the pro-
duction of granules less than 10 pm in size. For example, granulating at both high speeds and
short mixing times, or low speeds and long mixing times, will result in final granules which

have not outgrown the nucleation phase. This is demarcated as region I in the diagram.
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FIGURE 7.13: Graph showing the relationship between the DAC operating parameters (ro-

tational speed and granulation time) and the size of the resultant granules. Three regimes

are identified. In region I, the resultant granules have not outgrown the nucleation phase

and on average are less than 10 pm in size. In region II, rapid growth after the inductance

phase occurs producing larger, surface-smooth granules that are typically 20-40 pm in size.

In region III, the resultant granules possess surface indentations, giving them a cratered,
‘golf-ball’ appearance.

Fig. 7.14 plots the effect of granulation speed on the induction time. Here, the induction

time is taken as the time after which the average size is greater than 10 pm.

Furthermore, within region I, whilst the resultant granules have fixed average size, other
properties such as their surface-roughness and internal porosity will change as a function of
the granulation speed and time. For example, for the granule subset produced at 2000 rpm,
the surface roughness of the nuclei was shown to decrease with granulation time, and the
porosity decreased. This gives an opportunity to fine-tune the granule properties. In future
work, it is envisaged that the effect of granule porosity on any pressure-sensitive electrical
conduction mechanisms through the granule may be fully understood. This regime map is
the first step in identifying how granules with specific size and porosity may be fabricated

for this purpose.

Region IT marks the onset of rapid growth, signalling the end of the induction phase. Here
rapid growth, promoted by surface-wet granules, increases the average size to 20—40 pm and

the granules have a surface smooth appearance. Region III identifies the granules which
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FIGURE 7.14: Graph showing the effect of DAC rotational speed on the length of the
induction phase. The induction time, defined as the time after which the average size of the
granules has exceeded 10 pm, increases with decreasing DAC speed.

show surface indentations or protrusions, or the ‘golf-ball’ effect. Here, indentations and
protrusions appear on the granule surface producing a dimpled effect. These effects appear
at larger granulation speeds or for granules mixed for a long duration. It is important to
note that this feature is not limited to a small proportion of granules in each batch. As
long as breakage is not dominant, in region III the vast majority of granules produced will
show this effect. For example, the granules shown in Fig. 7.15(a) show the predominance of
these structures. Fig. 7.15(b), Fig. 7.15(c), Fig. 7.15(d) and Fig. 7.15(e) show examples of

exceptionally structured granules.

This behaviour is specific to the granulation process used here, and has not been observed
in any granulation process appearing in the literature. Whilst non-spherical granule shapes
are common, and many granules do have an irregular or angular geometry, to date there are
no public examples of granules which possess the specific geometry shown here. The exact
cause of this feature is not fully understood, but it must be related to granule collisions in
the DAC. Collisions between two large, deformable granules may not be energetic enough to

cause breakage but may cause plastic deformation resulting in ‘impact craters’.

Whilst these structures are not directly relevant to this thesis (their large size makes them
unsuitable for printing in a thin layer) it is not infeasible to suggest a range of possible
applications which make use of their unusual features. It is possible that it is the specific
mixing procedure of the DAC, as described in chapter 4, which results in the observed shape
rather than the particle and binder properties. If this were the case then in theory any
granule made using a DAC may possess this feature. The main advantage of such a granule
is its increased surface area. Assuming each granule of diameter R contains a number N of
hemispherical indentations of radius r the total surface area of the granule is 47R? + N x
nr2. Applications where granule surface area is important include pharmaceutical granules,

where an increased surface area leads to an increased rate of dissolution [204, 205], and also
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FI1GURE 7.15: SEM images showing warped granule structures produced at long granulation
times or high DAC rotational speeds.

granulated chemical catalysts where increased surface area leads to an increase in the number

of chemical reaction sites [206].

7.3.2 Granule mechanical properties as a function of DAC speed

Fig. 7.16 shows the granule fracture strength as a function of DAC rotational speed. The
granulation time was kept constant at 10 minutes. For each speed, a minimum of 4 granules
in the size range 75-100 pm were tested. Representative granules for each speed, in this size

range, are also shown in the figure.

With increasing DAC speed, the fracture strength of the granules also increases.This in-
crease is marginal for speeds between 1600 and 2500 rpm, and ranges between 10.6-19.2 mN.

However, the fracture strength increases to 27.0-40.7 mN at 3000 rpm and 3500 rpm.

This trend is in agreement with observations in the granulation literature, all of which report a
general increase in granule strength with increasing granulation energy, usually by increasing

the impeller speed in a high-shear granulator. Oulahna et al. reported that for increasing the
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FIGURE 7.16: Graph showing the effect of DAC rotational speed on the fracture strength
of granules in the size range 75-100 pm produced after 10 minutes. The insets show SEM
images of representative granules produced at each speed.

impeller speed of a high-shear granulator from 100 rpm, to 500 and then 1000 rpm the porosity
of the resultant granules decreased and the friability of the granules decreased [138]. Here,
the friability measured the propensity of the granules to break during subsequent tumbling
in a rotating drum. Furthermore, the friability was assessed as a function of granule sieve
fraction, where it was found that for all speeds, granule strength was highest for the smallest
and largest granules and at a minimum for the intermediate granule sizes. Rahmanian et
al. also reported an increase in granule fracture strength with increasing impeller speed from
3.50 to 5.39 ms~ !, above which the strength remained constant [139, 140]. The granules were
found to have a core-shell structure, where the core comprised a particularly large primary
particle. The strength increase was then attributed to densification of the shell and therefore
reduction in porosity. Maximum strength was realised at minimum porosity, beyond which a
further increase in impeller speed had no effect. At the highest impeller speeds the fracture
strength distribution is narrowest, suggesting the granules produced at high speeds are more

uniform in structure and strength.

Here, granule strength shows no sign of reaching a maximum value at the highest speeds,
despite the increased rotational speeds used here compared to those sampled by Rahmanian
et al. By Rahmanian’s analysis, this would imply that the granules had not yet reached mini-
mum porosity. However, it was previously shown that at 2000 rpm the porosity decreases only

incrementally after 10 minutes, whilst the granule strength increases significantly between 15
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and 20 minutes. The increase in strength seen here cannot be attributed to a decrease in
porosity. Instead, this may be related to the binder distribution within the granule. At
2000 rpm, after 15 minutes, binder migration out from the granule centre resulted in a high
concentration of binder at the granule edges. At higher speeds it is likely that this effect is
accelerated. Post-curing, a high binder content at the granule surface may result in increased

hardness and therefore a larger force is required to fracture the granule.

Finally, one important caveat of these results is that the granules selected for size analysis
may not be representative of the entire granule batch. At low speeds, the average size of the
granules produced after 10 minutes is typically less than 10 pm. The few granules in the size
range 75—100 pm may have an entirely different internal structure such as high binder content,
large internal voids, and coalesced nuclei. Furthermore, at high granulation speeds granule
breakage causes fragmentation of the weakest granules. The large granules that remain have a
high-strength as they have withstood breakage. Hence care must be taken when generalising

these results to all granules produced at that speed.

7.4 Influence of process temperature on granulation

During granulation, collisions between granules and the container cause an increase in the
temperature inside the DAC. The rise in temperature is dependent on both the residence
time in the granulator, if the heating rate exceeds the rate of cooling, and the collisional
energy. The temperature of the granules immediately after granulation was monitored using
an infra-red (IR) camera. After granulation, the container was removed from the DAC and
the lid removed. The IR camera was used to image the inside of the container, from which
the average temperature of the granule ensemble could be calculated. Due to the enclosed

nature of the DAC, temperature monitoring in situ was not possible.

The rise in the average temperature of the granule ensembles is shown as a function of gran-
ulation time, for DAC speeds of 2000 and 3500 rpm, in Fig. 7.17(a). The temperature of
the granules reaches in excess of 35 °C after 20 minutes. Up to 10 minutes the temperature
increases at an approximately linear rate of 1.0 4 0.1 °Cmin~'. After 10 minutes the tem-
perature increases at a slower rate of 0.2 & 0.1 °C min~!. The effect of the DAC speed on the
temperature is shown in Fig. 7.17(b), for granules produced after 6 minutes. When granulat-
ing at 3500 rpm, the temperature of the granules can reach 57 °C. The rate of temperature
increase is approximately linear with a 6.6 + 0.8 °C increase in temperature each time the
rotational speed is increased by 500 rpm. The errors bars are propagated from the spread of
temperature around the average value and the associated cooling error caused by the finite
time between the end of granulation and the actual measurement. For high speeds when the

temperature increase is largest, the cooling rate is also larger, resulting in a greater error.
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FIGURE 7.17: Graphs showing (a) the temperature increase in the DAC as a function of
time, for a speed of 2000 rpm (b) the temperature increase as a function of DAC rotational
speed, for granules produced after 6 minutes.

The rise in temperature observed in the DAC may itself affect the granulation processes. The
silicone binder used here cures through an addition reaction, as described in chapter 4. The
recommended curing conditions for the silicone used are 25 °C for 24 hours, although heating

the silicone will accelerate the curing process.

Andersson and Hjertberg investigated the addition curing properties of a number of two-part
silicones, one of which was similar to the silicone binder used throughout this thesis [207]. The
heat of curing (that is the total heat required to complete the curing process) was investigated
using differential scanning calorimetry (DSC). This enabled the curing reaction to be studied
as a function of time and temperature. It was found that the addition curing process followed
an Arrhenius relation and was strongly temperature dependent. For silicone similar to that
used here, the curing time decreased exponentially with increasing temperature. At 20 °C,
the total curing time was approximately 42 hours. At 30, 40, 50 and 60 °C the curing time
decreased to 15, 5.6, 2.2 and 1.2 hours respectively. Furthermore, the time at which the
maximum cure rate was achieved was 3.4 hours at 40 °C, 50 minutes at 55 °C and 14 minutes
at 70 °C.

The results of Andersson and Hjertberg suggest that there is a strong possibility that curing
of the silicone binder is initiated during the granulation process, and the extent of curing in-
creases with increasing temperature inside the DAC. During addition curing, cross-linking of
polymer chains increases the viscosity of the silicone binder. Therefore, the silicone viscosity
does not remain constant throughout the granulation process. This adds a further compli-
cation to an already complex granulation process. Bardin et al. define a reactive binder as
one which undergoes a physical or chemical reaction, resulting in either a change in binder
viscosity or quantity [208]. Examples of processes which may cause these effects include the
evaporation of solvent, formation of crystalline hydrates, chemical reactions between binder

and solid and binder phase change from a liquid to crystalline phase.
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For reactions which increase the binder viscosity, the rate of consolidation is predicted to
decrease with increasing binder viscosity. The concentric binder rings, apparent in the FIB-
milled cross-sections of granules produced at 2000 rpm at 15 and 20 minutes, may provide
evidence for this process. The concentric rings became more frequent towards the edges of the
granule, as shown in Fig. 7.7(a) and near to the granule surface there is a high concentration
of binder. This is consistent with a process for which the consolidation rate is decreasing
with time. As viscosity increases, the binder is squeezed a lesser distance towards the granule
surface. This causes the reduction in the concentric ring spacing near to the granule surface.
Eventually a point is reached when the binder viscosity is sufficiently high to prevent further

consolidation and at this point the granule reaches a maximum size.

For granulation at 2000 rpm, the temperature rise for up to 10 minutes is just 15 °C above
room temperature. Here, the extent of binder curing is likely to be minimal. However,
the process described above effectively limits the granule growth. In future work it may be
worthwhile to investigate a granulation system in which the temperature can be adjusted,
or to investigate the effect of pre-curing the silicone binder to a lower viscosity state before

initiating granulation. This may offer a further degree of control over nuclei growth kinetics.

7.5 Summary and conclusions for part I

Part I of this thesis was concerned with the fabrication and structural analysis of nanocom-
posite granules for the inclusion into a pressure sensitive resistive touchscreen. Ideally, the
nanocomposite granules should be less than 10 pm in size in order to match the printed
thickness of the pressure-sensitive layer within the touchscreen. Furthermore, importance is
placed on understanding the structural and mechanical properties of the granules, including
their porosity and mechanical fracture strength. These parameters may give important con-
tributions to the electrical functionality and the durability of the granules, and hence of the

resistive touchscreen.

A granulation process was used to fabricate the nanocomposite granules. The theoretical
processes of granulation, as were described in chapter 3, are complex and as yet not fully
understood. Furthermore, applications of granulation are usually chemical, pharmaceutical
and agricultural. Here, the primary particles used are typically of a similar size to the end-
point granules created here - it is very unusual to granulate nanoparticles in order to produce
micron-sized granules. Additionally, the DAC was shown to be capable of extremely high
Froude numbers in excess of those found in the literature, which indicated that the mixing
intensity in the DAC far exceeded what is commonly used in granulation elsewhere. Both of
these factors mean that here, granulation is used in a novel and unconventional application,

and some of the results described here reflect this fact.
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Throughout this thesis, static image analysis through SEM imaging and subsequent image
analysis was used to determine the GSD. This technique was critically compared with other
size analysis techniques in chapter 5, in order to better understand the limitations of the
method used here. It was found that SEM imaging did not allow for the measurement of large
sample sets, so that a full statistical interpretation was not feasible. Bimodal distributions
could not be represented on either number or volume weighted distributions due to this
sampling issue. Despite this, the additional detail acquired through SEM imaging, allowing
visualisation of granule structure and surface texture, offered significant advantages over other

techniques.

In chapter 6, the effect of altering the material properties of the granule components was
investigated, including the effect of changing the particle shape, binder type and binder
amount, allowing the determination of an optimum ‘recipe’ for granulation. It was found that
acicular ATO nanoparticles were not conducive to controllable granule growth. For spherical
ATO nanoparticles an inductive model of granule growth could be applied. Here, granule
growth during the early stages of granulation was limited by consolidation. As the granules
consolidated, liquid binder was squeezed to the granule surface. When binder reached the
surface, a period of rapid growth through coalescence and/or layering occurred. Silicone was
chosen as the optimum binder as this resulted in granules with the largest mechanical fracture
strength. The effect of binder amount was difficult to quantify, as this parameter was also
dependent on binder viscosity. The interplay of both of these factors determines whether
interparticle friction or dynamic viscous forces are dominant. However, 10 % binder was used

for all subsequent granulation experiments.

Once the basic granule ‘recipe’ was finalised, the effects of the DAC rotational speed and
the granulation time on this granule formulation were investigated. FIB milling was used
to reveal the internal structure of the granules as a function of granulation time. It was
found that granule nuclei had a homogeneous porosity profile, and a high porosity compared
to later stages of granulation. After rapid growth had occurred the porosity profile became
more complex. The internal structure shed light on possible growth mechanisms, for example
concentric rings of binder progressing outwards from the granule center indicated growth by
consolidation and layering. Some granule interiors were found to comprise several nuclei,
indicating growth by coalescence. At later stages in granulation, deep surface indentations
developed, leading to a ‘golf-ball’ appearance. The granule fracture strength was largest for
granules produced after 20 minutes. It was found that altering the rotational speed of the
DAC allowed further control of the induction time before rapid growth occurred. At lower
speeds, the granulation process progressed at a slower rate. Production of a detailed regime
map for speed and time identified an optimum regime where granule nuclei less than 10 pm

in size could be produced. This important result allows the controlled formation of granule
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nuclei, where it is envisaged that the properties of these nuclei, including their porosity and

surface-smoothness, are themselves a function of the granulation time and speed.

In part II of this thesis, the optimum granule nuclei were incorporated into a screen-printable
ink and then deposited by printing a thin layer between two ITO electrodes, in order to pro-
duce pressure-sensitive resistive touchscreen devices. The optical properties of these devices
were investigated. An understanding of the electrical properties and the pressure-sensitive
nature as a function of the granule loading is attempted. Furthermore, the electrical function-
ality of the granules themselves was investigated through force-resistance measurements and
studies of the intrinsic flicker noise. A model simulation of a resistive touchscreen containing

these granules was also developed in order to interpret the observed results.



Chapter 8

Electrical Transport and Optical
Transmission through
Pressure-Sensitive Resistive

Touchscreens

8.1 Introduction

In this chapter, the physical principles behind the electrical conduction and optical trans-
mission through pressure-sensitive resistive touchscreen (PSRT) devices are described. In
terms of electrical conduction, the pressure sensitive mechanism is shown in Fig. 8.1. Firstly,
increasing the force applied on the upper, deformable ITO electrode increases the number of
granules contacted. The physics behind this mechanism is explored in section 8.2, which uses
the engineering principles of beam deflection under load to relate the applied force to the area
of contact with the pressure sensitive (PS) layer. Later in chapter 11, computational simula-
tions are performed using this approach, in order to develop a model for the force-resistance
behaviour of the PSRTs.

In addition, it is also possible that the nanocomposite granules are inherently pressure sen-
sitive, that is the conduction through the granules is dependent on applied force. The
nanocomposite granules were designed to contain conductive ATO nanoparticles and elec-
trically insulating silicone polymer binder. The properties of similar composite materials
display non-linear conduction mechanisms which are sensitive to applied force. Phenomeno-
logical models describing this behaviour are described in section 8.3. These models relate

observed macroscopic properties of the composite-containing device to linear or non-linear

142



Chapter 8. Electrical Transport and Optical Transmission 143

Nanocomposite Deformable High applied force

granules Low applied force / ITO electrode ’

I — A N

D0 0 00 ed O bhe
/ i X o i
/ ' \ e

v ey 122
Insulating Some conduction Rigid ITO Increasing conduction
polymer electrode

FIGURE 8.1: Schematic showing the proposed conduction mechanisms of the pressure sensi-

tive resistive touchscreen produced in this thesis. There are two contributions to conduction.

Firstly, increasing the applied force to the flexible ITO electrode increases the number of

granules contacted by the electrode. Secondly, the nanocomposite granules themselves may

exhibit a pressure sensitive electrical resistance, such that at higher applied force there is an
increase in conduction.

conduction mechanisms, and include percolation theory, effective medium models and ran-
dom resistor networks. Beyond this the models cannot explicitly predict the form of the

non-linear conduction occurring within the composite.

The composite itself may be modelled as a series of semiconductor-insulator-semiconductor
interfaces. Physical conduction mechanisms through such composite materials are described
in section 8.4. This is split into current emission from a semiconductor, current injection into
an insulator and quantum tunnelling mechanisms in semiconductor-insulator-semiconductor
junctions. This links with the physical structure of the nanocomposite granules used in this
thesis; of semiconducting ATO nanoparticles and insulating silicone binder. Current flow
from, and into, each of these components should be considered. Finally, the effect that
these conduction mechanisms may have on the macroscopic electrical properties of the device
is explored. Previous works which relate such conduction mechanisms to current-voltage

characteristics are described.

Optical transmission through the touchscreen assembly is considered in section 8.6. High
optical transmission is a necessity for applications of touchscreens as an overlay onto a
high-resolution display. Both Rayleigh and Mie scattering theory are used to determine
the angular-dependent intensity of light scattering from particulate material within the pres-
sure sensitive layer, where the particles are both large and small compared to the wavelength

of the incident light.
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8.2 Electrical conduction as a function of contact area

For the touchscreen structure shown in Fig. 8.1, the upper electrode (PET/ITO) can be
considered as a supported flexible beam. Application of force to the beam causes deformation
and bending, where the vertical deflection depends on the the applied force. Bending causes
the upper surface of the beam to become concave and the lower surface to become convex. A
neutral axis within the beam exists, where above the material is compressed and below the
material is stretched. For a symmetrical beam cross-section the neutral axis passes through

the centre of the beam in both the x and y directions.

The deformation of the flexible electrode can be modelled as a function of applied force, W,
where at a certain force the deformation is sufficient to create contact with the PS layer which
is fixed at a set distance below the flexible electrode. This distance is set by the ‘air-gap’
between the PS layer and electrode. Increasing the force acts to increase the contact area
between electrode and PS layer. This can be used as the basis of modelling the area-sensitive
resistance response. For simplicity, the system is considered in one dimension only where
the electrode is fixed at both ends. A schematic of this model is shown in Fig. 8.2. The
curvature of the deflected electrode, which is the reciprocal of the radius of curvature R, can

be approximated by:

1 d*y(z) M(x)
R dy(x)? EI (8.1)
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FIGURE 8.2: Schematic of the model used for predicting the vertical deflection, y, of the

flexible PET/ITO substrate at a distance x along the electrode, for a uniformly distributed

load W. M4 and Mp are the bending moments at points A and B, at each end of the beam,
and similarly R4 and Rp are the reaction forces.
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where y is the vertical deflection of the electrode as a function of position x, M is the applied
bending moment, and E and I are the Young’s modulus and the moment of inertia of the
PET/ITO substrate respectively [209]. Here, the load W is uniformly distributed over a finite
width b — a. In reality, this may correspond to the finite width of a fingertip or stylus device.
The full derivation of the deflection is given in Appendix A, with the final result that the
deflections y; (for 0 < z < a), y2 (for a <2z <b) and y3 (for b < x < L) are given by:

_ [Maa? n Raz? " 1
=12 6 EI

B [ M x? n Raz®  w(z—a)! " 1
2717 6 24 El (8.2)
3/3:-MAmQ+RA$3_w(x—a)4+w(ac—b)4 xi

2 6 24 24 ETI
where:
—w [L? 2 2 2L 5 3 4 4

(8.3)

Equations 8.2 and 8.3 allow the determination of the PET/ITO deflection as a function
of distance along the electrode under a variety of different conditions. Using these equa-
tions, mathematical simulations of the model for PET/ITO parameters such as thickness
and Young’s modulus can be compared. Furthermore, by comparing the deflection with the
size of the air-gap between the PET/ITO and PS layers a model for predicting the point of
first contact and the subsequent decrease in resistance with increasing contact area can be
calculated. Details of the modelling procedure and results of the simulations are presented

in chapter 11.

8.3 Conduction mechanisms in conducting polymer

composites - phenomenological models

8.3.1 Percolation theory

Percolation theory is used to predict the transition point between two phases or states of
matter. The concept of percolation was first introduced by Flory in 1941, who described the

transition between small branching molecules into a larger macromolecule by the formation
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of chemical bonds (gelation) [210]. A more mathematical approach was derived by Broadbent
and Hammersley in 1957 [211].

Percolation theory is also widely used to describe the electrical conductivity of composite
systems, where conductive components are embedded into an insulating medium. The com-
posite is divided into a lattice, where each lattice site is either conductive (fraction p) or
insulating (fraction (1-p). For a given p there is a defined probability that a conductive
pathway is formed between two points in the composite. For increasing p it is more likely
that conductive pathways are formed through the composite, as illustrated in Fig. 8.3. At
a critical filler content, called the percolation threshold p., conduction pathways begin to
form and the electrical resistance is highly sensitive to any small change in p. Below the
percolation threshold the filler particles are widely spaced resulting in few, if any, conductive
pathways. Well above the percolation threshold, an extensive conductive network is formed
and the resistance is less sensitive to small changes in p. The general trend of conductivity
with increasing filler volume fraction is shown in Fig. 8.4 for filler content above p.. Below
pe it is predicted that the composite is electrically insulating. For p > p., the conductivity o
is described by:

o X (p - pc)t (8'4)

where the exponent ¢, at least theoretically, depends upon the dimensionality of the system,
the number of particle clusters formed and a relevant scaling law. For example, for 3D
systems a universal value of t = 1.9 is predicted. However, experimentally, values of ¢ in the
range 1 — 6.27 have been reported [212]. Likewise, the value of p. is theoretically dependent
on the particle coordination number, the dimensionality of the system and the filling factor

of the particle. Theoretically, for 3D systems a value of p. = 0.16 is predicted [213]. However,
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FIGURE 8.3: Schematic showing the increase in conductivity with increasing p in a conduct-
ing polymer composite, where the black circles represent conducting elements in an insulating
matrix. In (a) no conducting pathways are formed, and in (b) the percolation threshold is
reached and conductive pathways begin to form. In (c) the system is above the percolation
threshold and the conductivity is less sensitive to small changes in filler content.
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Conductivity o

Pc
Filler Volume Fraction

FI1GURE 8.4: The conductivity of a conductive polymer composite as predicted by percolation
theory (solid line) and using an effective medium model (dashed line). Near to the percolation
threshold p., the conductivity is highly sensitive to small changes in the filler loading.

experimentally p. is found to be dependent on the particle shape, the ratio of filler to matrix

particle sizes and interactions between particles.

Percolation theory has been used to model the conductivity of various composites, exam-
ples of which include polymer/carbon nanotubes [214], rubber/carbon black [215] and poly-
mer/metal systems [216]. It was found that the value of p. is often lower for composites
containing nanoparticles [217]. For fibrous or acicular filler particles, percolating networks
may form at low filler contents due to elongated shape of the particles [218, 219]. Percolating
systems are intrinsically pressure sensitive, as for p =~ p. deforming the composite can result
in large changes in the electrical conductivity, due to the decreasing distance between adja-
cent conductive particles which increases the number of conductive pathways formed. Hence

percolating composites have extensive force or pressure sensing applications [220, 221].

The electrical conductivity of percolating composite systems is often analysed as a function
of conductive particle loading or applied force. For example, for carbon nanofibres embedded
in an epoxy matrix, current-voltage analysis showed Ohmic behaviour where the conductivity
increased with carbon nanofibre content above p. [222]. However, many percolating systems
also exhibit non-Ohmic current-voltage characteristics that cannot be fully explained by
percolation theory and instead suggest quantum tunnelling conduction mechanisms [223, 224].
Detailed investigations into the electrical properties of conducting polymer composites use
an extended theoretical approach which may include effective medium models and quantum

tunnelling behaviour.

8.3.2 Further modifications to percolation theory

The effective medium model extends percolation theory by removing the sharp transition
from insulating to conductive behaviour and considering the conductivity below the percola-

tion threshold. Here the resistance between pairs of nearest neighbours within the insulating
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matrix is calculated, resulting in a network of randomly positioned particles with a random
distribution of resistances. The average resistance of the ensemble is used to characterise
the effective medium, which has the same overall macroscopic properties as the percolation
model [225]. The development of a generalised effective medium (GEM) model allows for
the conductivity contribution from the shape of the filler particles as well as their size and
orientation [226]. The finite conductivity of the insulating phase is also accounted for. The
conductivity predicted by an effective medium model is compared to that predicted by perco-
lation theory in Fig. 8.4. The effective medium model can be used to predict the conductivity

of a composite over the entire range of filler contents for a range of particle shapes.

In the Links-Nodes-Blobs model proposed by Lin and Lee, clusters of conductive material
(blobs) are joined by chains of single particles (links) which intersect at nodes [227]. The dis-
tribution of links, blobs and nodes controls the mechanical properties of the composite. This
was further extended to include the effect on the electrical properties of the composite [228].
Across the blobs, conduction is through a large number of parallel pathways leading to a low
electrical resistance. The links are comprised of a chain of single particles in series, and have
a much higher resistance. The overall resistance of the composite is therefore dominated by

the number of complete links.

Additionally, Gupta and Sen extended the percolation model to include a third phase in the
form of a quantum tunnelling bond [229]. This was linked to random resistor networks, de-
scribed in the next section, and quantum tunnelling mechanisms as described in section 8.4.3.
However, whilst the models presented above extend the applicability of percolation theory,
they still offer no physical insight into the nature of any non-linear contribution to the con-

ductivity which is often seen in composite materials.

8.3.3 Random resistor network models

Random resistor networks were first described by Gefen and Shih in an attempt to model
the macroscopic current-voltage behaviour of discontinuous thin gold films with observed
percolation threshold behaviour [230]. The percolating system was modelled as a network of
conductive and non-conductive elements, where the conductive elements had either a linear

or non-linear resistance.

In a non-linear random resistor network (NLRRN) each resistor has a small, non-linear com-
ponent, for example caused by Joule heating, and the macroscopic current-voltage (I-V)

relationship is:
V=rl+CI?%, (8.5)
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where C and r are constants and the exponent « >1. It is often found that the non-linearity
increases with increasing applied voltage. For low values of current (or voltage) the behaviour
can be considered as linear. A crossover current, I., can be defined beyond which the overall

conductance deviates from linear behaviour.

In the dynamic random resistor network (DRRN) model, each resistor initially has a linear I-
V response but for a sufficiently high electric field a non-linear term is introduced, for example
caused by electron tunnelling through narrow insulating regions. Below this critical field, the
material exhibits Ohmic behaviour given by I = 31V where ¥ is the linear conductance.
For both NLRRN and DRRN models, it is predicted that I. follows a scaling relationship
according to:

I. =~ 7. (8.6)

The exponent z is linked to the spatial dimension d and and the type of model used to describe
the non-linearity of the percolating medium. Gefen et al. determined that the exponent x

obeyed the following relationships:

For the NLRRN:

S

d—1). (8.7)

~+|

For the DRRN:
e <1+ % (8.8)

where v is the correlation length critical exponent and ¢ the exponent in percolation con-
ductivity according to Equation 8.4 [230]. In three dimensional systems commonly accepted
values are v = 0.89 and t=1.7 [231]. Hence for the NLRRN z < 1.05 and for the DRRN z <
1.52.

In order to apply this model, the function:
I =3V 4 %,V? (8.9)

is often fitted to the I-V curves obtained for a particular device, where 3 is the quadratic (or
non-linear) conductance. This model has been successfully applied for epoxy resin/graphite
flake composites [231], carbon/wax composites [232] and more recently by Webb et al. for a
nanocomposite pressure sensitive material [233]. In the latter case, the nanocomposite ma-
terial was also manufactured by Peratech Holdco Ltd, however it has a different composition
than the ink and sensor presented in this thesis and is primarily used in non-transparent
pressure sensing applications. Webb investigated the relationship between 3; and ¥y with
force applied to the composite. It was found that ¥ increased for up to 10 N, however the

quadratic conductance G4 increased for up to 1 N only and subsequently decreased. This was
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attributed to the increasing number of Ohmic contacts formed between the conductive parti-
cles within the ink with the increase in applied force. At higher forces the Ohmic behaviour

outweighed the contribution from non-linear conduction mechanisms.

It should be noted that the quadratic term in equation 8.9 is somewhat arbitrarily chosen
to represent all non-linearity within the I-V curve. Celzard et al., Lin et al. and He and
Tjong [223, 231, 234] also used a cubic term instead of quadratic, in addition to the linear

term, with excellent results.

Here, the PS layer within the resistive touchscreen contains nanocomposite granules, where
each granule may behave as a conducting polymer composite, that is a network of conduc-
tive nanoparticles embedded in an electrically insulating polymer matrix. The conductivity
through such a composite may be modelled as having a linear conductance term through
direct percolation between individual nanoparticles spanning the thickness of the pressure
sensitive layer, and also a quadratic term adding a non-linear conductivity. For the NL-
RRN model, this non-linearity may be inherent within the granules with no dependence on
the applied field. Alternatively, for the DRRN model this non-linearity may stem from the
formation of additional conduction pathways through quantum tunnelling or similar. Be-
yond this, the model gives no further information on the nature of any non-linear conduction

pathways.

8.4 Electrical conduction between metals, semiconductors

and insulators

In order to understand charge transport mechanisms within the nanocomposite granules, the
charge transport mechanisms of semiconductors and insulators are now discussed. Within
the granules, the nanoparticles used are antimony doped tin oxide, a degenerate semiconduc-
tor [143]. The electrons within the conduction band (CB) are free to be emitted into another
host media providing certain conditions are met. The processes of thermionic emission,
Schottky emission and the image field potential for semiconducting materials are described
below. The nanocomposite granules contain a silicone polymeric binder, which is electrically
insulating. In insulating materials there is a large difference in energy between the valence
band and the conduction band, such that in equilibrium the Fermi level lies in the forbidden
gap. However, unlike for semiconductors, the gap between Fermi level and conduction band
is large and thermal excitation of charge carriers across the band gap is unlikely, leading to
low electrical conductivity. Nevertheless, charge may be injected into insulating materials in
the same way as charge can be injected into a vacuum by thermionic emission. The following

sections also describe the injection and subsequent transport of charge in insulating material.
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8.4.1 Emission of electrons from semiconductors
8.4.1.1 Thermionic emission

Thermionic emission is the process by which an electron may leave a surface or a potential
well as a result of it possessing sufficient thermal energy. The minimum energy the electron
requires in order to leave the surface is given by the work function ¢ of the material. Here,
the work function is the energy difference between the Fermi level, Er of the semiconductor
and a zero potential vacuum, as shown in Fig. 8.5(a). If an electron possesses a thermal
energy which is greater than the work function, the resultant current density J;j, is a function

of the temperature T' and is described by Richardson’s law:

B 4rem, 9 —¢e
Jin = (1 —R) e (kpT)* exp 5T (8.10)

where e is the electron charge and m, is the effective mass of an electron in the conduction

band [235]. The fraction R represents the proportion of electrons reflected at the interface.

8.4.1.2 Image field potential

An electron leaving a charged metal or semiconducting surface is subject to a potential
created by the image charge effect. There is an electrostatic charge between the surface and
the escaping electron. This can be modelled by replacing the charged surface with a point

charge located at an equal distance inside the surface as the electron is outside the surface.

V(x) V(x)
Evac EF+¢ofF - - =——- - - - —. Image potential
Vmax - >
¢
) S Net potential
Ec
Ev EF X . EF X
Semiconductor Insulator Semiconductor Insulator

(a) (b)

FIGURE 8.5: Schematic showing (a) the interface between a doped semiconductor and the

vacuum, where a minimum energy equal to the work function ¢ is required for an electron at

the Fermi level Er to be emitted into the vacuum. Here, in the doped semiconductor, Er

lies above the conduction band, E.. (b) The potential experienced by an emitted electron

as a function of the distance from the surface. The resultant potential is the sum of the
Schottky and image field potentials experienced by the electron.
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The electron experiences a potential given by:

V(z) (8.11)

- 16megz’

where g¢ is the permittivity of free space, and x is the distance between each charge and the
surface. This creates a potential barrier which the electron must overcome in order to escape

the metal and be injected into the polymer.

8.4.1.3 Schottky effect

An external applied electric field acts to alter the shape of the potential barrier an electron
must overcome in order to leave the surface. The potential V' (z) associated with a (constant)
electric field F is given by:

V(z) = —eFEx, (8.12)

where x is again the distance between the electron and the surface. This is the Schottky
effect which leads to Schottky field emission of electrons. The result is to lower the potential
required for electrons to leave the surface. The potentials induced for both the image field
potential and the Schottky potential are shown in Fig. 8.5(b). Overall, the electron has to
overcome a lower potential to be successfully emitted from the surface of the metal and the

emission is increased. Including these effects, the thermionic current density is given by:

4drem

h3

—®, — Vpax
kgT ’

Jin = (kpT)? exp (8.13)

where V4 is as defined in Fig. 8.5(b). This equation is applicable for electric field strengths
up to the order of 102 Vm™!. Above this, the field emission dominates over the thermionic
emission, and other emission processes including field-assisted (or Fowler-Nordheim) quantum

tunnelling become significant.

8.4.2 Injection of electrons into insulators
8.4.2.1 Space charge limited injection

In a perfect insulator there are no energy traps for electrons and there is a negligible con-
centration of free charge carriers in thermal equilibrium. All injected electrons reside in the
conduction band and contribute to space-charge. For Ohmic contacts, charge injection into
a trap-free polymer is eventually limited when the injected charge carrier density becomes so

large that the field due to the carriers themselves is dominant over the applied bias, and no
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further injection occurs. The trap-free space charge limited current density, Jrrscy, is given
by the Mott-Gurney law:
VZ

Jrrscr = SE0Er ko (8.14)

where g9 and ¢, are the relative permittivity and the permittivity of free space, p is the
electron mobility and d is the distance between the two electrodes (or the insulator thick-
ness) [235]. This predicts a quadratic dependence of the current on the voltage and a strong
1/d® dependence on material thickness. Of course, in reality most insulators contain electron
trap sites. The above equation will then apply for an imperfect insulator at applied voltages
which are sufficiently high so that the number of injected electrons exceeds the number of

initially empty electron traps, and all traps are filled.

8.4.2.2 Charge hopping and the Poole-Frenkel effect

Electron traps in insulators can be in the form of chemical impurities and structural imper-
fections. The presence of these traps, as well as phonon collisions, limits the flow of space
charge. For example, physical defects within the insulator structure may create empty energy
levels into which injected electrons can be trapped. Shallow traps are found just below the
conduction band such that a small injection of energy is required to promote the electron
into the conduction band. Deep traps are located close to the valence band, below the Fermi
level. Injected charge may leave the trap by thermal excitation. If the electron gains enough
thermal energy to overcome the potential barrier imposed by the trap it may be promoted to
the conduction band and contribute to the conductivity. Additionally, in a process known as
variable charge hopping, charge may be transferred from one localised trap site to another,

through the absorption of phonons (lattice vibrations). This is shown in Fig. 8.6(a).

Insulator

Applied electric field

TR

Trap Trap Trap

(a) (b)

Phonovn,.«""‘

FIGURE 8.6: Schematic showing (a) the charge hopping mechanism between trap sites in an

insulating material. Absorption of a phonon or photon allows charge to transfer from one

trap site to another. (b) The Poole-Frenkel effect, where an externally applied electric field

causes reduction of the potential barrier in one direction. This allows charge trapped within
the site to flow out or tunnel through the remaining barrier.
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Alternatively, an external electric field can reduce the energy the electron must exceed in order
to escape the trap, similar to the Schottky effect for potential barriers in semiconductors. The
electric field lowers the trapping potential at one side of the trap, so that charge can flow
out of the trap or tunnel through the reduced potential barrier, as shown in Fig. 8.6(b).
This is known as the Poole-Frenkel effect [236]. Murgatroyd derived the current density as a
function of voltage for an insulator containing traps which limit the current by a fraction 6y
to be [237]:

9
Jpr = —eoerpibo (8.15)
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8.4.3 Quantum tunnelling between semiconductor particles separated by

a potential barrier

The previous sections described how electrons may be injected into a semi-conductor or insu-
lator, providing they have sufficient energy to overcome the potential barrier. The potential
barrier is increased by the image field potential and decreased in the presence of an external
electric field. Classically, if the electrons do not possess sufficient energy then they cannot
overcome the potential barrier. However, electrons are also described as quantum mechanical
entities with a wave function. When the wave function reaches the potential barrier, if the
potential barrier is too high to overcome, the wavefunction will decay exponentially to zero
amplitude. If there is another energy band, separated from the potential by a distance d (e.g.
two metal particles separated by a thin layer of insulating material) the amplitude of the
wavefunction may be non-zero by the time once it reaches the far side of the potential barrier

and the electron may tunnel into the adjacent conduction band with no loss of energy.

8.4.3.1 Simple quantum tunnelling

In the simplest case, an electron of mass m,. and energy FE, may be trapped in a one-
dimensional potential barrier of uniform barrier height V{, where Vy > E,, and width b as
shown in Fig. 8.7. The potential barrier may be caused by a finite region of insulating ma-
terial, such as the silicone binder present between ATO nanoparticles within each nanocom-
posite granule. The wavefunction of the electron, ¥, is a solution to the time independent

Schrédinger equation:
—h? d*¥(z)
2m  dx?

+V(x)¥(z) = EV(z). (8.16)
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FIGURE 8.7: Schematic showing the quantum tunnelling mechanism between two semicon-

ductive particles (regions I and III) separated by an insulator (region II) which presents a

potential barrier of height V. The wavefunction of an electron of energy E, initially found in

I decays exponentially when it reaches the barrier with II, so that there is a finite probability

that the electron may be found in region III provided that the potential barrier width b is
sufficiently small.

This equation may be solved separately for the wavefunction of the electron in each region

in Fig. 8.7 (denoted ¥y, W and Wyyr) yielding the solutions:

U;(z) = Aexpikx + Bexp —ikz, (8.17)
Ur(x) = Cexpux + Dexp —px, (8.18)
Urrr(x) = Eexpikz + F exp —ikz. (8.19)
where:

o 27;;Ex’

(8.20)
2m(Vo — E;)
h= n

The general solutions to the time-independent Schrédinger equation are wavefunctions repre-
senting reflected and transmitted parts of the wave. However, in region III only transmitted
waves exist and the coefficient F' for W7 in equation 8.17 is equal to zero. In region II it
can be assumed that the electron wave reflected from the right edge of the barrier is also
negligible, so that C' is also zero. Therefore, inside region II (the classically forbidden zone)

the wavefunction exponentially decays with increasing distance through the barrier.

The transmission probability 7, that is the probability that an electron will be found on
the far side of the potential barrier of width b, is given by the ratio | E |* / | A |>. By
applying continuity conditions for the wavefunctions, where at the edge of each region both
the wavefunctions and the second order differential of the wavefunctions must be equal in

value, the coefficients A and E can be determined, giving [238]:
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| E |2 16p%k? exp —2ub E,
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E
= = 1— =2 ) exp —2ub (8.21)
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o
The tunnelling probability exponentially decays with increasing barrier width b and is also

reduced for larger barrier heights V.

8.4.3.2 Field-assisted quantum tunnelling

As was described in the preceding sections, the potential barrier an electron must overcome
can be reduced through the image field potential, the Schottky effect or the Poole-Frenkel
effect. Modelling of the potential barrier as rectangular is not accurate in the presence of
an external electric field. Instead an electric field modifies the barrier height, as shown in

Fig. 8.8(a) and this gives rise to field-assisted quantum tunnelling effects.

To calculate the tunnelling probability through a triangular potential barrier, the barrier is
treated as a series of infinitesimally small rectangular barriers, provided that the slope of the
barrier is sufficiently low. This is the Wentzel-Kramers-Brillouin approximation [239]. For a

triangular barrier the resultant current density Jragr is given by:

1 3
—4 [ 2m Eb(VO—Ex)i
J, =Aexp | — [ — —_— . 8.22
Faer P73 < 2 > cE (8.22)
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FIGURE 8.8: Schematic showing field assisted quantum tunnelling mechanisms. In (a) the
potential barrier created by the insulator interface is lowered through an external electric
field. The probability of transmission for an electron to tunnel between the conduction
bands (CB) of the semiconductor regions is increased. In (b) the potential barrier has been
drastically distorted by the electric field such that an electron from the semiconductor CB
can now tunnel into the insulator CB, in a process known as Fowler-Nordheim tunnelling.
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In Fowler-Nordheim tunnelling, a large electric field distorts the potential barrier to such
an extent that the electrons tunnel from the conduction band of the semiconductor into the
conduction band of the insulator, as shown in Fig. 8.8(b). In this case, the current density
is modified by the transport of the electrons within the insulator following the Mott-Gurney
law. Neglecting the effect of the image force on the potential barrier, and the temperature

dependence of the electron energy, the current density Jpy can be written in the form [240]:

[w

P E? —4(2m)2 (Vo — E,)
3hqFE

(8.23)

8.4.4 Linking conduction mechanisms to macroscopic current-voltage

relationships

The current-voltage (I-V) behaviour of a material can be used to probe the electrical con-
duction mechanisms. By relating the current I to the current density J (where J is simply
the current per unit area) and the applied voltage to the electric field within the sample
then non-linear current transport mechanisms may be determined. For a flat sample with
Ohmic contacts to two electrodes the electric field may be approximated as E = %, where
d is the separation between electrodes (i.e. the sample thickness). In previous sections,
the conduction mechanisms between semiconductors and insulators were described. The J-E

characteristics all have the basic form:
J ~AE™ exp—BE", (8.24)

where A and B are constants, and m and n may take the values shown in Table 8.1 for each

of the charge transport mechanisms described in the previous sections.

By analysing the slope of the logJ-logE characteristics, the dominant conduction mechanism
may be determined. For example, Niklasson and Brantervik found that a metal-insulator

thin film consisting of Co-AlsO3 had a space-charge limited current density with a steep

Conduction Mechanism m n
Ohmic 1 0
Space charge limited 2 0
Poole-Frenkel charge de-trapping 2 1/2
Field-assisted quantum tunnelling 0 -1
Fowler-Nordheim quantum tunnelling 2 -1

TABLE 8.1: Coefficients m and n for equation 8.24 describing conduction mechanisms be-
tween semiconductor /insulator composites
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rise in current at high fields caused by the approach to the trap-filled limit [241]. Similarly,
Chiguvare et al. studied conduction through an ITO/P3HT /aluminium thin film, where
charge was injected through the aluminium contact. At low field the J-E response was
Ohmic. With increasing field the slope of the logJ-logE plot increased to > 2, indicating
the presence of traping sites [242]. Chiou et al. investigated the Fowler-Nordheim tunnelling
behaviour in metal oxide/semiconductor capacitors, where the pre-factors of the quadratic-
E dependence and the exponential 1/E dependence in equation 8.23 were determined from
analyis of the I-V response [243]. In polyvinyl alcohol/glycogen blends, I-V analysis showed
charge transport through Poole-Frenkel de-trapping and Schottky emission, dependent on
the blend composition and temperature. At low voltages a space charge contribution was

also present [244].

For analytical purposes it may be assumed that conduction through a composite material
comprising conductive and insulating phases has both a linear and a non-linear component,

as described by:

J =09E + AE™ exp <_EB>, (8.25)
where o is the linear conductivity and A; and B are constants. The non-linear term may
account for field-assisted or Fowler-Nordheim tunnelling. Webb et al. used this model to
determine the temperature dependent conduction mechanisms through a pressure sensitive
nanocomposite sensor also developed by Peratech [233, 245]. The linear component was at-
tributed to direct charge transfer between contacting conductive particles, and the non-linear
term was attributed to tunnelling conduction through the insulating phase. Webb et al.
found that increasing the force applied to the composite increased both o9 and A. It was in-
ferred that compression of the composite both increased the number of direct contacts (as for
percolation theory) and decreased the potential barrier width for quantum tunnelling through
the insulating phase. Later work showed the coefficient B was temperature dependent [246].
Additionally, He and Tjong used equation 8.25 and also the random resistor network ap-
proach exemplified by equation 8.9 to describe non-linear conduction through high-density
polyethylene/carbon nanofibre composites [223]. It was found that the former model pro-
vided the better fit to the observed data where non-linearity was created by the formation of

field-enhanced tunnelling pathways.
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8.5 Flicker noise within conducting polymer composites

8.5.1 Theory of noise

Electronic noise may be defined as a random fluctuation in a measurable quantity such as
voltage or current, which results from the random movement of charge carriers within a
device. This is intrinsic to the device and is not caused by any external noise source such as
electromagnetic interference. For any quantity that fluctuates over time, a power spectrum
can be calculated which quantifies the noise in the frequency domain. For example for a
signal X (¢) which fluctuates around a zero mean value the power spectrum is expressed as
the amplitude squared of the Fourier transform of the signal X (¢):

2

T
S(f) = lim 1‘ /  X(t)eap(~2nift)dt| (8.26)

T—oo 2T

The Weiner-Khintchine theorum states that the power spectrum is also the Fourier transform

of the autocorrelation function C(7), where:

T
O(r) = Jim % /_ X)Xt (8.27)

The three main types of intrinsic noise are thermal (Nyquist), shot and flicker noise (also
called excess or 1/f noise). Thermal noise is caused by thermal excitation of charge carriers
within the device. The spectral power, defined in equation 8.26, is independent of the both
the current and the frequency and depends only on the temperature 7' and resistance R of
the device, as:

S(f) = 4kpTR. (8.28)

Shot noise is a result of discrete electronic carrier motion in a device and is also independent
of frequency. It causes a fluctuation in the measured current which is proportional to the

charge q of the charge carrier and the current I through the device:

S(f) =2ql. (8.29)

These noise forms have limited applicability in the investigation of material properties. Whilst
thermal noise may provide an estimate of the effective electron temperature, it cannot dis-
tinguish between for example, a metal and a carbon resistor if they both have the same R

value. Shot noise may indicate the charge value of the charge carrier, but is only visible at
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temperatures low enough for thermal noise to be negligible. However, flicker noise has ex-
tended applicability in materials characterisation because it probes the underlying conduction

mechanisms.

Flicker, or excess noise was so-called because it was found in excess of the thermal and
shot noise within a current-carrying device, where the spectral power S(f) scales as V2.
The fluctuating variable has a finite relaxation time which can be expressed by a relaxation

function ¢(t). The power spectrum then becomes:

S(f) =C /_ (b eap(—2mift) dt. (8.30)

For example, the Debye relaxation function for a single relaxation time 7 is p(t) = exp( —i/7).

The power spectrum becomes a Lorentzian function:

2T

D

(8.31)

For a distribution of such Lorentzian functions, with varying time constants 7, the integration

of these gives the total power spectrum:
S(f) o /OOQTdt (8.32)
o 14+ (2nf7)2 ’

In this case, S(f) now has a 1/f dependency. This is illustrated in Fig. 8.9 which shows five

Lorentzian functions with different 7 values, the summation of which tends towards to the
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FIGURE 8.9: The power spectrum for several Lorentzian functions resulting from Debye

functions with a variety of relaxations times 7. The dashed line shows a 1/f relationship. For

a system in which the fluctuating variable is caused by a process with several characteristic
relaxation time, the power spectrum may become frequency dependent.
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1/¢ relationship such that the power spectrum is now frequency dependent. The flicker noise
is often written as f%’ where v /=~ 1. The noise may also be expressed as a root mean square

(rms) fluctuation of the measurement variable x, defined between a bandwidth of f,;, and
Sfmaz as: ;

< (d2)2 >= / " S(f) dt (8.33)
As of yet, there is no universally accepted theory describing the origin of flicker noise. Theories
tend to split depending on whether the noise originates in the bulk or the surface of the sample
and also depend upon the nature of the sample. Generally, flicker noise exists in disordered
systems leading many to believe it is defect driven [247]. The following section describes
flicker noise measurements and suggested theories for conducting polymer composites, where
the noise is usually measured as a function of increasing conductive particle content. Aside
from conductive composites, flicker noise measurements have also been used to probe the
charge transport mechanisms in metallic and metallic oxide films [248], semiconductors [249]

and low-dimensional carbon systems such as graphene and carbon nanotubes [250, 251].

8.5.2 Applications in conducting polymer composite characterisation

Due to the inhomogeneous nature of conducting polymer composites the current pathways
within the composite are non-uniform. The resultant conduction is inherently susceptible to
fluctuation and noise effects. For composites adequately described by percolation theory, the
noise is strongly dependent on the filler volume fraction close to the percolation threshold.
For non-linear I-V behaviour the flicker noise may be strongly influenced by the nature of
the conduction mechanism causing the non-linearity. Hooge predicted a behaviour of the
generalised noise amplitude T of the form:

Sr Ve

Sgr Sy w

where S, represents the power spectrum for voltage, current or resistance fluctuations over
time, denoted by the subscripts V', I and R respectively [252]. V, I and R represent the aver-
age values of these quantities. The exponent © is believed to be 0 for equilibrium resistance
fluctuations where the current acts only as a probe. Non-zero values of © indicates that the
noise is a driven phenomenon dependent on the current. The exponent w is usually close to
2 [253]. In percolating systems where R ~ (p — p.)~¢ (from equation 8.4), it is often found
that T diverges as the percolation threshold is approached from the conductive side. From
equation 8.34:

T~ (p—pe) "~ R, (8.35)



Chapter 8. Electrical Transport and Optical Transmission 162

where w = %. Hence for increasing the conductive content p above the percolation threshold,
it is expected that the value of T will decrease. Experimentally, and of relevance here, the
value of p may be altered by compression of the composite, as compression acts to decrease the
spacing between conductive particles and so increase the number of particles per unit volume.
In terms of conduction mechanisms, the power law dependence of T on the resistance, as in
equation 8.34, predicts classical percolation through linear conduction. However, Breeze et
al. predicted an exponential dependence for non-linear conduction, for example through
quantum tunnelling [254]. When investigating the flicker noise characteristics of carbon
black/polyethylene composites, Breeze et al. found that at high resistivity the flicker noise
showed exponential dependency on the resistivity, indicating quantum tunnelling transport
mechanisms. A transition to power-law behaviour occurred as the composite approached
the percolation threshold, where direct conduction occurred between particles. Hence the
transition from quantum to classical behaviour occurred when the length scale for percolation

was comparable to the length scale for the disorder within the composite.

In addition to the above analysis, the value of « can also reveal important physical detail
of the composite. As mentioned previously, v ~ 1 leads to the 1/f frequency dependence
characteristic of flicker noise. However, deviations away from unity may relate to trapping
mechanisms within a disordered system. From equation 8.31 it is seen that a single trap with
a single relaxation time produces a 1/f2> dependency. A smaller v indicates an increasing
number of trap states with an associated set of oscillators. Williams et al. investigated the
noise characteristics of P3HT /polystyrene blends, where the proportion of the conductive
P3HT represented the p fraction in the composite [255]. By decreasing p it was found that
v increased. This was attributed to a reduction in the number of conduction pathways with

decreasing p, so that the charge carriers encounter fewer trapping sites.

8.6 Optical transmission through resistive touchscreens

The resistive touchscreen comprises two key layers, namely the PET/ITO flexible electrode
and the pressure sensitive layer printed onto a glass/ITO electrode. Between these two layers
there is an air gap of finite depth. The optical transmission through this assembly is complex.
For a complete analysis scattering and absorption from each of the layers must be considered
as well as interface effects. This section describes the theory of some of these processes and

how they may be measured.

In order to simplify the problem, only the glass/ITO /pressure sensing layer is considered here.
The focus is on the pressure sensitive (PS) layer, which comprises a single layer of granules
or particle agglomerates dispersed within a thin (< 10 pm) polymer layer, as was shown in

Fig. 8.1. To simplify this further, the scattering effects of the polymer are neglected and the
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focus is on the particle ensemble only. Of course, in reality the polymer itself scatters and
absorbs incident light, where the amount of scattering is linked to the molecular weight of the
polymer chains [256]. Here, this effect is assumed to be negligible compared to the scattering
contribution from the particulate material. The maximum transmission through the PS layer

is equal to the transmission of the substrate, in this case the glass/ITO electrode.

The scattering of light from particles was briefly described in chapter 4 in relation to the
technique of laser diffractometry. Here, the theory is expanded in relation to scattering of
light from particulate material within the PS layer of the resistive touchscreen. Within the
PS layer it is assumed the polymer matrix has a refractive index similar to that of glass, i.e.~
1.5. The granules and particles are assumed to be spherical and homogeneous and remain
intact when mixed into the ink prior to printing, such that the minimum granule size is
of the order 1 ym. In order to understand the optical benefit of size-controlled pre-formed
granules, the optical properties of this system can be compared to that of a PS layer containing
ungranulated ATO nanoparticles. In this case, the PS layer contains particulate material with
a range of sizes, from unagglomerated ATO nanoparticles of size 10 nm, small nanoparticle
clusters, and larger agglomerates similar in size to that of the pre-formed granules, i.e. > 1
pm. A dimensionless size parameter o can be defined in relation to the size of the particle,
d, the refractive index of the surrounding medium m, and the wavelength of incident light in
a vacuum, Ag:
_ 2mdm

= ) 8.36
o= (8:36)

The ATO particles themselves have a complex refractive index, m = n — ix, where n is the
refractive index and the extinction coefficient k relates to the absorption coefficient as £ =
MTHJ. Giraldi et al. measured refractive indices in the range 0.40-0.45 for nanostructured ATO
films of thickness 150 and 998 nm respectively [257]. From theoretical considerations of band
structure within bulk ATO, Li et al. reported an extinction coefficient k of approximately

0.3 (taken from readings of the absorption coefficient £ at a wavelength of 440 nm [143]).

8.6.1 Scattering of light from unagglomerated nanoparticles

Rayleigh scattering theory describes the scattering of light from molecules, however it can be
extended to particles so long as a <1. For particulate material embedded in the PS layer,
and for a characteristic wavelength of 550 nm this relation holds true for ATO nanoparticles

or nanoparticle clusters less than 60 nm in size.

In the Rayleigh approximation, the particle is sufficiently small such that it encounters a
uniform electric field from the incident electromagnetic (EM) radiation, and the penetration

time for the electric field is much less than the period of oscillation of the EM wave. The
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EM wave interacts with electrons within the particle, inducing a dipole moment which is
proportional to the (constant) electric field experienced by the particle. The induced dipole
radiates light in all directions with the same phase. For unpolarised incident light, the
intensity of light scattered at angle 8, Iy, detected at a distance R from the particle, is the

average of the parallel and perpendicularly polarised components and is given by:

8t p2

fo =10yt

(14 cos®0), (8.37)
where I is the intensity of the incident light and P is the polarisability of the particle [258].
This is shown schematically in Fig. 8.10(a). The scattered light intensity is equal in the
forward and backward directions. There is also a strong wavelength dependence where shorter

wavelengths scatter more than long wavelengths.

8.6.2 Scattering of light from nanoparticle agglomerates and granules

For agglomerates of nanoparticles greater than 60 nm in size a >1 and Rayleigh scattering
theory cannot be applied. Hence for the case of nanoparticle agglomerates and nanocomposite

granules Mie scattering theory must be used. This covers the scattering characteristics of
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FIGURE 8.10: Schematic showing parallel, perpendicular and average light scattering from

(a) a particles with o <1 where Rayleigh scattering theory can be applied. Here, the intensity

of forward and backscattered light is equal (b) a particle with a >1, where Mie scattering
theory must be applied. Here, scattering is predominantly in the forward direction.
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particles of a wide range of sizes and refractive indices. Its complex derivation is outside the

scope of this thesis but is described in detail elsewhere [258, 259].

For a spherical, homogeneous particle which is no longer small compared to the wavelength
of the incident light, the light scatters from many different parts of the particle. The particle
itself consists of an array of dipoles and the incident electric field can no longer be consid-
ered constant. Furthermore, the phase of the electric field is not uniform over the particle
and this results in spatial and temporal phase differences between the emitted waves. As
the scattered waves radiate they experience destructive interference causing a reduction in
measured intensity. The interference depends on the wavelength of the incident light, the
size and refractive index of the particle and the path difference travelled by the ray (which is
dependent on the scattering angle). It is found that the intensity of scattered light observed
at angle ¢ has both perpendicular and parallel polarised intensity contributions I, and I
given by:

2
IJ_ = ELmil (am@) y

)2 (8.38)
where the intensity functions i1 and 9 are given by:
2
oo
. 2n+1
11((1, m, 9) = Z_:l m (aan + bnrn) ’
"= ) (8.39)

, = 2n+1
Zg(a, m, (9) = E m (anrn + ann)
n=1

The intensity functions é; and s represent an infinite series which converges slowly. When
a <1 and m &~ 1 the first term in the series corresponds to Rayleigh scattering. The terms
I1,, and T',, provide the angular (f) dependency and are Legendre polynomials. The terms
an and b, are dependent on both a and m and comprise half-integer-order Bessel functions.
For unpolarised light, the scattering intensity is simply the average of the perpendicular and

parallel contributions.

The angular dependence of the scattering is highlighted in Fig. 8.10(b), where it can be seen
that the proportion of light forward scattered is much greater than is backscattered. Fig. 8.11
shows calculated values of the scattering intensity as a function of scattering angle, for a
system comprising 10 nm ATO nanoparticles, 100 nm nanoparticle agglomerates and large
agglomerates or granules of size 1 and 10 pm, dispersed into the PS layer at a concentration

of 200 mm~3. The calculations were performed using open source software [260]. Here, the
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FIGURE 8.11: Graph showing the scattering intensity as a function of angle for a range

of ATO particle/agglomerate sizes, calculated using Mie scattering theory. For 10 and 100

nm particles scattering intensity is approximately equal in all directions, and a Rayleigh

approximation may be used. For larger agglomerates and granules the scattering intensity
is significantly larger in the forward direction.

optical properties of the ATO nanoparticles were assumed to be equal to that of bulk or
thin-film ATO, as described previously. As the particle size increases there is an increasing
ratio of forward scattering to backscattering, resulting in the growth of the forward lobe in

Fig. 8.10(b) and the large intensities predicted for small scattering angles in Fig. 8.11.

Note that for nanocomposite granules and agglomerates which can be approximated as opti-
cally opaque and non-absorbing Mie theory tends towards the principles of Fraunhofer diffrac-
tion. This was described previously in chapter 4 with reference to its use in laser diffraction
particle measurement systems. Extension of Mie theory to include non-spherical particles,

an absorbing particle medium and aggregrates of spheres has also been attempted [261].

8.6.3 Measurement of optical properties of touchscreens

In order to quantify the effects of scattering within the PS layer, the haze through the layer
is measured. Haze, h, is defined as:
(8.40)

where T} is the diffuse transmission (the proportion of light scattered to greater than 4+ 2.5°),
and T} is the total transmission of light through the layer. The equipment and principles

used to measure haze are reported in chapter 9. However, here it is useful to note that the
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magnitude of light scattered to small angles increases for increasing particle size. Therefore,
it is expected that by removing any particulate material less than 1 pm in size T; would
decrease. By pre-forming the granules prior to incorporation into the ink the fine particulate

component is removed and haze is expected to decrease.

Additionally, the integrated transmittance, 17y can be used to assess the transmission 7" of

a layer over a specific wavelength range, and is given by:

1 b

TinT = / T (\) dA, (8.41)
b—a J,

where the limits a and b represent the upper and lower wavelengths for which the transmission

is considered.

8.7 Chapter summary

Electric conduction through the pressure sensitive layer is a key process which determines
the functional response of the touchscreen and its force-resistance characteristics. As such,
understanding the origin of the pressure sensitive conduction is vital in order to control the
touchscreen response. The nature of the pressure-sensitivity could stem from two sources,
namely an area effect caused by increasing the number of granules contacted by the upper
electrode, and intrinsic pressure-sensitive conduction within the nanocomposite granules.
The former case can be understood by mechanical considerations of the deflection of the
upper electrode with applied force. The intrinsic pressure sensitivity may be investigated
through analysis of the current-voltage behaviour and flicker noise of the pressure sensitive
layer. To this end, possible conduction mechanisms within the granules and the effect they
have on the macroscopic current-voltage characteristics were described. Finally, in order
to understand the effect of pre-formed nanocomposite granules on the optical transmission
through the pressure sensitive layer, light scattering from particles both small and large in
comparison to the wavelength of light were considered. It was predicted that pre-formed
granules offer an advantage over spontaneous agglomeration of ATO nanoparticles, reducing
the number of sub-micron sized particulates and reducing the Rayleigh scattering component
in which incident light is scattered equally in all directions. For granules greater than 1 pm
in size it is predicted that scattering is greatest at small angles in the forward direction. In
the next chapter, the experimental procedures to investigate both the electrical conduction

mechanisms and the optical transmission are described.



Chapter 9

Experimental Details of Fabrication
and Functional Performance of
Pressure Sensitive Resistive

Touchscreens

9.1 Introduction

This chapter describes the experimental techniques used to fabricate and characterise the
pressure-sensitive resistive touchscreen (PSRT) containing the nanocomposite granules which
were fabricated during part I of this thesis. The PSRT offers dual functionality that can detect
both the location of a touch and the touch force. Touch location can be calculated by the
realisation of a voltage divider at the touch coordinates, as was described in chapter 2. The

fabrication, characterisation and analysis of the PSRT is the focus of these next chapters.

The nanocomposite granules were formulated into a transparent, screen-printable ink which
could be printed to form a pressure sensing (PS) layer onto a glass/ITO substrate. The
addition of a flexible PET/ITO substrate on top of the PS layer completed the resistive
touchscreen structure. Details on the ink formulation and the properties of the ITO substrates
are given in sections 9.2.1 and 9.2.2 respectively. Details on the screen-printing process used
to deposit the ink onto the glass/ITO substrate and the subsequent assembly of the PSRT
are given in sections 9.2.3 and 9.2.4. As well as large-area PSRT's, the ink was also printed

as small 6 mm sensors as described in section 9.2.5.

168
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The optical properties of PS layer were assessed using two types of spectrophotometer utlising
different measurement geometries. In particular, the total transmission through the layer as
a function of incident wavelength and the haze contribution caused by diffuse scattering were

investigated. The measurement principles are described in section 9.3.

Experiments were designed to measure and define the force-resistance (F-R) response of the
PSRT's in order to assess their functional behaviour both spatially (many positions across the
same sensor) and temporally (after repeated cyclic testing) so as to determine the variability
and the durability of the functional response. These testing protocols are described in sec-
tions 9.4.1 and 9.4.2 respectively. In order to probe the fundamental conduction mechanisms
as a function of applied force, current-voltage (I-V) properties and measurements of the flicker
noise were taken (section 9.4.3). Finally, a testing facility was designed which allowed force
to be applied directly to small discrete regions of the PS layer. This approach, described in
section 9.4.4, allowed the force sensitive response of small numbers of granules within the PS
layer to be assessed whilst simultaneously negating any effect due to increasing the number

of granules contacted with increasing deformation of the PET/ITO substrate.

9.2 Fabrication of pressure-sensitive resistive touchscreens

containing nanocomposite granules

9.2.1 Ink formulation

In principle, a wide range of varnish and solvents may be used to form the base ink material,
as it is the nanocomposite granules which define the functionality of the printed layer. The
particular formulation and methodology described below was developed by Peratech, to create
an ink with a viscosity well-suited to the screen printing process (see section 9.2.3). The same
formulation and methodology is continued throughout this thesis to enable comparisons to
be made between inks containing nanocomposite granules and inks containing spontaneously

formed nanoparticle agglomerates.

To form the screen-printable ink, the granules were dispersed into a pre-thinned transparent
ink base. The ink base was a carbon-based alcohol and petrol resistant transparent varnish
with a high solvent content of 73.4 %. After evaporation of the solvent a hard, abrasion-
resistant surface was formed. This was beneficial in order to minimise damage to the screen-
printed layer when incorporated into the resistive touchscreen. Here, mechanical stability is
necessary in order to prevent or minimise damage caused by the contact of the deformable
ITO electrode. The varnish was thinned by the addition of extra solvent. Here, a lower

ink viscosity enabled levelling of the ink surface after passing through the mesh during the
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screen-printing process. To form the ink base, solvent was mixed with the varnish at a mass
ratio of 1:5, where a typical batch size comprised 50 g varnish and 10 g solvent. The total
solvent content of the ink (accounting for both varnish and additional solvent) was 77.8 %.
The varnish and solvent mixture was homogenised using a high energy mixing process in the

DAC (3500 rpm for 1 minute) prior to the addition of granules.

Granules were added to the varnish/solvent mixture at the required loading and the ink was
further mixed for 3 minutes at 3500 rpm to fully disperse the granules within the ink. The
granule loading was typically 0.2-0.6 % by mass respective to the mass of the base varnish.
Only a very low granule loading was required as when printed, the granules form a single
layer in the varnish and it is not necessary to reach a percolation threshold associated with a
3D network of conductive particles. The ink was stored in airtight containers until printed.
Immediately prior to printing, the ink formulation was re-mixed in the DAC for 1 minute at
3500 rpm. This re-dispersed any granules which may have sedimented to the bottom of the

container.

9.2.2 ITO-coated substrates

Tin-doped indium oxide (ITO, or InyO3:Sn), was used as the transparent conductive elec-
trodes within the resistive touchscreen. ITO is a Transparent Conducting Oxide (TCO).
Aside from ITO, some of the most common TCOs include (doped) InyOg, SnOg or ZnO.
TCOs are used as electrode material in a variety of applications, including solar cells, LCD
or (O)LED displays and transparent touch panels, where both a high electrical conductivity
and high optical transmission are required. TCOs are wide band-gap semiconductors which
have a direct band gap in the range 3—4 eV. This is similar to the energy of visible light
(1.8-3.1 eV). As no electron energy states lie in this gap, optical absorption processes are
minimised leading to high optical transmission. In the absence of donor or acceptor states,
thermal excitations across the band gap are minimal and the TCO is insulating. However,
for shallow donors (which contribute energy levels just below the conduction band), thermal
excitation can promote electrons into the conduction band. Shallow donors can occur natu-
rally through oxygen deficiencies, however most TCOs are doped with extrinsic dopants that
are substituted into the lattice at either the metallic or oxygen sites. For the case of ITO
the un-doped InpOs lattice has a cubic structure with a direct band gap of 3.75 eV [262].
When doping with tin (Sn), the In3* anion is replaced with an Sn** ion. This leads to the
formation of three impurity bands, one of which overlaps with the conduction band of the
InyO3 [263]. With increasing number of dopant atoms the impurity energy band merges with
the conduction band, so that the Fermi level is pushed into the conduction band and the
electrical conductivity increases. The ITO now has a permanent population of free charge

carriers and becomes conductive.
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For ITO, there is a trade-off between optical transparency and electrical conductivity. In-
creased optical clarity can only be gained by the sacrifice of conductivity, and vice versa. For
small-area touchscreen applications increasing the optical transmission can be more beneficial
than increasing I'TO conductivity. This is because the resistivity of the ITO does not control
the charge injection into other layers, as is the case for applications such as OLEDS and solar
cells. It is used only as a voltage divider, as described previously in chapter 2. Even with
the addition of the PS interface, into which charge from the ITO is injected, there may be no
negative effects so long as the resistance of the PS layer does not fall beneath that of the ITO.
For applications in touchscreens the ITO is deposited at a thickness of 10-20nm on the rigid
substrate, with a resistivity of 500-750 1Q cm ™! and a sheet resistance of ~ 200-650 Q /C].
The optical transmittance at 550 nm is typically in the range 89-93 % [264]. For the flexible
ITO electrode a PET substrate is usually used, where the ITO is deposited at a thickness
15-25 nm with a sheet resistance of 250 Q /00 and a transmittance at 550 nm of 85-88 %.

ITO thin films can be fabricated by a wide range of deposition techniques, including thermal
evaporation, spray pyrolysis, chemical vapour deposition, sol-gel and spin coating, pulsed
laser deposition, electron beam evaporation and both radio-frequency and direct current
magnetron sputtering. For large-scale manufacture magnetron sputtering techniques are com-
monly used [265]. A review of the conductive and transmissive properties of ITO fabricated

using these techniques is given elsewhere [266].

Whilst ITO benefits from extensive research into cost-effective fabrication techniques, as
well as a high transmission and conductivity, alternatives to ITO are currently of much
interest. One disadvantage of ITO, relevant to this thesis, is its brittleness and poor durability.
Whilst ITO/glass electrodes exhibit long lifetime, I'TO deposited onto a flexible substrate
such as PET is known to crack and flake when flexed. This is a potential issue for resistive
touchscreens which rely on the deformation of the transparent, flexible electrode. Cairns
and Crawford found that the response of resistive touchscreens was negatively affected by an
increasing number of flexing cycles on flexible ITO/PET electrode [73]. SEM microscopy of
the ITO layer post-testing showed cracking of the ITO and adhesive wear of small ITO regions.
They suggested a damage mechanism whereby the I'TO on the PET substrate experienced
both contact and tensile stresses due to deformation and contact with the lower ITO/glass
substrate. After some time, patches of ITO had delaminated and transferred to the lower
ITO/glass substrate. Sierros and Kukureka, and Sierros et al. also report similar results [267,
268]. Cairns et al. reported that the addition of a polyimide layer on top of the ITO/PET
electrode increased the resistance to crack formation [269]. The poor durability of ITO has led
to increasing research efforts into suitable replacements with increased durability, including

carbon nanotube solutions [270, 271], metal nanowire meshes [272] and graphene [273].
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Substrate Composition Total thickness (um) Sheet Resistance (Q/0)

B1 ITO/glass 880 460
71 ITO/PMMA 750 460
T2 ITO/PET 175 120
T3 PMMA 170 N/A

TABLE 9.1: Details of ITO electrodes used in touchscreen fabrication

Here, the ITO electrodes were formed on both glass and plastic substrates. The rigid, bottom
glass substrate is denoted B and the topmost, flexible PET substrate T. The ITO was
adjoined to printed silver conductive bars, which form either the X or Y electrodes of the
device. The properties of the available ITO substrates used in the production of the PSRT are
summarised in Table 9.1. Here, two possible T' substrates were available, where T'1 comprised
a thicker PMMA substrate and ITO with a higher sheet resistance and T2 comprised a thin,
PET substrate with low sheet resistance ITO. The layer T'3 could be used in addition to
either of the other T substrates but not on its own. It provided an additional protective

PMMA layer used for enhanced durability of the touch interface.

9.2.3 Screen-printing of transparent layer containing nanocomposite

granules

Flat-bed screen-printing was used to deposit a thin layer of the ink onto the rigid glass/ITO
substrate. It was important that the printed PS layer had a uniform well-defined thickness
that could be controlled by the printing process. Furthermore, the process had to deposit
the nanocomposite granules contained within the ink to produce an even concentration of

the granules throughout the PS layer.

The screen-printing process has five main components: ink, substrate, screen (and stencil),
flood bar and squeegee. The screen comprises a close-knit mesh, with a stencil overlaid onto

the mesh to define the pattern which is to be transferred to the substrate.

The flood bar dispersed the ink onto the mesh surface prior to printing, as shown in Fig. 9.1(a).
During the print process the squeegee was drawn along the mesh surface at a fixed pressure,
pushing the ink into the mesh openings and removing any excess ink from the surface of
the screen. It also created a downward deflection of the screen, causing contact with the
substrate and deposition of the ink. This process is shown in Fig. 9.1(b). As the squeegee
progressed along the screen the mesh relaxed and returned to its original position, whilst the
ink was deposited on the substrate in the shape of the stencil, as shown in Fig. 9.1(c). The
final ink deposit on the substrate is shown in Fig. 9.1(d).
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FIGURE 9.1: Schematic showing the screen-printing process. (a) A flood bar is drawn over

the screen to provide an even covering of ink over the mesh. (b) The squeegee is drawn

along the mesh, pushing the ink down into the mesh openings and deflecting the screen

downwards to contact the substrate. (¢) As the squeegee moves along the screen, the mesh

relaxes upwards leaving the ink deposited on the substrate. (d) At the end of the print an
even layer of ink is deposited on the substrate.

The screen comprised a woven mesh of material, usually either nylon, polyester or stainless
steel depending on the application. Polyester is often favourable as it is strong and durable,
with sufficient flexibility to print onto irregular surfaces. Unlike nylon, it is unaffected by
environmental humidity [274]. The diameter of the individual threads in the mesh, along
with the spacing between the threads (the thread count) determined the thickness of the wet
printed layer. Other parameters, such as squeegee pressure and travel speed were optimised
to fill the mesh openings and create contact between the screen and substrate and had no

influence over the printed ink thickness.

The smallest feature size that can be screen-printed ultimately depends upon the resolution
of the stencil within the screen mesh. For screen-printed electronics the stencil pattern is
usually generated through a photoresistive screen coating. For commercial, high-speed screen-
printing the resolution limit is of the order of 50 pm, although in research resolutions of less
than 10 pm have been reported [13]. The main application of screen-printing is for large-
area patterns and not high resolution details. As examples, screen-printing has been used
to fabricate piezoelectric pressure sensors [46], supercapacitors for wearable electronics [275],
large-area, flexible polymer solar cells [276] and silver and carbon electrodes on flexible organic

thin-film transistors [277].
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9.2.3.1 Calculation of printed ink thickness

The volume of ink printed is equal to the ink in the mesh at the start, IM.S, minus the
ink remaining in the mesh after printing, IME. IMS can be calculated by considering a
unit square of the mesh comprising two interwoven threads of diameter D and spacing M,
as shown in Fig. 9.2. The ink volume is simply the volume of the unit cell minus the volume

of the two threads.
To a first approximation, assuming no compression of the threads during printing:

2rLD?

IMS =2DM?* — (9.1)

As M is the reciprocal of the thread count (threads per unit length, or T'), it can be shown
that the ink deposited per unit area is:
IMS 7T D1+ T2D?

iz 2P 2

(9.2)

In practice, at the thread intersections the thread diameter is slightly compressed. This is
because during screen manufacture the interwoven threads are passed through heated rollers
which compress and weld together the intersections. Additionally, during printing the mesh is
stretched downwards toward the substrate, decreasing the number of threads per unit length.
A more accurate approximation could be obtained by replacing the thread diameter with the

compressed diameter and the thread count with the stretched thread count.

IME is empirically approximated as 30 % of the ink volume within the mesh. That is,
during printing 70 % of the ink is transferred from the screen to the substrate [278]. Hence
the theoretical volume of printed ink, T'TV, is given by:

(9.3)

2 2712
TIV = 0.7 x <2D—7TTD V1+T°D )

2

2D

FIGURE 9.2: A unit cell of the woven mesh used in screen printing, consisting of interwoven
wires of diameter D and spacing M.
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Here, screen-printing was ideal for the large-area deposition of the transparent electro-active
ink containing nanocomposite granules. A high print resolution was not required, and the
thickness of the ink could be easily controlled using the thread diameter and thread count of
the screen. The stencil used was a rectangle of dimensions 73 by 56 mm. The polyester screen
had a mesh count of 120 cm~! and a thread diameter of 34 pm. This corresponded to a thread
spacing of 83 pm. This ‘open area’ of 492 pm allowed granules of maximum length (Feret
diameter) of around 120 pm to pass through the screen. As the vast majority of granules
were less than 20 pm in size, due to the fabrication procedure as well as post-fabrication

sieving, the screen posed no obstacle to the passage of granules.

During printing, the screen was maintained at a tension of 18 Nem™! with an initial separa-
tion from the substrate of 2.5 mm. The squeegee was applied at an angle of 65° at a pressure

of 300 kPa, and travelled over the screen at a speed of 0.14 ms~!.

These parameters were
optimised by Peratech Holdco Ltd. to give optimum penetration of the ink into the mesh.
From equation 9.3, the deposited ink volume was 31.1 pm per pm?, which was dimensionally
equivalent to the printed ink thickness. After printing, the glass/ITO/ink was cured for 90
minutes at 90 °C so the solvent could evaporate. The dried ink thickness can be approxi-
mately calculated by multiplying the theoretical wet ink thickness by the percentage of solids
in the ink [279]. The transparent ink fabricated here has a total solvent content of 77.8 %,
leaving a solid content of 22.2 %. Once dried, the ink formed a pressure sensitive (PS) layer
with a theoretical thickness of 6.9 nm. The actual ink thickness was measured using FIB

milling to cross-section the printed PS layer, using the same procedure outlined in chapter 4.

9.2.4 Assembly of touchscreens

Once printed and cured, the substrates were assembled into the PSRT device, as shown
in Fig. 9.3. Electrical connections were made to the silver conductive bars using a pre-
fabricated four-wire connection port. The port was aligned over the conductive bars on the
glass/ITO/PS layer and heat was applied to melt a localised conductive adhesive and form
the connection. Prior to assembly, an air-gap between the layers was introduced by carefully
adhering a strip of Scotch™ tape around the edges of the PS layer on the glass/ITO substrate.
The PET/ITO layer contained an adhesive strip around its outer edges so that when aligned
with the glass/ITO/PS layer it was held in place by the adhesive strips. When assembled, the
thickness of the tape (100 pm) introduced an air-gap between top and bottom layers. Finally,
heat was applied through the top layer to the connection port beneath to heat the conductive
adhesive and form an electrical connection between the port and the silver conductive bars
on the upper PET/ITO substrate. As described in chapter 2, this sensor format allows both

the touch location and the touch force to be determined.
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FIGURE 9.3: Schematic showing the assembly of the PSRT. Scotch™ tape was deposited

around the edges of the PS layer, which was screen-printed onto a glass/ITO substrate.

Electrical connections were made via a four-wire connection port adhered to each conductive

bar using heat-activated conductive adhesive. Finally the PET/ITO substrate was attached

using a non-conductive adhesive, which also prevented short-circuiting between the conduc-
tive bars on each substrate.

9.2.5 Fabrication of 6 mm transparent sensors containing nanocomposite

granules

For some of the electrical testing, it was necessary to print the transparent ink into a different
format than the large-area four-wire PSRT. In these instances, small discrete sensors were
used instead. The transparent ink (containing nanocomposite granules) was printed in a 6
mm sensor format, as demonstrated in Fig. 9.4. First, silver connectors were printed onto
a PET flexible sheet. ITO contacts were deposited on top of the silver contacts, in circles
of 5 mm diameter. Then, the ink of interest was printed on top of the ITO contacts as for
the standard four-wire format. Finally, an opposing contact was created by printing silver
contacts/ITO electrodes in a mirror image to the first sheet. To assemble the sensors, the
second ITO contact sheet was overlaid onto the ITO/ink sheet and a metal pin was crimped
through each of the silver contacts. This design is similar to that of the FSR sensors described

in chapter 2.
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FIGURE 9.4: Schematic showing the fabrication steps for the 6 mm sensors: (a) Silver con-

nectors are printed onto a PET substrate. An ITO electrode of diameter 4 mm is deposited

which makes electrical contact with one of the silver connectors. (b) The ink is screen-printed

on top of the ITO electrode at a diameter of 6 mm. (¢) An opposing PET /silver/ITO sheet,

which is a mirror image of the first, is placed on top of the first sheet. Lastly, a metal pin is
crimped over each of the silver contacts.

9.3 Measuring the optical properties of the touchscreens

The inclusion of the PS layer within the resistive touchscreen assembly can negatively impact
the transmission of (visible) light through the touchscreen. This is disadvantageous because
in all applications, the touchscreen is overlaid directly onto a display. For applications using
a high-resolution, colourful display it is of paramount importance that the touchscreen has
minimal impact on the transmission of light from this display. The optical performance of the
PS layer was characterised in terms of the transmission profile over a wavelength range (in
this case corresponding to visible light) and the haze. Here, haze is defined as the percentage
of forward-scattered transmitted light scattered by an angle greater than 2.5° [280]. The
physical basis of these parameters was discussed in chapter 8. Here, the optical properties of
the glass/ITO/PS layer were measured and compared to those of the glass/ITO substrate.
This allowed the effect of the PS layer on the optical transmission and haze to be determined.
These measurements were important for two reasons. Firstly, they allowed the optical effect
of the inclusion of the PS layer into the touchscreen device to be characterised. Secondly,
it allowed comparison between the two different methods of fabricating the PS layer, i.e.
the incorporation of pre-formed granules of a well-defined size range and the spontaneous
formation of agglomerates during the ink manufacture process. It was hoped that tailoring of

the nanocomposite properties would allow some level of control over the optical properties.

Here, two spectrophotometers were used to characterise the sample, each of which used
different measurement geometries. The ColourQuest XE spectrophotometer (CQ) measured
transmission over visible wavelengths of 400-700 nm, with measurements taken every 10 nm.
The components of this spectrophotometer are shown in Fig. 9.5. Radiation from a light

source is passed through a colour filter in order to produce the standard ‘D65’ illuminant.
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FIGURE 9.5: Schematic showing the components of the ColourQuest spectrophotometer used
to measure the transmission and haze through PSRT samples.

The D65 function is a standard light spectrum replicating sunlight in western Europe. After
passing through focussing optics, the collimated beam is then passed through the sample
and into an integrating sphere. The interior surface of the integrating sphere is covered with
a diffuse white coating which provides a uniform diffusing effect. Light rays incident upon
any location on the sphere wall are distributed equally to all other points through multiple
scattering events. A single detector inside the sphere measures the power of all light in the

sphere, regardless of its spatial origin.

Referring to Fig. 9.5, the sample was placed at position A, flush against the entrance into the
sphere. At point B is placed either a standard white tile or a light trap. Four measurements
were taken, which are summarised in Table 9.2. The reflectance of the white tile (ideally)
matched that of the surface of the integrating sphere, so that when the tile was placed
at position B, all light transmitted into the sphere was detected. With no sample (M3),
theoretically 100 % transmission should be measured. In practice this is less than 100 % due
to inefficiencies in the detector and mismatch between the reflectance of the white tile with
the walls of the integrating sphere [281]. With the sample in place the total transmission,
Tiotal, is given by:
M2

Ttotal = m X 100% (94)
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Measurement Position A Position B

M1 No sample White standard
M2 Sample White standard
M3 No sample Light trap
M4 Sample Light trap

TABLE 9.2: Measurement protocol for determining haze of PSRT samples

With the light trap placed at position B, all light transmitted at angles < 2.5° was deflected
90° by a mirror towards a light-absorbing material. The remaining light in the integrating
sphere was scattered to angles greater than 2.5 %, contributing to haze. Measurement M2
determined the diffuse transmission through the sample and M1 recorded the ‘background’

diffuse transmission. The haze, h, can be calculated as follows:

M4 M3
h= (m - Ml) x 100% (9.5)

A dual light beam was used in this spectrophotometer, which removed the need for additional
measurement steps M1 and M3. Instead, a second beam is passed into the integrating sphere
through a separate aperture and not through the sample. This combines the measurement
steps M1 with M2, and M3 with M4 without the need for removing the sample. To measure
the total transmission as a function of the visible light wavelength, a lens was used to divert
the transmitted light to a diffraction grating which separated the light into its component

wavelengths. The transmission for each wavelength was measured by a photodiode array.

The second spectrophotomer, the Shimadzu UV-3600 (SUV), was also dual-beam but had
no integrating sphere. Two lamps were used to provide illumination from ultraviolet through
to near-infrared wavelengths, and here the transmission was measured from 300-900 nm. A
schematic of this spectrophotometer is shown in Fig. 9.6. Radiation from the light source
was passed through a diffraction grating and then a 2 nm slit to select the wavelength and
spectral width. The beam was split and simultaneously passed through the sample port and
reference port (which was kept empty) before detection using a photomultiplier. Both path
lengths were equal to minimise phase shift. A baseline scan is measured initially with the
sample port empty, to correct for any variation in the emission intensity over the wavelength
range. The transmission through the reference defined the maximum transmission through
the sample. Because no integrating sphere was used only direct transmission was measured
and haze could not be determined. However, the transmission spectra could be recorded at

a wavelength intervals of 0.5 nm, offering greater resolution than the CQ spectrophotometer.



Chapter 9. Ezperimental Details - Pressure-Sensitive Touchscreen 180

Reference

Detector
/ |
Aperture/slit
Light source | |
v —
oV /AR VA }

e e ~a—

Beam splitter Sample

Diffraction grating L

FIGURE 9.6: Schematic showing the Shimadzu UV-3600 spectrophotometer used to record
the transmission spectra through PSRT samples over wavelengths of 300-900 nm.

9.4 Measuring the electrical functionality of the touchscreens

The electrical response of the PSRT was assessed using a number of methods which aimed
to both characterise the device and reveal the underlying physical conduction mechanisms.
The pressure-sensitive resistive functionality of the touchscreen is thought to comprise of two
components. The deflection of the upper ITO/PET electrode causes increasing contact area
with the PS layer with increasing applied force. Therefore the number of granules contacted
also increases, reducing the resistance through the layer. Additionally, there is a possibility
that the granules themselves are intrinsically pressure sensitive, each behaving as a pressure-
sensitive conducting polymer composite. The electrical measurements performed here aim to
determine the effect of these two components on the overall response of the PSRT. To this
end, a series of experiments were devised to investigate the electrical transport mechanisms
throughout the device, and through the granules individually (where the effect of increasing
surface area was nullified). Also, by investigating the response of the PSRT to applied force
using flicker noise measurements and current-voltage sweeps it was attempted to determine

if the conduction mechanisms were influenced by applied force.

9.4.1 Force-resistance profiling

Force-resistance (F-R) profiling of each PSRT is an important characterisation test which
describes the resistive behaviour of the touchscreen under applied force. As discussed in
chapter 2, for applications in human-computer interactivity a light touch is of the order of
0.1 N and a hard press any force greater than 5 N. Here, the resistance of the PSRT was
measured for applied forces from 0.1 to 10 N to cover this range. The F-R profile is the overall
response of the PSRT to applied pressure, that is dependent on both the number of granules

contacted (and therefore the geometry of the touchscreen and the mechanical properties of
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the deformable electrode) and also any inherent pressure-sensitivity within the PS layer itself.
Whilst it is not possible to determine the contribution of each of these to the overall F-R
response, this test is nevertheless useful because it provides a benchmark through which the

effect of other parameters may be assessed.

Force was applied using an automated mechanical testing rig (Instron model 5543). The rig
comprised a single column load frame with a moveable crosshead, as shown in Fig. 9.7(a). A
load cell attached to the cross head enabled vertical displacement to be converted to applied
force. Here, compressive force was applied using a stylus attachment to the load cell. The
stylus, comprised of a rigid plastic material, had a hemispherical tip of diameter 1.7 mm
and exemplified the passive styli commonly used for the operation of resistive touchscreens.
Whilst rubber test probes are available which mimic the compressive behaviour of the human
fingertip, the plastic stylus was chosen as, due to its non-compliant nature, the contact area

between stylus and PSRT remained constant throughout testing. This was necessary to

Load frame

31 mm
Moving crosshead 22.5 mm
Load cell
87 mm
5 mm

Plastic stylus I

—>

5 mm

65 mm

Electrical
connection port Sample stage

(a) (b)

FIGURE 9.7: Schematic showing (a) the mechanical testing rig for force-resistance profiling

of the PSRTs, comprising a load frame with moveable crosshead, attached to which is a

load cell with plastic stylus attachment. Displacement of the crosshead causes a force to be

applied to the PSRT via the stylus, where the force is measured by the load cell. (b) The

test grid drawn onto the PSRT sample, comprising 30 positions which are tested using the

mechanical testing rig. This enables force-resistance profiling across the central region of
each PSRT.
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enable comparison of the results to those obtained by model simulations, as investigated in

chapter 11.

The load cell is a precise force measurement transducer, converting applied force into an
electrical signal. Force is measured by a series of internal strain gauges. Pre-calibration of
the strain gauge therefore allows compressive strain to be converted to an applied force. The
load cell used here could measure forces up to 1 kN. Even when operating at up to 1 % of
its capacity (i.e. forces up to 10 N) the load cell provides a small linearity error of just 0.25

%. The error on the force was therefore taken as + 0.25 % of each reading.

The PSRT was secured onto a rigid plate at the base of the load frame. Prior to testing, a grid
of 30 test points was drawn onto the PSRT over the central portion of the surface, as shown
in Fig. 9.7(b). Electrical connections were made via the connection port on the PSRT. For
each test, one point was manually aligned under the stylus tip. When the tip first contacted
the PSRT surface the displacement was defined as zero. Any further downward deflection
resulted in an applied force. The rate of downward deflection was set at 0.5 mm min~!. The
stylus was deflected until a force of 10 N was reached, after which force was removed at
the same rate. Automated data collection recorded values of the force versus the measured
resistance, where the resistance was measured at a constant voltage of 4.5 V. Comparison of

the calculated F-R profiles showed the variation in response over the 30 tested positions.

9.4.2 Durability testing

The durability of the PSRT can be defined as the change in its electrical functionality with
repeated use. A loss in electrical functionality may result in a change in the observed F-R
profile of the PSRT, for example a shift to higher resistances for each applied force. Such
a response could indicate damage to the PS layer, or the ITO electrodes. ITO is known to
degrade with repeated flexing, as was described in section 9.2.2. An investigation into the
durability of the PSRTs was used to quantify the change in F-R behaviour in response to
cyclic testing. Using SEM analysis of the ITO and PS layers in the touchscreen, the damage

mechanisms could also be investigated.

In order to rapidly simulate a large number of touch events, a custom made sliding wear
testing rig was developed at Peratech Holdco Ltd, as shown in Fig. 9.8(a). Sliding wear
testing is a high impact procedure devised to test the limits of touchscreen performance
under prolonged and heavy use. A pneumatic system was used to push a stylus attachment
across the surface of the PSRT sample, whilst maintaining a constant compressive force of 5
N. Due to the sideways motion of the stylus both shear and compressive forces are imparted
to the PSRT. Prior to testing, a grid comprising five parallel lines was drawn across the

PSRT sample, as shown in Fig. 9.8(b). When a sample was placed onto the rig, the stylus



Chapter 9. Ezperimental Details - Pressure-Sensitive Touchscreen 183

5 N load
F-R response of

13 3\*&*‘ Direction 10 positions
R | of motion / (perpendicular

5N load to line writing)

e

Plastic stylus

Direction of
line writing

(b)

FIGURE 9.8: Diagram showing custom-made line-writing test facility at Peratech Holdco Ltd

(a) photograph of the equipment (b) Schematic of line-writing area on PSTS. After linewrit-

ing, 10 positions along 5 lines perpendicular to the line-written region are characterised in

terms of their F-R response. In the diagram, one of these lines is shown where red circles
represent the test location.

runs perpendicular to these lines, intersecting each one. A typically ‘line writing’ (LW) test
comprises 30 000 cycles, where each cycle is defined as the stylus passing back and forth along
the PSRT. Immediately after the LW cycles the F-R response was tested at 10 points along
each line on the grid. This enabled comparison between the F-R response of the line-written
region and the PSRT immediately outside of the test area. Damage to the PS layer could be

quantified by the change in resistance.

9.4.3 Flicker noise measurements

As discussed previously in chapter 8, the flicker noise within an electronic system can give
insight into electrical conduction mechanisms subject to relaxation processes. By measuring
the flicker noise within PSRT test structures under increasing force, the nature of any force-
sensitive conduction mechanisms can be probed. In order to measure this phenomenon it was
important to minimise the length of the electrical interconnects into the system, as each of
these also contributes to the flicker noise. Because of this, the transparent 6 mm sensors, as
described in section 9.2.5, were used instead of large-area PSRT devices. A two-point probe
measurement system was used, utilising the electrical connections on the 6 mm sensors. The
electrical connections were kept short and low-noise coaxial cable was used in order to reduce
their contribution to the electrical noise. It was assumed that the flicker noise of these

connections did not significantly contribute to the observed results.
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FIGURE 9.9: (a) Schematic of electrical testing rig used for noise measurements. Sensors (up

to 5) are placed in the sample holder and secured into position. Load is applied by a series

of cylindrical stackable masses through holes in the upper surface of the test rig which lie

directly above the sample. (b) A photograph of the equipment. Crocodile clips are attached
to the metal pins on the sensor.

The sensors were placed in a custom-made test rig, as shown in Fig. 9.9. The sensors (max-
imum five at one time) were placed into the rig and secured in position. Circular holes of
diameter 8 mm in the upper plate of the rig allowed force to be applied vertically over the
entire area of the sample through a series of cylindrical stackable masses. The holes were just
larger than the diameter of the first cylindrical mass (10 g) such that a sliding fit was realised
and friction was minimised. In this way masses ranging from 10 g to 1 kg were applied to

the sensor.

The sensor was connected to a low-noise current pre-amplifier (Stanford Research model
SR570) where a test bias could be set. It was important that the current did not exceed 2
mA due to the capabilities of the low noise pre-amplifier. I-V sweeps collected prior to testing
allowed the determination of a suitable voltage. This was maintained at 2.5 V which, even
at high compressions, did not result in a current flow exceeding 2 mA in any of the sensors
tested. The current pre-amplifier provided a voltage output proportional to the input current
(i.e. the current passing through the sensor). The gain, or sensitivity, of this conversion can
be set in the range 1 pA/V to 1 mA/V. The digital noise of the instrument is dependent on the
sensitivity. In order to minimise digital noise introduced by the equipment, the sensitivity

was set at 1 mA/V or less. Here, the digital noise from the pre-amplifier is below 10~

A/VHz.

The low-noise pre-amplifier was connected to a PC with a 24-bit data acquisition card (Na-
tional Instruments NI USB-4431) and automated measurements were taken using a custom
designed LabView programme. Under application of a fixed voltage of 2.5 V the current

fluctuations were recorded over a fixed time. Current data was acquired at a rate of 4000
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measurements per second, for 2 seconds. This was repeated 10 times. The current power

spectrum was then calculated according to equation 8.26.

9.4.4 Measuring the force-sensitive resistance of granules

The F-R response of the PSRT may be attributed to two components. The first is a sur-
face effect, that is with increasing deformation of the upper electrode, more nanocomposite
granules are contacted providing multiple conduction pathways through the PS layer to the
rigid ITO electrode beneath. This effect can be modelled by assuming the upper, deformable
electrode acts as a fully restrained beam, the deflection of which under a known force can
be calculated, as was described in chapter 8. This approach was used to investigate the
surface-component of the force sensitivity by using MATLAB to design a model simulation.

The results of this are reported in chapter 11.

However, there is also a possibility that the granules themselves are intrinsically force-
sensitive. The granules contain a network of conductive ATO nanoparticles which are bound
together with an insulating material, and as such may behave as a conducting polymer com-
posite, the electrical properties of which were described in chapter 8. In order to assess
whether this mechanism contributes to the observed behaviour of the PSRT, it was necessary
to negate the surface contribution of the F-R response. This was achieved by removing the
deformable ITO electrode and depositing an electrode directly onto well-defined areas of the
PS layer. This method also allowed the resistance of the sensing layer to be determined
as a function of the contact area and the number of granules contacted. Additionally, I-V
sweeps were also performed through the PS layer directly, in order to probe the origin of any

non-linearity in the electrical conduction. These results are reported in chapter 12.

9.4.4.1 Preparation of samples

Electrical contacts were deposited by thermal evaporation onto the PS surface in a custom-
built evaporation chamber using a mechanical shadow mask. The electrical contacts of vary-
ing diameter, as shown in Fig. 9.10, connected all granules contained within that diameter.
This removed any surface effects when contacting these regions as each granule was electri-
cally connected to all others within the area of the contact. Evaporation was chosen as it
allowed an even layer of material to be deposited over a macroscopically rough region. A mask
was designed which contained precision drilled holes of diameter 2.0, 1.0 and 0.5 mm. The
mask was placed over the glass/ITO/PS substrate inside the chamber. Electrical contacts
comprising 3 nm chromium, 100 nm copper and 5 nm gold were thermally evaporated onto
the sample. Chromium was deposited onto the sample first as it facilitated adhesion of the

subsequent layer of copper. Copper was chosen due to its high electrical conductivity, and
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FIGURE 9.10: (a) Photograph and (b) schematic of the PSRT sample (without PET/ITO
upper electrode) and evaporated contacts of varying diameter, where the contacts consisted
of 3 nm chromium, 100 nm copper and 5 nm gold.

the gold layer acted as a cap to prevent oxidation of the copper, which would have reduced
its conductivity. On each PSRT sample, six contacts of each diameter of 2.0, 1.0 and 0.5
mm were deposited. This created ‘capping electrodes’ in intimate contact with the granules
embedded in the PS layer.

Subsequent imaging of the capping electrodes using an optical microscope allowed the exact
number, size and distribution of the granules within each contact to be determined. Example
images are shown in Fig. 9.11(a) and Fig. 9.11(b) for 2 mm and 0.5 mm diameter contacts. A
measure of the number of granules within each area covered by a capping electrode enabled the
resistance of a single granule to be estimated from the relationship between contact resistance
and electrode size. An SEM image of a 2 mm capping electrode is shown in Fig. 9.11(c).
Surrounding the electrode, the image appears to glow and is distorted - this is an artefact
caused by charge build-up on the insulating polymer, as the sample was not carbon-coated
prior to imaging. Inside the electrode the granules appear well-coated by the Cr/Cu/Au,
exemplified in Fig. 9.11(d) which shows an individual granule with an approximate size of 5

pm well coated with the electrode material.

9.4.4.2 Design of equipment for applying load to PSRT

In order to apply a known force to each evaporated contact on the PSRT sample a custom-

built test rig was designed. The rig comprised spring-loaded contact test probes (SCTP)
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(d)

FIGURE 9.11: Figure showing optical microscopy images of the evaporated copper contacts

with diameter (a) 2 mm and (b) 0.5 mm. From optical microscopy images, the number and

sizes of the granules within each contact could be calculated. SEM images taken from a

2 mm contact showing (c) the entire contact and (d) detail of a single granule, where the
contact coats the rough topography of the granule.

aligned with each capping electrode on the PSRT. The SCTP comprised a metal casing with
contact plunger attached to the casing by a spring. These are typically used for providing
electrical contact to a test surface at an indeterminate distance, for example testing the
electrical functionality of printed circuit board components. Excellent electrical contact is
ensured by the spring force when the plunger is depressed. In this case, the force-compression
properties of the spring are utilised to apply a fixed force to each contact on the PSRT surface.
Ideally, the SCTP diameter should be matched to the diameter of the capping electrodes.
This was possible for the 2 mm and 1 mm electrodes, however the closest-matched flat-
tipped SCTP available for the 0.5 mm electrodes had a larger diameter of 0.65 mm. Each of
these SCTPs had a spring constant of 0.75 Nmm™! for up to 4 mm deflection of the spring,

corresponding to a maximum applied force of 3 N.

A schematic of the custom-built test rig is shown in Fig. 9.12. The sample holder was an
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acrylic base plate with a shallow groove matching the dimensions of the PSRT sample, firmly
holding the sample in place. Electrical contact was made to the ITO electrode underneath the
PS layer using the connections to the silver conductive bars adjoining the ITO layer. Bolts
were screwed into the base, upon which the test bar was placed. The test bar comprised an
acrylic bar through which the SCTPs were held in place. The SCTPs were located such that
when assembled, the probes were precisely aligned with the capping electrodes on the sample

beneath.

Tightening of the nuts above the test bar caused downward movement of the bar. When the
SCTP first contacted a capping electrode a resistance was measured. At this initial contact, a
small indeterminate force was applied to the electrode. All further deflection, and force, was
measured with respect to this initial value. Subsequent deflection of the test bar downwards,
caused by tightening of the nut, resulted in compression of the spring inside the SCTP and
an increase in the force applied to the capping electrode. Prior to testing, the downward
deflection of the bar was calibrated with the number of rotations of the nut on the bolt.
The deflection could be controlled to within 1/6 of a turn of the nut, where each half turn

corresponded to 0.23 £+ 0.08 mm deflection. Using the known properties of the SCTPs this

Bar holding SCTP in place

Spring contact test probes

Keithley ___,

soeu;cefr)lleter A ] / \ ] Nut
% } | 4

i T

! ! !

—
[

[
Evaporated copper = a 3
contacts |7/_' / \ _—‘
/ \
PSRT sample holder / \
Glass/ITO electrode Pressure sensing layer

FIGURE 9.12: Schematic of the custom-built test rig used to measure the electrical properties

of discrete areas on the PS layer capped with electrodes. The test rig comprised spring contact

test probes mounted into an acrylic bar. Downward deflection of the bar was controlled

through tightening of the nut on the bolt and this increased the force exerted on the PS
layer test areas.
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was converted to an applied force. Here, each half turn of the nut corresponded to a force
increase of 0.17 4+ 0.06 N. The resistance was measured using a two-point measurement,
where probes were attached at the top of the SCTP and to the ITO beneath the PS layer.
The resistance was recorded using a digital multimeter connected to automated LabView

software.

Using the same experimental set-up, I-V sweeps were also performed through the capping
electrode/PS layer areas at various levels of applied force. The IV behaviour can give infor-
mation on the nature of the conduction mechanisms. For example, deviation from a linear
I-V relationship (Ohm’s law) can help to identify the conduction mechanisms, e.g. quantum
tunnelling or field assisted quantum tunnelling, percolative networks, or Poole-Frenkel and
space-charge limited regimes. As such, I-V sweeps are an important tool in understanding

underlying conduction mechanisms within a device.

Here, the multimeter was used to apply voltage increments of 0.1 V, at which the current was
measured. The voltage was sequentially ramped up to 10 V and then ramped back down to
0 V to complete the voltage sweep. Ten voltage sweeps were performed sequentially for each
sample in order to ascertain whether there was any change in the I-V characteristics between
each sweep. Such an occurrence could indicate the presence of charge trapping within the

sensor [238]. Data was collected automatically using a custom-built LabView programme.

9.5 Chapter summary

This chapter described the experimental methods used to both fabricate and analyse pressure
sensitive resistive touchscreens, containing the nanocomposite granules that were developed
in part I of this thesis. These granules were formulated into a transparent ink and screen-
printed onto glass/ITO substrates. Control of the screen parameters, including thread count
and diameter, allowed control over the printed ink thickness. The theoretical dried thickness
of the PS layer was calculated to be 6.9 pm. Pressure-sensitive resistive touchscreens were
fabricated by the addition of a separate, flexible PET/ITO electrode. Additionally, small 6

mm circular sensors with a similar structure were also fabricated.

After assembly, the optical properties of the PSRTs were investigated using a spectropho-
tometer to measure the total transmission of visible light as well as the haze (resulting from
diffuse transmission). High optical transmission and low haze are important for applications
where the touchscreen is overlaid onto a high-resolution display, so as not to obscure the

output from this display.

A series of experiments were designed to characterise and investigate the electrical functional-

ity of the touchscreens and their pressure sensitive response. Measurements of force-resistance
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profiles, over many positions on the same sensor and also as a function of cyclic testing, were
performed to characterise the response of the devices. In order to understand the fundamen-
tal conduction behaviour of the PSRTSs, flicker noise measurements were performed so as to
extract information on the nature of conduction and whether this was affected by increasing
the applied force to the device. A custom-built test rig utilising spring contact test probes
was used to test the force-resistance response of the pressure-sensitive layer itself, remov-
ing the effect of increasing contact area associated with operating the full PSRT assembly.
This was achieved by evaporating chromium/copper/gold contacts directly onto the pressure
sensing layer containing the nanocomposite granules. I-V sweeps were also performed for
varying applied force. This aims to show to what extent the role of any intrinsic granule

force-sensitivity plays in the overall force-sensitivity of the granule-based touchscreen.



Chapter 10

Functional Performance of
Touchscreens containing

Nanocomposite Granules

10.1 Introduction

In this chapter, the functional performance of the pressure sensitive resistive touchscreens
(PSRTS) is reported, in terms of their physical properties, optical performance and force-
resistance (F-R) behaviour. The PSRTs contained either pre-formed nanocomposite gran-
ules as developed in part I of this thesis, or agglomerated ATO (antimony-doped tin oxide)
nanoparticles formed during the ink manufacture stage. The latter system acted as a control

sample for comparison with the performance of the granular-PSRT's developed in this study.

The physical properties of the PSRTs are discussed in section 10.2. SEM imaging was used
to image the granules embedded in the host polymer in the pressure sensing (PS) layer, and
optical microscopy used to measure the granule concentration within the layer. FIB milling,
used to create a cross-section through the ink surface, allowed comparison of the ink thickness
to the theoretical predictions outlined in chapter 9. The optical properties of the PS layers
are examined in detail in section 10.3. A critical comparison is made between granulated
samples and the control sample. Results from two spectrophotometers are compared and used
to characterise the optical performance in terms of the transmission over visible wavelengths

as well as the haze.

Finally, the electrical functional performance of the PSRT's is described in section 10.4.2. The

F-R behaviour is quantified in terms of sensitivity, hysteresis and variability of the response.

191
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A comparison is made between the control sample and samples containing granules. The
effect of sieving to remove granules greater than 20 pm in size is also assessed. The durability

of the PSRTs in response to high-impact sliding wear testing is examined in section 10.4.3.

10.2 Physical structure of ink through optical microscopy,
SEM and FIB analysis

Fig. 10.1 shows the physical structure of a PS layer containing nanocomposite granules.
Fig. 10.1(a) shows the distribution of granules within the ink for a granule loading of 0.4%
with respect to the mass of the base varnish. Fig. 10.1(b) shows the same PS layer imaged
at a higher magnification and an oblique incidence of 52°, highlighting the protrusion of the
granules above the PS surface. Fig. 10.1(c), Fig. 10.1(d) and Fig. 10.1(e) show individual

granules embedded into the insulating polymer. The granules protrude above the ink surface

Insulating
ink base

(c) (d) (e)

FIGURE 10.1: SEM images showing the physical structure of the printed PS layer (a) normal

to the printed surface (b) at 52° to the printed surface, showing the granule protrusion above

the surface. (c) (d) and (e) show individual granules embedded into the ink where the granule
is not completely wetted by the base polymer.
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and are not fully wetted by the base ink. This is crucial in providing a conductive surface for
contact with the flexible electrode. The amount of conductive material exposed can vary from
granule to granule. For example in Fig. 10.1(e) only a small percentage of the conductive
granule surface is exposed, and the remainder resides below the ink surface. To measure the
spatial distribution of granules within the PS layer optical microscopy was used to obtain
nine images at random locations across the layer, using a 40x objective lens. The granule
number density was defined as the number of granules measured per unit area, quoted here
in mm™2.

Fig. 10.2 shows a FIB-milled cross-section through the PS layer. The layer was first treated
with a platinum capping layer to preserve the surface topography. To the right of the image
is the edge of a granule embedded within the layer. The bright region at the bottom of the
image is an artefact caused by charging of the insulating PET substrate, and the bottom
of the PS layer can be observed just above this region. The PS layer thickness is 1.3 pm,
significantly less than the theoretical value of 6.9 pm calculated in chapter 9. This could
be due to an inefficient screen-printing process, for example poor flooding of the mesh prior
to printing or insufficient squeegee pressure reducing the thickness of the printed layer, or
an underestimation of the dried ink thickness after solvent evaporation. A large mis-match
between granule size and PS layer thickness causes increased protrusion of the granules above
the surface of the layer. This may have an adverse effect on the durability of the PSRT, as

is explored further in section 10.4.3.

Granule

8 Platinum cap

PET substrate

FIGURE 10.2: SEM image of a FIB-milled cross-section through a PS layer. A platinum cap
was deposited to protect the surface prior to milling. The ink thickness was measured at 1.3
pm, much less than the theoretical dried ink thickness of 6.9 pm calculated in chapter 9.
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10.3 Optical performance of touchscreens containing

pre-formed granules

10.3.1 Comparison of techniques used to measure transmission

The optical transmission through the glass/ITO substrate B1 was measured using the Hunter-
Lab ColourQuest integrating-sphere spectrophotometer (CQ) described in chapter 8. This de-
fines the maximum achievable transmission through the PS layer printed onto the glass/ITO
substrate, and therefore allows the effect of the additional PS layer on the transmission and
haze to be determined. Fig. 10.3(a) shows the total transmission as a function of incident
light wavelength in the range 400-700 nm, corresponding to visible light. In all cases four
measurements were taken, one in each quadrant of the sample. Error bars, representing the
standard deviation of the measurements, are smaller than the data points. The haze, h, was
0.6 + 0.1%. The error of 0.1 % corresponds to the minimum resolution of the measurement as
stated by the manufacturer and the spread in haze values measured over the four quadrants
did not exceed this value. The transmission at 550 nm is 91.6 %. This matches typical values

for glass/ITO substrates used in touchscreen assemblies, which are 89-93 % [264].

Fig. 10.3(b) shows the optical transmission profile (measured using the CQ spectrophotome-
ter) for two samples, compared against that of the substrate B1. Lines are drawn between
data points as a guide to the eye. Sample G1 contained nanocomposite granules at a loading
of 0.2 % by mass of the base varnish. The granules themselves were fabricated using the
optimum composition determined in chapter 6, specifically spherical ATO nanoparticles and
10 % silicone binder. They were granulated at 2000 rpm in the DAC for 4 minutes before

curing and then sieving at 75 pm to remove large agglomerated material. Also shown is the
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F1GURE 10.3: Graphs showing the transmission spectra over visible wavelengths measured
using the CQ spectrophotometer for (a) the rigid glass/ITO substrate (B1) onto which all
samples were printed (b) and the PS layers C' and G1 printed onto substrate Bl



Chapter 10. Functional Performance of Touchscreens 195

control sample, C', in which an equal amount of ATO nanoparticles were dispersed directly

into the base ink without the pre-granulation stage.

For both samples G1 and C, at wavelengths less than 550 nm, a slight decrease in the
transmission was observed, with this effect minimised for G1. This suggests that scattering
and absorption of light within the PS layer reduced the transmission through the assembly.
However above 550 nm the transmission through both samples appears to exceed that of
the substrate only. The difference in transmission is significantly higher than the error. It
is possible that this phenomena is caused by poor calibration of the CQ spectrophotometer
leading to larger measurement errors than anticipated. If this were a real effect it may
be suggestive of a fluorescent mechanism, where shorter wavelengths (higher energies) are
absorbed and then re-emitted at longer wavelengths (lower energies). To corroborate this

result, the measurements were repeated on the Shimadzu UV-3600 (SUV) spectrophotometer,

which offered greater wavelength resolution.

Fig. 10.4(a) shows the transmission through the B1 substrate measured using the SUV spec-
trophotometer, at wavelengths of 300-900 nm covering the ultraviolet (UV), visible and near
infra-red (NIR) wavelengths. By measuring the transmission at an extended wavelength
range it is possible to identify features such as the absorption edge due to the band gap
of the ITO. As discussed in chapter 9, ITO has a band gap typically in the range 3—4 eV,
corresponding to a wavelength of 310-410 nm. For photons below this energy ITO is non-
absorbing, however above this photons may be absorbed in electron transitions, producing a
sharp transition between absorbing and transparent regions in the transmission spectrum at

wavelength corresponding to the band gap. In reality the transition is smoothed out over a
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FIGURE 10.4: Graphs showing the transmission spectra for (a) substrate Bl over ultra-

violet/visible/near infra-red wavelengths from 300-900 nm measured using the SUV spec-

trophotometer and (b) samples G1 and C' measured using both CQ and SUV spectropho-
tometers, compared against substrate B1 measured using the SUV spectrophotometer.



Chapter 10. Functional Performance of Touchscreens 196

wider range of energies due to transitions involving impurity states or phonons. This effect is
responsible for the decrease in transmission at wavelengths shorter than 400 nm, observed in
Fig. 10.4(a). In the NIR region (> 700 nm) the transmission slowly decreases to 84.6 % at 900
nm. With increasing wavelength, the real part of the complex dielectric permittivity of the
ITO decreases and at the plasma frequency it is equal to zero. Here, the I'TO becomes highly
reflective and the transmittance decreases. For higher carrier concentrations the plasma fre-
quency may occur within long wavelengths in the visible range, causing the transmission to
decrease at longer wavelengths. Another interesting phenomenon is the oscillations in the
transmission occurring over all wavelengths > 350 nm, where the transmission exhibits mul-
tiple local maxima and minima. This feature is indicative of interference fringes generated
by coherent and incoherent reflection of light at the interfaces of the PSRT structure, when
compared to the reference sample. In this case, the reference was transmission through air,

as the reference port in the SUV spectrophotometer was left empty.

Fig. 10.4(b) compares the transmission spectra obtained using both SUV and CQ spectropho-
tometers for the B1 substrate and samples C' and G1, for visible wavelengths. The same
shape of the transmission spectra is measured regardless of the instrument used, although
the transmission measured using the CQ spectrophotometer produced a systematic shift to
higher transmission values by approximately 1-2 %. This may be partly attributed to the
integrating sphere attachment which collects all forward scattered light, whereas using the
SUV spectrophotometer only directly transmitted light is collected. Furthermore, the light
source is different in each instrument, where the colour filter used in the CQ spectrophotome-
ter simulates daylight conditions and there is no such filter in the SUV spectrophotometer.
Due to the general agreement between results, henceforth the transmission properties (e.g.
the integrated transmission) are measured using the SUV whilst the haze is recorded using
the CQ spectrophotometer. The increase in transmission for the PS layers above that of the
substrate, if a real effect, may be caused by fluorescent effects. The source of the fluores-
cence may be the polymeric base varnish or the ATO nanoparticles. Whilst an interesting

phenomenon, this is not explored further in this thesis.

10.3.2 Transmission and haze through pressure-sensitive layers

The transmission spectra for various samples are quantified in terms of their integrated trans-
mittance, Tryr and the haze, h, and the results are compared in Table 10.1. The number
density of granules is the number of granules per mm?, and this is shown for each PS layer.
The mass loading of granules into the ink, expressed as a percentage of the base varnish mass,
is also shown. Samples with the same mass loading may have a different number density of
granules. This is because the number density does not account for the size and therefore mass

of individual granules - for the same mass loading it is possible to have either a high number
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Sample Granulation Sieve Substrate ~ Mass loading Number den- % <5um Tint (%) Haze (%)
time size (%) sity (mm™2)
(mins) (nm)
B1 — — B1 - - - 90.07 £ 0.09 0.6 + 0.1
C - - B1 0.2 250 + 70 74 87.7 £ 0.3 2.5 £0.1
G1 4 75 B1 0.2 54 + 8 49 88.6 + 0.1 1.3+ 0.1
G2 4 75 B1 0.2 47 £ 6 56 88.78 £ 0.08 14 +0.1
G3 4 20 B1 0.2 190 £ 20 64 87.7 + 0.2 2.1 +0.1
G4 4 20 B1 0.4 330 =+ 10 64 86.8 + 0.2 3.1 +0.1

TABLE 10.1: Optical properties of the Bl substrate, and PS layer comprising granules
produced with a range of process variables and post-production sieve protocols.

density of small (low mass) granules or a low number density of large (higher mass) granules,
or anything in between. Additionally, the percentage of granules that are 1-5 pm in size is
also shown. Granules less than 1 pm could not be measured due to the resolution of the
images and the thresholding algorithm used. Samples G1 and G2 are structurally identical,
however G2 was printed 6 months after G1 using the same ink. The similarities in granule
concentration and optical transmission suggest no degradation of the granules within the ink.
For samples G3 and G4 the granules were passed through a 20 pm sieve before incorporation

into the ink.

An important observation is that haze is minimised for pre-formed granules when compared
to the control sample, which contained ungranulated ATO nanoparticles at the same mass
loading. For example, sample C' produced a haze of 2.5 %, whereas samples G1 and G2
produced a haze of just 1.3 and 1.4 % respectively. The haze and transmission properties can
be linked to the size and number density of the granules within the PS layer. Fig. 10.5(a)
shows the number density of granules plotted against h and Tryp for each PS layer. For a
greater number of granules per unit area, h increases whilst 17y decreases. The solid lines
represent linear relationships. In Fig. 10.5(b) the percentage of granules in the size range 1-5
pm is plotted against haze. The horizontal error bars relate to the error in the determination
of the granule size distribution when the size is altered by 4+ 1 pixel. Within error, haze

increases with an increasing proportion of smaller granules within the PS layer.

These observations are in agreement with the theoretical predictions discussed in chapter 8.
The scattered light intensity from granules or agglomerates within the PS layer is strongly
dependent on their size and number. Generally speaking, granules less than 100 nm in size
promote Rayleigh scattering and an approximately constant scattered light intensity is found
independent of scattering angle. For larger particulates scattering is predominantly in the
forward direction with a large scattering peak centred at 0°. Referring back to Fig. 8.11, the
intensity of light scattered to small angles (i.e. less than 2.5°) is greater for 10 pm particles
than it is for 1 pm particles. For example, sample C, which contained a larger number of

smaller granules would be expected to scatter a lower intensity of incident light to less than
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FIGURE 10.5: Graphs showing (a) the relationship between the granule number density

within the PS layer with the measured haze (black data points) and integrated transmission

(red data points), where the dashed lines represent linear trends. (b) shows the relationship
between the haze and the proportion of granules of size 1-5 pm.

2.5°, whereas samples containing fewer and larger pre-formed granules would be expected to
scatter a higher intensity of light to less than 2.5°. This is reflected in the measured haze

values.

Referring to samples G3 and G4, it is clear that sieving the granules at 20 pm is detrimental
to the optical properties of the PS layer. Sieving was performed in the hope of eradicating
the minority of large granules reminiscent of the bimodal distribution promoted during gran-
ulation (see chapters 6 and 7). The large number density of granules in sample G4, compared
to samples G1 and G2 which were sieved at 75 pm, suggests breakdown of individual granules
during the sieving process. Doubling the granule loading at the ink manufacture stage, as for
G5, produces a 1.7 factor increase in the measured granule concentration in the printed PS

layer and further increases the haze.

In summary, it is shown that pre-formed granules offer a significant advantage over sponta-
neously formed agglomerates, in terms of the optical properties of the PSRT devices. This
is because the granulation step effectively reduces the percentage of small granules < 5 pm
within the PS layer, so that for the same mass loading the granules are on average larger
with a correspondingly lower number density. Larger particles scatter predominantly in the
forwards direction, with a strong transmission peak at low angles. This result is important
as it allows minimisation of the optical haze for a given particulate loading by mass, if the

particles are first granulated before incorporation into the ink.
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10.4 Electrical functionality of touchscreens containing

nanocomposite granules

10.4.1 Quantifying the force-resistance response of PSRT's

In the previous section it was shown that PS layers containing pre-fabricated granules offered
a significant benefit over the control sample in terms of optical transmission through the layer.
However, it is also necessary for the granulated samples to offer the same, if not improved,
electrical functionality when compared to the control. In this section, the parameters used

to quantify the functional response of the PSRTs are defined and compared for each PSRT.

To exemplify the typical F-R profile exhibited by the PSRT, the control sample C is chosen as
a representative example. This sample contained unagglomerated ATO nanoparticles instead
of pre-formed granules. Here, the PS layer was printed onto substrate B1 and then adhered
to the PET/ITO flexible electrode T'1.

10.4.1.1 Hysteresis in F-R behaviour

The F-R response at 30 positions on the test PSRT's was measured using the testing procedure
outlined in section 9.4.1. To highlight the hysteresis in the response, the F-R response at one
position is shown as an example in Fig. 10.6 for both loading and unloading of force up to 5

N, where the solid arrows indicate the loading and unloading cycles.

With increasing force the resistance drops non-linearly from 0.54 MQ to the order of 1 kQ.

The resistance of 0.54 MQ represents the maximum measurable resistance of the system and

Resistance (Q)

A T T

102

0.1 F, 1.0 10.0
Force (N)

F1GURE 10.6: Graph showing the F-R response of sample C' at one location. Hysteresis

occurs between the increasing and decreasing force regimes shown by the black circles and

white squares respectively, where the resistance is consistently lower when decreasing the

applied force. The activation force, F4, at which the resistance first drops to 0.4 MQ, is
shown by the dashed line.
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not the off-state resistance of the PSRT. The activation force, Fla, is defined as the force
required to cause a decrease in resistance to 0.4 MQ), when increasing the force. For the test
position shown in Fig. 10.6 F)4 was 0.38 N. The greatest change in resistance is seen for forces
up to 1 N, after which the resistance decreases at a slower rate. Furthermore, hysteresis
between loading and unloading cycles is also evident, where decreasing the applied force
results in a lower resistance than when increasing the force. To quantify this, a dimensionless

hysteresis parameter, H, was defined as:

. RF,inc - RF,dec

H
RF,inc

(10.1)

where Rp . and R 4e. are the resistance values for increasing and decreasing applied force
respectively, at force F. Unless otherwise stated, H was evaluated at 1 N. A H value of 0
represents no hysteresis. The larger the value the greater the hysteresis. Here, H is 0.23.
When comparing the functional response of multiple PSRT's the average hysteresis parameter
over the 30 tested positions is quoted, with an error given by the standard deviation over
all positions. Hysteresis may be caused by one of two effects. Firstly, the flexible electrode
has a finite relaxation time when the load is decreased by retracting the stylus. The flexible
electrode does not immediately attain its equilibrium position when the force is removed,
such that there is a lag between the force applied to the electrode by the test probe and the
force applied to the PS layer by the electrode. The second possibility is an inherent hysteresis
in the pressure-sensitive resistance response of the nanocomposite granules. This feature is

explored later in chapter 12.

10.4.1.2 Variability of F-R behaviour over 30 tested positions

Considering increasing the applied force only, the F-R response for each of the 30 tested
positions is shown in Fig. 10.7(a). A comparison over all locations allows the variability in

the resistance response to be assessed using a dimensionless variability parameter, V:

RF maxr RF min
V= : . 10.2
RF,avg ( )

where Rpmaz, REmin and RE g are the maximum, minimum and average resistance values
at applied force F' over the 30 positions tested (shown by the dashed lines in Fig. 10.7(a)).
Unless otherwise stated, V is assessed at a force of 1 N. Ideally, V ~ 0 is preferable as
this represents an equal F-R response regardless of test location. For sample C', V is 0.43
corresponding to a spread in resistance values of 1200 QQ at 1 N. The variability in the
response at less than 1 N is typically high and the spread of F4 across the 30 positions
implies that the activation force is highly sensitive to the morphology of the PS layer. For
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FIGURE 10.7: Graph showing (a) the F-R response over 30 positions on sample C' (b) the
average F-R response where the error bars represent maximum and minimum resistance
values recorded over all positions.

PS localities where a larger granule protrudes well above the PS surface it is expected that

the activation force may decrease in that region.

10.4.1.3 Average sensitivity of F-R behaviour

The average response of the PSRT is calculated by averaging the resistance values recorded
at discrete sample forces. The average response for sample C' is shown in Fig. 10.7(b). The
error bars represent the maximum and minimum resistance values measured at that force
over all positions. The large error bars at forces of 0.3-0.6 N are caused by the variation in

F4 at each test location.

Ideally, the F-R response would show a decrease in resistance for applied force in the range
of interest. In this case, the force range corresponds to a light touch (0.1 N) and a hard press
(~5 N). It is useful to define a dimensionless sensitivity parameter, S, which describes the

rate of resistance decrease:
_ log Rp, —log Rin

 log Ry, — log Rsn (10.3)
Here, the denominator represents the total change in (the logarithm of) the resistance over
the forces F4 to 5.0 N. The numerator represents the change in (the logarithm) of the
resistance from F4 to 1.0 N applied force. It is important to note that a high value of S is
not always beneficial. At low forces, an overly sensitive response will result in ‘switch-like’
behaviour, where initially the resistance drops rapidly but then is unresponsive to further
application of force. Such a response may be useful in digital (on/off) applications but is
not suited for continuous sensing of applied pressure. Here, an S value of 1 represents fully

digital or switch-like behaviour where the response of the PSRT is fully saturated at 1 N.
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For sample C', where the average F4 over 30 positions was 0.35 N, an S value of 0.93 was

calculated.

10.4.2 Comparison of F-R response for different PS layers

In this section, the functional performance of several PSRTs are compared according to their
force-resistance characteristics, quantified through the hysteresis, variability and sensitivity
parameters as described above. These values are compared against those obtained for the

control sample C.

10.4.2.1 Comparison of control sample with sample containing optimum

granule composition

The optimum granule composition was investigated in part I of this thesis. It was found
that silicone binder and spherical ATO nanoparticles allowed for a controllable granulation
process where granule nuclei were formed for mixing times up to 10 minutes when granulated
at 2000 rpm in the DAC. Furthermore, analysis of the granule structure determined the
average porosity and strength of such granules. Here, the optimum granules produced after
4 minutes were incorporated into the PS layer. These granules had a GSD which was shown
in Fig. 6.2 and the percentile values Dig, Dsg and Dgg of 3.6, 5.8 and 8.9 pm respectively.
The average porosity of the nuclei was 16 + 1 % and the average fracture strength (of the
size fraction 75-100 pm) was 10.9 £ 0.9 mN.

A granule loading of 0.1 g in the PS layer was used to create sample G1, which was previously
characterised in Table 10.1 in terms of the optical properties and the number density of
granules per mm?. The F-R profile measured at one location is shown in Fig. 10.8(a). The
general trend of the F-R response is similar to that of sample C'. The resistance drops from
an initial value in excess of 0.5 MQ to around 1 kQ, with application of up to 5 N force.
Here, F4 was 0.41 N. However, the F-R curve shown here exhibits an unusual bump at 1 N.
Here, the F-R response prior to 1 N appears to level, and then decreases further just after 1
N. This feature appears in the F-R response over all 30 positions tested, although the exact
force at which it appears shows some variation. The cause of the feature is not currently
understood but may be caused by atypical mechanical properties of this particular PSRT

assembly.

Similar to sample C, hysteresis is observed when increasing and decreasing the force. At this
location H is 0.43. Fig. 10.8(b) shows the F-R response over all 30 positions. The average
H is 0.37 & 0.07. The variability V at 1 N over the 30 locations is 1.3. Here, the spread of

resistance values around the average is greater than the average resistance itself and indicates
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FIGURE 10.8: Graph showing (a) the F-R response at one position on sample G1, where
the black circles and white squares represent increasing and decreasing the force respectively.
(b) shows the F-R response over all 30 tested locations on sample G1.

large variation between tested locations on the PSRT surface. As for the control sample, the
variability increases for forces less than 1 N, with a range of F)4 values. The average response
of sample G1 is compared to that of sample C in Fig. 10.9(a) and Table 10.2 compares the
performance parameters for each PSRT discussed in this section. The error on the average
activation force (Fj4) is taken as the standard deviation of the F4 values recorded over each
test position, whereas AF4 gives the range between the maximum and minimum values

recorded.

For sample G1 V is much larger than for sample C', however F'4 and H are similar considering
their statistical variations. Additionally, for G1 S is calculated as 0.88, which is lower than
that of sample C' (0.93). Fig. 10.9(b) shows the change in resistance as a function of applied
force, i.e. the gradient of Fig. 10.9(a), for both samples. It can be seen that in the force
range F4 to 0.65 N, the change in resistance is lower for sample G1 than it is for sample
C. This highlights the lower sensitivity for G1 at lower applied forces, where it behaves less

‘switch-like” when compared to sample C.

It is apparent that by replacing the spontaneous ATO agglomerates with pre-formed granules,
the overall response of the PSRT remains comparable to the control C'. The F-R response

becomes less sensitive, or ‘switch-like’, at low applied forces however V is greatly increased.

Hence it can be concluded that pre-formed granules can offer the advantage of a less sen-
sitive, or ‘switch-like’ response when compared to spontaneous agglomerates, in addition to
enhancing the visible light transmission through the PS layer. However the drawback to a
lower number density of granules is the increased spatial variation in response over the PS

surface, which can be a disadvantage in large-area applications.
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FIGURE 10.9: Graph showing (a) the average F-R response over 30 positions for samples

C (red) and G1 (black), where the error bars represent the standard deviation over the 30

tested locations. (b) shows the gradient of the F-R response as a function of force for samples

C (red) and G1 (black) where it can be seen the rate of decrease of resistance with force is
lesser for sample G1 for forces between 0.65 and 5 N.

10.4.2.2 The effect of sieving the granules to a maximum size of 20 pm

During granule fabrication a granulation regime was selected which produced granule nuclei
typically less than 20 pm in size. However, due to the method of binder dispersion a bimodal
size distribution of granules was promoted where a small fraction (by number) were greater
than 20 pm. Whilst all granules were sieved at 75 pm before inclusion into any ink, this does
not remove any intermediate sized granules from 20-75 pm. Such granules in the PS layer
may be disadvantageous. Initial contact between the flexible electrode and large granules
may delay any subsequent contact with surrounding smaller granules and produce an overly

sensitive, ‘switch-like’ response.

To negate this possibility the optimum granules (as described above) were sieved at 20 pm
prior to inclusion in the ink at 0.1 g loading (G3) and 0.2 g loading (G4). The F-R response
over the 30 tested positions is shown in Fig. 10.10(a) for sample G3 and in Fig. 10.10(b) for

sample G4. The performance parameters are listed in Table 10.2. Interestingly, the average

Sample Fa (N) AF4 (N) H Vv S

c 0.35 £ 0.05 0.24 0.26 + 0.04 0.43 0.93
G1 0.27 £ 0.05 0.29 0.37 £ 0.07 1.3 0.88
G3 0.34 £ 0.06 0.31 0.27 + 0.06 0.66 0.95
G4 0.24 + 0.07 0.27 0.23 + 0.04 0.37 0.97

TABLE 10.2: Performance parameters for PSRT functional response, including the average

activation force, F4 and the spread of the activation force over 30 tested locations, AFy,

as well as the hysteresis (H), variability (V) and sensitivity (S) parameters. H and V were
assessed at a force of 1 N.
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FIGURE 10.10: Graph showing the F-R response over 30 positions for sample (a) G3 and
(b) G4 and the average F-R response compared against G1 and C for (¢) G3 and (d) G4.

F-R response bears more similarity to that of C' rather than G'1 and the values of H, F4 and
AF, are comparable with those of sample C. Fig. 10.10(c) and Fig. 10.10(d) compare the
average response for G3 and G4 against C' and G1 respectively, where the F-R curve for G3
lies almost on top of that produced by C'. The S parameter is similar to that for C whilst the
variability V lies between the values obtained for C and G1. Meanwhile, sample G4 shows

an increased S and a reduced V, whilst H remains comparable.

These results indicate that sieving the granules before ink manufacture has a negative impact
on the F-R response because it increases the sensitivity of the response to that approaching

sample C. Meanwhile, V decreases with increased granule loading. The number density of

granules per mm?

was shown in Table 10.1. Sieving the granules at 20 pm increased the
granule concentration, a fact which was attributed to causing the observed deterioration of
optical performance. Sieving the granules therefore appears to break down the pre-formed
granule structure. When sieving the granules, it was noted that the granules quickly blocked
the sieve openings. This phenomena, known as sieve blinding, can result from granules larger

than the sieve size becoming lodged in the mesh openings. For granules below the mesh size,
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blinding can occur if there are too many granules on the surface of the sieve. This phenomena
is exacerbated for sieve openings less than 100 pm in diameter [282]. Increased mechanical
agitation may free the sieve openings but may also result in granule attrition and breakage,

which is detrimental in this application.

10.4.2.3 Linking PSRT performance to granule distribution within the PS

layer

It is hypothesised that the differences in the variation and sensitivity of the F-R response
observed for samples G1 to G4 can be linked with the distribution of granules within the PS
layer. As can be seen from Table 10.1, the number density of granules in the PS layer is much
larger for sample C' and G3 than for G1, for the same mass loading of solids into the base
ink. This can be attributed to the formation of a greater number of smaller agglomerates
or granules in the former case, and fewer but larger granules in the latter case. When the
number density of granules within the PS layer is lower, the F-R response may become more
sensitive to local fluctuations in the granule number, as fewer granules are responsible for the
overall conduction through the PSRT. This may explain the observed increase in variability.
Furthermore, because there are fewer granules per unit area the sensitivity of the response
may improve, i.e. become less ‘switch-like’. For a large number of granules contacted by
the flexible electrode the resistance may quickly saturate to a minimum value. For a lower

concentration of granules the rate of saturation may decrease, thus decreasing the sensitivity.

V and S are plotted as a function of granule number density in Fig. 10.11(a) and Fig. 10.11(b)
respectively. It can be seen that in both cases there is a correlation, where V decreases with
increasing granule number density and S increases with number density. In both instances
a linear trend may be used as a first approximation, although more data points are needed
to clarify the exact form of the relationship. This result supports the above hypothesis and
indicate that there is indeed a trade-off between improving the sensitivity of a PSRT and

improving the spatial variation in the F-R response.

In summary, the electrical properties of the PSRT containing nanocomposite granules is
comparable to that of the control sample containing spontaneously formed agglomerates.
Whilst pre-formed granules result in an improvement of the sensitivity of the F-R response,
spatial variation across the layer also increased. When the granules were sieved at 20 pm, the
response approached that of the control sample. It was found that the sensitivity increased
(i.e. became more ‘switch-like’) with an increasing number density of granules within the PS

layer, whilst the variability of the response decreased.
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FiGURE 10.11: Graph showing the correlation between the number density of granules
within the PS layer and the (a) variability (V) and (b) sensitivity (S) parameters of the F-R
response.

10.4.3 Durability of PSRTs

Durability is important in device applications because the response of the device must remain
unaltered with repeated use. Here, it is observed that after repetitive F-R testing, the
response shifts towards higher resistances. The durability of a PSRT after a large number
of testing cycles was assessed using the sliding wear procedure outlined in chapter 9. By
subjecting the PSRT samples to this high-energy testing procedure it is possible to investigate
both the damage mechanisms and possible methods of circumventing the problem through
the touchscreen assembly. Sample G1 is used as an example to quantify the effects of the

line-writing procedure.

10.4.3.1 Assessing the effects of the line-writing test

Prior to testing, 15 locations close to the LW region were tested and an average F-R curve
was calculated. After 30 000 line-writing cycles, 50 positions corresponding to 5 lines of
10 points crossing the line-written region (as shown in Fig. 9.8(b) were tested for their F-
R response. Fig. 10.12(a) shows the resistance measured at 1 N applied force, at each of
the 10 points on the line perpendicular to the line-written area. Results for each of the 5
perpendicular lines are shown. The horizontal dashed line shows the average resistance at 1
N measured prior to line-writing, and also accounts for the inherent variability, V, in the F-R
response. The peak values of resistance along each line were used to determine the location
of maximum deviation from the pre-line writing F-R response, shown by the vertical dashed
lines in the figure. The F-R curves for these 5 locations are shown in red in Fig. 10.12(b).

The black lines represent the tests outside the line-written area which showed no change in
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FIGURE 10.12: Graphs showing the effect of sliding wear or ‘line writing’ tests on the
functional performance of a PSRT. (a) The resistance measured at 1 N for 10 positions along
a test line perpendicular to the line-written region, with 5 test lines measured in total. The
horizontal dashed lines represent the average resistance measured at 1 N prior to line-writing,
and the inherent spatial variability in the F-R response. The 5 maxima represent 5 locations
corresponding to maximum deviation away from pre-line-writing F-R behaviour, contained
within the vertical dashed lines representing the line-written region. (b) The F-R curves at

maximum deviation are shown in red, whilst the black lines represent the F-R response away
from the line-written area, corresponding to the minima shown in (a).

F-R response when compared to the pre-test results, i.e. the minima in Fig. 10.12(a). A

durability parameter, D, was defined as:

D— RLW,maa:
Ravg

(10.4)
where Rrw mqz is the average peak resistance post-LW measured at 1 N as shown in Fig. 10.12(a),
and R, is the average resistance pre-LW at 1 N. For D =1, there is no shift to higher resis-
tances after line-writing and the touchscreen has ideal durability. Realistically, D >1 where
a higher value represents poorer durability. For D < 1 this would indicate that the post-
LW resistance was lower than the pre-LW resistance, although this has not been observed
experimentally. Note that for the durability to be measurable against the inherent spatial
variability of the F-R response then D > 1 + V. For sample G1 presented here, D is 3.2,

which is distinguishable from the inherent variability of 1.3.

The durability of samples G3 and G4 were also assessed using the same procedure. Fig. 10.13
shows the effect of 10 000 line-writing cycles. Note that for both of these samples the
resistance shift is approximately a factor of 10 larger than for G1. The durability parameters
of all samples are compared in Table 10.3. Also shown are the H and S parameters. These

were averaged over the five F-R curves at the line-written location and also calculated for



Chapter 10. Functional Performance of Touchscreens 209

the average F-R response prior to line-writing. The H and S values outside the line-written
region may not match those calculated in section 10.4.2, as in the latter case the results were
obtained over a large area of the PS layer, whereas here only a small locality was tested. The

values of S and H before and after line-writing allow further characterisation of the effect of

the sliding-wear test.

The D values for G3 and G4 are a factor of 10 larger than for that of G1, indicating a
large shift to higher resistances after the LW procedure for the 20 pm-sieved granules. In
all cases, H increases after LW which suggests that the hysteresis may be partly intrinsic

to the PS layer. This is because if the hysteresis was caused by the mechanical properties
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FIGURE 10.13: Graphs showing (a) the effect of the line-writing test on the resistance at 1

N applied force on 10 positions along five test lines perpendicular to to the line-written area

for sample G3, where lines between data points are shown as a guide to the eye. The peak

values correspond to the position on the sample where line-writing produced the largest shift

in resistance. (b) shows the F-R response at the five positions closest to the line-writing

area, compared to those furthest from the tested area. Graphs (c) and (d) show the same
process for sample G4.
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Sample D S (Pre-LW) S (Post-LW) H (Pre-LW) H (Post-LW)
Gl 3.2 0.90 0.84 0.38 £ 0.09 0.53 £ 0.03
G3 25.5 0.93 0.68 0.29 + 0.07 0.51 + 0.08
G4 24.9 0.94 0.57 0.25 £ 0.04 0.7+ 0.1

TABLE 10.3: The change in F-R characteristics as a result of the line-writing test proce-
dure, where the durability parameter, D, is calculated along with the sensitivity, S, and the
hysteresis, H before and after the line-writing test.

of the PET/ITO electrode only then this would remain unaffected by the LW test, unless
significant damage to the PET was evident. After all durability tests conducted here, no
obvious damage to the PET substrate was observed. For G1, S decreased post-LW by 7 %.
In comparison, the sensitivity decreased by 27 and 39 % for G3 and G4 respectively. This
is apparent from Fig. 10.13(b) and Fig. 10.13(d) as the resistance post-LW saturated to a
higher value at 5 N. This affect may be attributed to damage to the PS layer and damage
to the ITO coating on the flexible electrode, both of which may interrupt the flow of charge
through the assembly. The poor response of samples G3 and G4, compared to the response of
G1, may be attributed to the possibility that these granules were structurally compromised
by the sieving procedure, as explored earlier in section 10.4.2.2. For fractured or broken
granules, the sliding wear test may cause a greater amount of damage compared to whole,

structurally sound, granules.

After LW testing, both the surface of the PS layer and the ITO electrode in the location cor-
responding to the line-written region were imaged using SEM. Fig. 10.14(a) and Fig. 10.14(b)
show the effect of line-writing on the PS layer. Lower magnification images showed no dis-
cernible damage to the overall structure of the PS layer and the insulating polymer had not
been observably marked. However closer inspection of individual granules showed a flattened
surface and some smearing of granular matter. Damage to the ITO took the form of de-
lamination of regions of ITO, as shown in Fig. 10.14(c) and 10.14(d). This is consistent with
results obtained by others [73, 267, 268].

10.4.3.2 Extended durability through altering the build of the PSRT

Cairns et al. reported that the durability of a resistive touch interface could be enhanced
by adding a polyimide layer on top of the flexible electrode, which acted to reduce crack
formation in the ITO layer [269]. Here, the durability of the PSRT may be enhanced through
the addition of the layer T'3 on top of the original PET/ITO electrode. T3 comprised a
transparent PMMA layer approximately 0.17 mm thick. Each of the PS layers discussed
here was deposited on the glass/ITO substrate B1. Samples G5 and G6 comprised a granule
loading of 0.1 g, whereas samples G7 and G8 had a loading of 0.26 g. F-R graphs before and
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() (d)

FI1GURE 10.14: SEM images showing the effect of line-writing on the PS layer and ITO

electrode. (a) and (b) show individual granules within the PS layer with a flattened surface

profile and smearing of granular matter. (c) and (d) show damage to the ITO electrode in
the form of delaminated flakes of material.

after line-writing are compared in Fig. 10.15 for the four samples. The build parameters and

the results of the line-writing test are summarised in Table 10.4.

In all cases, the addition of the T'3 layer on top of the flexible electrode (T'1 or T'2) gave
a significant improvement in durability. For example, for samples G5 and G6, which are
identical other than the inclusion of T3 in the latter case, D decreased from 8.7 to 3.7.
With increased granule loading (which increases the number density of granules in the PS
layer) the addition of the T'3 layer, as in sample G7, produced the most favourable durability
conditions, with the lowest D value implying the smallest shift in resistance in response to the
line-writing test. The decrease in S post-LW was also minimised for this sample. However
sample G8, assembled using the PET/ITO T2 substrate and the T3 layer, showed a variable

F-R response both before and after line-writing, as shown in Fig. 10.15(d). The exact reasons
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F1GURE 10.15: Graphs showing the effect of the line-writing test on the F-R response of
samples (a) G5 (b) G6 (c) G7 and (d) G8

for this remain unclear although it could in part be due to the overall thinness of the build,

as the substrate T2 was just 175 pm thick.

With the addition of the T'3 layer, the flexible electrode becomes thicker and thus decreases
the deflection for a given applied force. If less force is exerted on the granules then granule
breakage is less likely to occur. Similarly, by increasing the granule loading the pressure on
the granules is decreased, as the electrode is in contact with a larger number of granules at
any given time. Again, this would be expected to increase the durability of the PSRT. The

effect of increasing the electrode thickness is explored further using the simulation developed

in chapter 11.

In summary, the addition of T'3 onto T'1 enhances the durability, and the durability is fun-
damentally improved for an increased granule loading. However, it should be noted that the

addition of a further layer in the assembly may impact on the optimum transmission and
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Sample Granule Loading (g)  Build D S (Pre-LW) S (Post-LW)
G5 0.1 B1, T1 8.7 0.95 0.79
G6 0.1 B1, T1 + T3 3.7 0.97 0.89
G7 0.26 B1, T1 + T3 1.2 0.85 0.83
G8 0.26 B1, T2 + T3 2.9 0.90 0.85

TABLE 10.4: Durability, D and the sensitivity, S, before and after line-writing, as a function
of PSRT build.

the overall build thickness. Hence for any application, there must be a trade-off between
the durability of the device to repeated testing and the optical transmission through the

touchscreen assembly.

10.4.4 Comparison of PSRTs containing nanocomposite granules with

other force sensing technologies

In chapter 2, a comparison was made between different technologies allowing the detection
of force on a touch interface. These included piezoelectric and capacitive sensors, as well
as piezoresistive conducting polymer composites and force sensitive resistors. Particular
emphasis was made on the detectable force range, from a light touch (0.1 N) to a hard press

(5 N). A comparison of all technologies was presented in Fig. 2.11.

Fig. 10.16 shows a comparison of these technologies with the response of the PSRT's developed
in this chapter. The F-R response of sample G1 was chosen as a representative example, and
the response parameter was calculated according to equation 2.5. Here, the activation force
of the PSRT comprising layer G1 was 0.41 N. This is similar to that of the FSR and the
resistive touch interface developed by Stantum. In its current form, the PSRT cannot detect
light touches of 0.1 N. However, this is much improved over the resistive touch interface
demonstrated by 3M (with a minimum detectable force of 0.5 N), and the piezoelectric touch
interface (1.9 N). Similarly, the response range of the resistive touchscreen developed by
Stantum, and the pressed capacitive touchscreen demonstrated by H. Kim operate in the low
force region only, with maximum response achieved by approximately 0.8 N. In this regard,
the PSRT demonstrated here is beneficial as it shows a response from 0.4 N to approximately
1 N, a closer match to the requirements for touch sensing in HCI applications. However, in
its current form the PSRT does not fully cover the touch requirements for HCI applications.

Future work may look to extend the force sensitivity to below 0.4 N, and above 1 N.

It should be noted that the sensitivity of the response, and the range of detectable forces
may be further controlled through the build parameters of the device. For example, for the
3M touch interface the sensitivity of the response may be controlled by altering the depth of

the air-gap between electrode and sensing layer, as was demonstrated in Fig. 2.9. Here, the
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FIGURE 10.16: Graph showing the force sensitive response of the PSRT device comprising

the PS layer G1, compared against the response of other force sensing technologies described

in chapter 2 of this thesis, including a piezoelectric sensor developed by PyzoFlex, pressed

capacitive sensors developed by H. Kim and K. Kim, piezoresistive conducting polymer

composites developed by Motorola, Stantum and 3M and force sensitive resistors developed
by Interlink Electronics.

sensitivity increased with increasing air-gap. Other build parameters which may affect the
functional performance of the device include the thickness and mechanical properties of the

electrode substrate. The effect of these parameters are explored in the next chapter.

10.5 Chapter summary

In this chapter the functional performance of PSRTs containing nanocomposite granules
was compared against that of a control sample containing spontaneously agglomerated ATO
nanoparticles. For samples containing the same solid loading by mass, those containing the
optimum granules (developed in part I) exhibited improved optical transmission and reduced
haze, over the visible wavelengths. Hence by pre-fabricating the granules prior to inclusion
into the ink, the optical performance is enhanced. This was linked to the granule size and
number density of granules within the PS layer. For pre-formed granules there were fewer
granules per unit area and a smaller percentage less than 5 pm in size. From the theory
of light scattering, larger particles scatter predominantly in the forward direction and thus
minimise the haze. This result is important as, for a given granule loading, the haze can be

minimised by pre-forming the ATO nanoparticles into granules before incorporation into the
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ink. The optical performance of touchscreens should be optimised for high-end applications
where obstruction of the underlying display needs to be minimised and granulation provides

a route for achieving this.

The F-R response of a number of PSRTs was quantified in terms of the hysteresis produced
when increasing and decreasing the force in a test cycle, the spatial variation in the F-R
response and the sensitivity of the average F-R response. It was found that PSRTs contain-
ing pre-formed granules showed a comparable response to PSRTs containing spontaneously
agglomerated ATO nanoparticles. Overall, the sensitivity of the PSRT containing granules
was lower, resulting in a less ‘switch-like’ response which is important for pressure-sensing
applications where a number of discrete pressure levels must be differentiated. However, the
PSRTs containing granules showed a higher spatial variation in F-R response. Furthermore,
sieving the granules at 20 pm prior to their inclusion into the ink produced adverse effects,
showing a greater number density of granules than the unsieved sample. It was hypothesised
that the sensitivity and variability were inherently linked to the number density of granules
within the PS layer, where it was found that for a lower number density of granules the

sensitivity decreased and the variability increased.

Finally, the durability of the PSRT's was assessed before and after the line-writing procedure.
By repeated testing at high force, it was found that the resistance shifted to a higher value
for a given applied force. This shift could be quantified by a durability parameter. SEM
analysis showed a flattening of the granule structures within the tested regions, as well as
delamination of the ITO on the electrode. The effect of line-writing test could be minimised

through the inclusion of an additional protective layer adhered on top of the flexible electrode.



Chapter 11

Modelling the Force-Resistance
Behaviour of the PSRT Response

11.1 Introduction

This chapter describes the model which was developed in order to predict the force-resistance
(F-R) behaviour of the pressure-sensitive resistive touchscreens (PSRTs). This model assumes
that the force-sensitive response is caused by an increased contact area between the flexible
PET/ITO electrode and the pressure sensitive (PS) layer, which in turn increases the number
of granules that provide conductive pathways through to the lower ITO/glass substrate. The
conductive nature of the granules themselves is neglected, where instead it is assumed that
each granule, if contacted, behaves as a linear (Ohmic) resistor. The resistance through the
PS layer can then be calculated as each granule provides a parallel resistance. Any intrinsic

pressure sensitivity of the granules is ignored.

In section 11.2, a model simulating the F-R behaviour is developed using the theory discussed
in chapter 8. This simulation predicts the F-R response by calculating the increase in contact
area between electrode and PS layer, and uses this as a basis for calculating the resistance
response. The effect of the touch location on the flexible electrode deflection is studied in
section 11.3. The simulation also allows the effect of other parameters, including the granule
loading and the individual granule resistance, as well as the depth of the air-gap and the
thickness of the PET/ITO electrode to be assessed, and these are explored in section 11.4.

Finally, the results of the model are compared with experimental data in section 11.5.

216
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11.2 Development of the model

As described in chapter 8, the deflection of a beam which is fully restrained at both ends
can be calculated using mechanical principles using equations 8.2 and 8.3. Here, to a first
approximation, the PSRT was modelled as a two dimensional flexible PET/ITO electrode,
fully fixed at both ends and positioned above the PS layer which was assumed to be non-

deformable.

With regards to equation 8.2 and 8.3, the following parameters were set. The total length
L of the flexible electrode was 80 mm, the width W was 65 mm and the thickness d was 1
mm. This corresponds to the PSRT dimensions outlined in Fig. 9.3, accounting for the finite
width of the Scotch™ tape which also acted as a fixed support at each end of the electrode
and produced an air-gap of depth ~100 pm. To simplify matters, it was assumed that the
electrode was fixed lengthways only. The Young’s modulus of PET was taken to be 3.3
GPa [283, 284] and the effect of the thin layer of ITO was neglected.

Fig. 11.1(a) shows the deflection of the PET/ITO electrode as a function of applied force,
where the force is applied to the centre of the electrode over a finite width of 2 mm. This
is similar to the dimensions of the stylus tip used in experimental testing. With increasing
force, the maximum deflection also increases. Of course, the deflection is limited by the rigid
PS layer. This is shown on the graph as a dashed line at a vertical depth of 100 pm. This
air gap corresponds to that produced experimentally through the use of Scotch™ tape as

described in chapter 9. As a simple approximation, a contact length can be defined by the
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FIGURE 11.1: Graphs showing (a) the deflection of the flexible PET/ITO electrode with

increasing centrally applied force. The intersection of each deflection curve with the dashed

line representing the rigid PS layer can be used to define a contact length between electrode

and PS layer, from which contact area can be estimated. (b) The contact area as a function
of applied force.



Chapter 11. Modelling the F-R behaviour of PSRTs 218

two intersections of the deflection curve with the dashed line representing the rigid PS layer,
for each value of applied force. As an example, the contact length for 1 N is shown on the
graph. Overall, the contact length increases with applied force, as would be expected. By
assuming that the deflection is symmetrical along the length and breadth of the electrode the
contact length can be equated to the diameter of the contact area made between electrode
and PS layer. The increase in contact area with applied force is shown in Fig. 11.1(b). From
the contact area, the resistance through the layer may be approximated by knowing the

resistance of each granule and the spatial distribution of the granules within the layer.

The granules spanning the PS layer were modelled as resistors in parallel. When contact

is made between the flexible electrode and N granules of resistance r;, the total resistance

Rrorar is given by:

1 N1
- = — . 11.1
Rrorar ; <Tz) (L)
Assuming for all granules 7; = Ry, i.e. each granule within the layer contributes the same
resistance value, Rrorar is given by:
Ry

Rrorar = W (11.2)

where N is simply the product of the contact area, and the number density of granules within

the PS layer, i.e. the number of granules per unit area.

Fig. 11.2(a) shows the effect of the individual granule resistance on the resultant F-R rela-
tionship. Here, granule resistance is set in the range of 10 kQ) to 100 MQ and the granule
number density in the PS layer is kept constant at 5.4 x 107 m~2. This corresponds to the
actual number density measured for the PS layer G1. Actual values of granule resistances are
discussed further in chapter 12. In Fig. 11.2(b) the granule number density is set in the range
1 x 10% to 5 x 107 m~2, for a granule resistance of 1 MQ. Due to the nature and assumptions
of the model, changing the granule resistance and the granule number density bears no effect
on the overall shape of the curve and produces a vertical translation only. The model there-
fore predicts that for a larger intrinsic granule resistance, the minimum resistance achievable
through the PS layer increases. Similarly, for a higher number density of granules within the
PS layer, the minimum resistance decreases. It is important to note that the model predicts
no effect on the values of S and the activation force, F'4, that is the minimum force required

to produce contact between flexible electrode and PS layer.
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FIGURE 11.2: Graphs showing F-R profiles obtained by converting the contact area between

electrode and PS layer into a resistance, based on the granule concentration and the individual

granule resistance. In (a) F-R curves are shown for a granule concentration of 5.4 x 107 m~2

for five different granule resistances ranging from 10 kQ-100 MQ. In (b) the F-R curve is

shown for 5 different granule number densities, for a granule resistance of 1 x 10 Q. In both

cases, changing these variables does not alter the shape of the F-R curve and produces a
translation along the y axis only.

A normalised change in resistance can be defined as the ratio of the resistance to the resistance

Rp,, that is the resistance measured at the activation force F:

R;

Ry = :
N e

(11.3)

This removes the dependency on the initial resistance value of a single granule, as well as the
number density of the granules within the PS layer. Each of the data series in Fig. 11.2(a)

and Fig. 11.2(b) map onto a single F-R curve when the normalised resistance Ry is plotted.

11.3 The effect of touch location on the F-R response

Because the flexible electrode is fully constrained at both ends, the maximum deflection is
dependent on where the force is applied. For example, closer to the restrained edges of the
electrode, the maximum deflection will be less for a given force, than in the centre of the
electrode. Fig. 11.3(a) shows the deflection of the flexible electrode for two cases. In the
first case, a force of 1 N is centrally applied. In the second case, the 1 N force is applied
at a distance of 15 mm from the left hand support. The horizontal line represents the rigid
PS layer, positioned 100 pm below the flexible electrode. For a centrally applied load, the
maximum displacement of the electrode is greater than the depth of the air gap such that

contact is created between the electrode and the PS layer. However, for the same applied
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FIGURE 11.3: Graphs showing (a) a simulation of the flexible electrode deformation when a
1 N force is applied both centrally (blue solid line) and offset towards the leftmost support
(green solid line). The exact location of applied force is shown by the solid black arrows. The
horizontal dashed line represents the position of the rigid PS layer, positioned 100 microm
below the flexible electrode. (b) The activation force (the minimum force required to cause
contact between flexible and rigid electrode) as a function of the location of the applied force
along the flexible electrode. The region inside the dashed lines corresponds to the regions
which are tested experimentally.

force at 15 mm from the left support, the additional constraint supplied by the support means
that the deflection is insufficient to produce contact. The activation force, Fl4, measures the
minimum force necessary to achieve contact between the flexible electrode and PS layer. Fy4
is plotted as a function of the distance from the electrode centre at which the force is applied
in Fig. 11.3(b). It can be seen that the activation force rises rapidly when approaching the
edges of the electrode, and is a minimum in the electrode centre. This can lead to intrinsic

variation of the measured F-R response which is independent of the PS layer properties.

In the previous chapter, it was seen that variation in F-R response was measured over 30
tested positions. However, as described in chapter 9, the measurement grid used for F-R
testing covered the central 30 % of the PSRT surface only, corresponding to approximately
the central 20 mm of the electrode considered in this simulation. This region is represented
by the vertical dashed lines in Fig. 11.3(b). Within this region, F4 is expected to vary in
the range 0.7-0.8 N. This small variation cannot fully account for the variation in the F-R
response observed over the 30 tested positions, which was reported in chapter 10. Hence,
the variation observed experimentally cannot fully result from the additional constraint when
approaching the edge of the flexible electrode, and rather must also be caused by intrinsic

variation in the PS layer itself.

It is worthwhile to note that in real world applications, the air-gap in resistive touchscreens
is created with an array of spacer dots (polymeric beads) between the ITO electrodes, as

described in chapter 2. The deflection of the ITO electrode then becomes a complex function
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of the distance from the touch location to the nearest spacer dots. However, this approach

removes the edge effects resulting in the spread of activation forces seen here.

11.4 The effect of PSRT build parameters on the functional

performance

The model can be used as a predictive tool to investigate the role of the build parameters of
the PSRT device on the functional F-R performance. The model allows parameters such as
the depth of the air-gap between the flexible electrode and PS layer to be altered, as well as
the thickness of the PET/ITO electrode.

Fig. 11.4(a) shows the effect of altering the depth of the air-gap on the resultant F-R be-
haviour. This could be achieved experimentally by successive layers of Scotch™ tape. Note
that here the normalised resistance as defined in equation 11.3 is plotted. The graph shows
that increasing the depth of the air-gap reduces the sensitivity of the response whilst simul-
taneously increasing the activation force required to cause initial contact. For air-gaps of 50,
75 and 100 pm F4 was below 1 N and S could be calculated according to equation 10.3. For
air-gaps of 50, 75 and 100 pm F4 was 0.34, 0.51 and 0.68 N and S was 0.87, 0.81 and 0.71
respectively. Similarly, Fig. 11.4(b) shows the effect of altering the thickness of the PET/ITO
electrode from 0.2 to 1.0 mm. Again, increasing the thickness causes a decrease in S and an
increase in F'4. The decrease in sensitivity is attributed to a lower dynamic range of response
observed when decreasing the electrode thickness. For example, at a thickness of 0.2 mm
the resistance change is less than one order of magnitude, whereas for 1 mm the resistance

decreases over 2 orders of magnitude.
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FIGURE 11.4: Simulations of the F-R response for PSRTs with (a) varying air-gap depths
between PET/ITO electrode and PS layer and (b) varying PET/ITO thickness.
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Hence a trade-off is predicted between the sensitivity and the activation force. Here, an
overly sensitive response is not beneficial as it results in digitisation of the response - i.e.
rapid switching between high and low resistance with limited intermediary stages. This is
not conducive to the detection of multiple pressure levels. In order to achieve a response
which is less ‘switch-like’, the model predicts that this must be at the expense of reducing
the functional force range of the PSRT such that low force, light touch, sensing is limited.
Additionally, increased build thickness can be undesirable in real-world applications as it

adds bulk and weight to the overall device dimensions.

11.5 Comparison of model and experiment

In Fig. 11.5(a) the F-R curve obtained experimentally for the G1 PS layer is compared with
a model simulation. For the simulation the granule number density was set as 5.4 x 107 per
m? (the same as was measured using optical microscopy for sample G1) and the granule
resistance was arbitrarily set to 1 MQ, where it was noted previously that these parameters
did not affect the normalised resistance. The resistance for sample G1 was also converted to
a normalised resistance to allow comparison. The simulation gives the correct form of the
F-R response observed experimentally. However, the simulation overestimates the activation

force, and underestimates the magnitude of the response.
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FIGURE 11.5: Graphs showing (a) the simulated force-resistance response for a PS layer

with a granule concentration of 54 mm™2, where each granule has an arbitrarily assigned

resistance of 1 MQ (black line), compared against the F-R response of sample G1 (open

circles) where the (normalised) resistance is expressed as a fraction of the resistance at the

activation force. In (b), the simulation is adjusted to match the activation force F4 observed
in sample G1.
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For the simulation, an activation force of 0.7 N is predicted, compared to 0.4 N observed
experimentally. This may be due to a number of reasons. Firstly, the simulation does not
account for the protrusion of granules above the surface of the PS layer. As can be seen in
Fig. 10.1 the granules do not lie flush with the surface and this acts to decrease the depth of
the air-gap. However, this effect is marginal as the granules protrude typically less than 5 pm
above the surface. Another possible cause is the compressibility of the supports, that is of the
adhesive layers and the Scotch Tape™ that hold the PSRT together and create the air-gap.
For compressible supports the air-gap itself is dependent on the applied force. Fig. 11.5(b)
compares model and experiment, removing the shift associated with the higher activation

force.

Of greater interest is the underestimation of the magnitude of the response calculated using
the simulation. Using the model, the resistance is predicted to decrease up to 1 x 1072 xRp,
at 5 N applied force whereas experimentally the resistance decrease approaches 1 x 1073
xRp, after 5 N, a further factor of 10 lower. It is unlikely that this is caused by an underes-
timation of the contact area between flexible electrode and PS layer. Indeed, the simulation
may actually overestimate the contact area. This is because, for a small stylus width with
a constant tip diameter, once first contact has occurred applying a greater force is unlikely
to cause a large increase in the contact area. However, the force applied to the established
contact area increases. Furthermore, the simulation was developed considering deflection in
the longitudinal axis only (i.e. along the PSRT length) and it was assumed that the lateral
axis (along the PSRT width) was unconstrained, whereas in reality the flexible electrode is
constrained along both dimensions. The effect of the additional constraints would be to limit
the contact area in the lateral dimension (width) such that instead of being a circular contact
zone the true shape would become elliptical, decreasing the area and therefore the number
of granules contacted. Hence this effect cannot explain the underestimation of the resistance

decrease.

The model also fails to predict the experimental observation that an increased sensitivity is
observed for an increase in granule number density. The model predicts that the granule con-
centration has no effect on the shape of the F-R curve (although both start and end resistance
are affected). The model assumes that each granule has a fixed resistance independent on
the applied force, and the pressure-sensitivity of the PSRT is realised through the increase in
the number of granules contacted with applied force only. The effect of any pressure-sensitive
conductive pathways within the nanocomposite granules is neglected. The investigation into
possible pressure-sensitive conduction pathways throughout the granules is the focus of the

next chapter.
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11.6 Chapter summary

This chapter detailed the development of a model to predict the force sensing capabilities
of PSRT devices. This was achieved by modelling the flexible PET/ITO electrode as a two
dimensional flexible beam, fully constrained at both ends and separated from the rigid PS
layer by an air-gap. Applying force to the flexible electrode caused downward deflection, and
for sufficient force created contact with the PS layer. The contact area could be estimated
from the overlap between the flexible electrode and PS layer, and the resistance estimated

from the granule resistance and granule number density.

The deflection of the flexible PET/ITO was dependent upon the distance of the touch location
to the constrained end of the electrode, where a closer distance resulted in less deflection for
a given force. This property can cause variation in the resultant F-R response of the PSRT,
as the activation force increases for touch locations closer to the edges of the electrode.
Experimentally, the F-R response of PSRTs was tested over the central 30% of the surface,
and it was shown that over this region the change in activation force was minimal and could

not account for all of the variation in F-R response demonstrated previously in chapter 10.

The model was used to predict the effects of granule number density, granule resistance, air-
gap depth and electrode thickness on the F-R response. It was found that the granule number
density within the PS layer had no effect on the overall shape of the curve, instead producing a
vertical translation only. The model could not explain the observed trend that the sensitivity
of the F-R response increased with increasing granule number density, as reported previously

in chapter 10.

When comparing the model predictions to F-R curves produced experimentally, it was found
that the activation force was overestimated by the model. A possible reason for this is that
the adhesive used to constrain the flexible electrode is likely to be slightly compressible, which
would act to reduce the activation force. The magnitude of the response was underestimated
by the model by a factor of 10. This may be because the model fails to account for any
variation in granule resistance, for example through any pressure-sensitivity intrinsic to the

granules themselves. This effect is investigated in the following chapter.



Chapter 12

Pressure Sensitive Conduction in

Nanocomposite Granules

12.1 Introduction

The focus of this chapter is an experimental investigation into any pressure-enhanced electri-
cal conduction within the nanocomposite granules. In chapter 10 the force-resistance response
of the entire PSRT system was assessed, where it was found that as force was applied to the
touchscreen devices the resistance decreased. This force or pressure-sensitive response may
originate from two mechanisms. The first is caused by an increase in the contact area between
the flexible ITO electrode and the PS layer. The PS layer exhibits anisotropic conduction,
such that each granule provides a means of charge flow from bottom to top electrode, how-
ever there is no charge flow through the plane of the PS layer. Thus, with increasing applied
force a greater number of granules are contacted by the electrode and can then contribute
to the conduction. This effect was simulated through assessing the mechanical deflection of
the flexible electrode under applied force, and the results were presented in chapter 11. It
was found that, whilst this effect could account for a significant proportion of the observed
F-R response of the PSRT devices, the model in its current form could not account for the
magnitude of the F-R response observed experimentally in PSRT devices. Thus, it is possible
that the granules themselves behave as pressure-sensitive entities, exhibiting an increase in
the number of intra-granule conduction pathways with increasing force. This chapter details

the experimental work performed in order to isolate and investigate this effect.

To do this, a chromium/copper/gold capping electrode was deposited onto the PS layer to
define a ‘test area’, as described in chapter 8. These ‘capping electrodes’, with diameters

of 2, 1 and 0.5 mm, intimately coated each granule within the test area, creating electrical
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connectivity within the plane of the PS layer. Then, spring-contact test probes (SCTP),
with a diameter comparable to that of the test areas, were used to press down on the cap-
ping electrode with a known force. This methodology ensured that the number of granules
contributing to electrical conduction was the same for each force applied, i.e. the effect of
increasing the number of granules in electrical contact with the probe was negated. By de-
creasing the test area, the number of granules within that area decreased. This is the subject
of section 12.2. Assuming that each granule protrudes the same height from the PS sur-
face, the force exerted by the probe is distributed equally between these granules. Thus, for
smaller test areas, each granule experiences a larger force. The force-resistance response of
the granules within each test area is discussed in section 12.3. Then, by performing current-
voltage sweeps on the test areas, the conduction mechanisms of the granules was probed.
This is described in section 12.4. Finally, measurements of the electrical flicker noise within
pre-prepared sensors (see section 9.2.5) are presented in section 12.5. Note that the sensors
used for the noise measurements are those described in section 9.2.5, and the test procedure

was different to that described above, and as explained in section 9.4.3.

12.2 Contact area vs number of granules

After depositing the capping electrodes onto the test areas, the exact number of granules
within each test area was determined using optical microscopy. The number of granules
within each test area, for samples G3 and G4 are shown in Fig. 12.1(a) and Fig. 12.1(b)
respectively, where each data point represents an individual test area. Note that test areas
of 0.2 and 0.1 mm diameter were also deposited for the purposes of this calculation. Samples
G3 and G4 were as defined previously in Table 10.1. The granule concentration within these
test areas was measured at 200 £+ 100 per mm? for sample G3 and 400 4+ 100 for sample
G4. Within error, this matches the values found previously for samples G3 and G4 presented
in Table 10.1. Here, the large error is a result of inhomogeneous granule distribution when
sampling small areas. The number of granules within each test area is used later to determine

the force imparted to each granule by the SCTP.

12.3 Force-resistance measurements of test areas

The testing procedure for investigating the force-sensitive resistance of small areas of the
PS layer was described fully in chapter 9 and the apparatus used shown in Fig. 9.12. The
key features of the experimental design were that a capping electrode was deposited onto
discrete test areas of the PS layer, short-circuiting each of the granules within that layer

in the x/y dimension. Force was imparted to these regions using spring-contact test probes
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FIGURE 12.1: Graphs showing the number of granules found within each capping electrode
as a function of electrode area, for samples (a) G3 and (b) G4. The granule number density
per mm? matches that found measured previously in chapter 10.

(SCTPs). Through this, the effect of sampling a greater number of granules with increasing
applied force was negated. Any measured resistance change could then be attributed to the
intrinsic resistance of the PS layer. The size of the capping electrode (2 mm, 1 mm and 0.5
mm) changed the number of granules sampled during the measurement, and hence the force
experienced by each granule. Tightening of a bolt threaded onto a screw caused compression
of the spring within the SCTP. Due to its geometry, the rotation of the bolt could be set to

an accuracy of 1/6 turns.

Initial contact between the probe and the capping electrode was made when the resistance
through the probe/capping electrode/PS layer could be recorded using the digital multime-
ter. A small amount of force was necessary to create first contact, and all subsequent force
increments were measured relative to this. Once first contact was made it required 11 1/2
rotations of the bolt to reach the full working travel of the SCTP, that is 5.3 mm. Therefore
each 1/6 turn of the bolt corresponded to a vertical displacement of 0.077 mm and this was
taken as the achievable resolution of the displacement. The spring constant of the test probe
was 0.75 Nmm~! and therefore each half rotation of the bolt corresponded to a force increase

of 0.17 £ 0.06 N.

Fig. 12.2 shows a schematic of the (idealised) test procedure, highlighting the resistances
involved in the measurement. Initially, it is assumed that the probe is perfectly flat and
that each granule protrudes the same height above the PS surface. Thus, the SCTP contacts
each granule simultaneously. Additionally, it is assumed that the capping electrode creates a
uniform, unbroken film across the granule surface with negligible resistance. The resistance
through the SCTP (Rscrp), was measured from the uppermost electrical connection to the

base of the spring-loaded plunger, and was just 0.5 QO and therefore considered negligible.
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FIGURE 12.2: Schematic showing the ideal electrical contact created between SCTP and the

capping electrode, which intimately coats the nanocomposite granules (not to scale) within

the PS layer. The probe creates a two-point resistance measurement. An equivalent circuit is

also shown, based on that suggested by He and Tjong [223]. In the ideal scenario, resistance

contributions from the SCTP (Rscrp), the contact between SCTP and capping electrode

(R¢) and the ITO electrode (Ryro) are assumed to be negligible when compared to the
linear and non-linear resistance contributions of the granules (R; and Ryy,).

Due to the geometry of the sample and the test equipment, a two-point probe sensing mech-
anism was used to measure resistance, where voltage and current were measured simultane-
ously by the terminals (in this case the SCTP and the ITO). Using this method, the contact
resistance Ro between SCTP and capping electrode cannot be disregarded. In reality, the
measured resistance comprises the contact resistance, Ro as well as the intrinsic resistance
of the granular array. In the models which are applied later in this chapter, it is assumed
that the resistance of the granule consists of a linear and a non-linear contribution, Ry and
Ry, the magnitude of which may or may not depend on the force applied via the SCTP.
Initially, it is assumed that the capping electrode makes Ohmic contact with both the SCTP
and the PS layer, such that R¢ is small compared to the resistance through the PS layer, and

independent of the force applied. This assumption is examined in detail later in section 12.3.2.

12.3.1 F-R response of PS layer

The resistance through the granules was measured by applying a constant current through
the SCTP and measuring the change in voltage over a period of 60 seconds. It was assumed
the I-V response was approximately linear and resistance was calculated using Ohm’s law.
The I-V properties of the PS layer are discussed in more detail in section 12.4. It quickly

became apparent that the resistance was not constant and instead tended to drift throughout
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the measurement time. To account for this variation, the average resistance was quoted with
an error calculated from the range of resistance values. The force was sequentially increased
and the average resistance was recorded at each force. Once maximum force was reached the

force was then sequentially reduced back to the starting value (i.e. initial contact).

The F-R response of all test areas (2, 1 and 0.5 mm diameter) are compared in Fig. 12.3. Here,
the solid black lines indicate increasing force and the dashed black lines represent decreasing
force. FError bars are shown, representing the range of resistance values measured. In the
following discussion, the change in resistance when increasing the force is discussed. Later, in
section 12.3.2, the resistance when removing the force is analysed, along with the repeatability
of the resistance response between each test area, and for subsequent force sweeps on a single

test area.

The F-R response of the 2 mm diameter test areas are shown in Fig. 12.3(a), Fig. 12.3(b),
Fig. 12.3(c) and Fig. 12.3(d). At initial contact, a resistance in the range 1-6 kQ) was recorded.
In 3 of the 4 test areas the resistance decreased when increasing the force. Here, the total
change in resistance at the maximum force of 1.38 N was 65, 90 and 650 Q) for test areas 1,
2 and 3 respectively. However, in Fig. 12.3(d), the 4th test area showed no overall decrease
in resistance. Instead, the final resistance was approximately 250 Q larger than resistance
at initial contact. With knowledge of the number of granules within the test area it was
possible to obtain a crude estimate of the force that each individual granule may experience
over the course of the experiment. On average there were 1050 + 25 granules within each 2
mm test area. Assuming that the SCTP contacts each granule simultaneously such that load
is distributed equally, each granule within the test area will then experience 1.31 + 0.04 mN
force when the SCTP is applying a force of 1.38 N.

By decreasing the test area diameter the force experienced by each granule was increased.
For the 1 mm diameter contacts, the average number of granules within each contact was 240
+ 20. Hence, when the SCTP applied a force of 1.38 N to the test area, each granule within
experienced 5.8 + 0.5 mN force. The F-R behaviours of four different test areas are shown
in Fig. 12.3(e), Fig. 12.3(f), Fig. 12.3(g) and Fig. 12.3(h). At initial contact, the resistance
through the test area was in the range of 5-12 k(). Note that this was larger than for the
2 mm test area — because the granule array in the test area can be seen as a collection of
parallel resistors, by decreasing the number of granules the overall resistance will increase.
Here, as force was increased there was an observable decrease in resistance. The change in
resistance at the maximum force was 5500, 330, 1200 and 1400 Q for test areas 1, 2, 3 and
4 respectively. This resistance decrease was larger than that of the 2 mm test areas. This
fact can be attributed to the greater force each individual granule experienced, which may
be sufficient to cause an increase in the number of pressure-activated conduction pathways

through the granules.
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FIGURE 12.3: Graphs showing the F-R response of PS layer test areas of various diameter,

where the solid lines represent increasing force and the dashed lines represent decreasing the

force. Error bars represent the range of resistance values measured and are often smaller
than the data points.
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FIGURE 12.3: Continued from previous page

For the 0.5 mm diameter test areas, each area contained an average of 84 + 16 granules. At
a maximum SCTP force, each individual granule experienced 16 = 4 mN force. The F-R
response of four individual test areas are shown in Fig. 12.3(i), Fig. 12.3(j), Fig. 12.3(k) and
Fig. 12.3(1). The resistance at initial contact was highly variable, ranging from approximately
100 kQ for Fig. 12.3(i) and 12.3(j), to 20 kQ for Fig. 12.3(k) and just 1 kQ for Fig. 12.3(1).
However, again a decrease in resistance was observed with increasing force. The change in
resistance was 18, 102 and 13 kQ for contacts 1, 2 and 3 respectively. This is by far in excess
of the resistance decrease observed in the larger test areas and again can be linked to the

increased force acting on the individual granules.

In order to compare the F-R response for each test area, the above results are replotted in
Fig. 12.4. This shows the force experienced by each granule - i.e. the SCTP force is nor-
malised according to the number of granules within the test area. The resistance change
from initial contact to maximum force is expressed as a percentage of the initial resistance,
along with the associated error. This resistance change was almost always positive (i.e. the
resistance decreases with increasing force) however negative values arose in the case where the

test area showed an increase in resistance with force (i.e. see Fig. 12.3(d) and Fig. 12.3(1)).
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On average, it can be seen that as the maximum force acting on each individual granule
increases, the overall change in resistance also increases. This is supportive of the theory
that increased force on the granule enhances or opens up force/pressure-sensitive conduction
pathways within the granule. Earlier in chapter 7 it was seen that these granules possessed a
porous internal structure, where 17 % of the cross-sectional area comprised empty space. The
high porosity lends itself to the idea of granule compressibility. It is envisaged that compres-
sion of the granule reduces the overall void space and increases the number of interparticle
contacts. Increased electrical conduction may occur through direct percolative transport
between adjacent particles within the granule, or by a quantum tunnelling mechanism (field-
assisted or otherwise) for finite interparticle distances. The exact nature of the conduction is

explored further through the current-voltage behaviour of the granules in section 12.4.

12.3.2 Repeatability of F-R response

In the previous section, the response of the test areas to increasing applied force was discussed.
However, from the graphs presented in Fig. 12.3 it is clear that in most cases, when the force
is removed from the test area the resistance seldom returns to its original value. As an
example consider Fig. 12.3(c), which shows a 2 mm test area. When the force on the test
area is increased, overall the resistance through the test area decreased, with a 15 % change in
resistance at the maximum force. However, when the force was then subsequently removed,

the resistance remained consistently higher. The final resistance was 6.2 kQ, significantly
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larger than the original resistance at initial contact of 4.3 kQ. A similar phenomenon was
also found for the test areas shown in Fig. 12.3(f), Fig. 12.3(i) and Fig. 12.3(1).

However, in other test areas the opposite situation was observed. When removing the force the
resistance was consistently lower then when force was applied. As examples, see Fig. 12.3(h)
and Fig. 12.3(j). Here, the final resistance was significantly lower than the resistance at
initial contact. Other test areas showed a fluctuating resistance as force was removed. In
Fig. 12.3(e), at high forces the resistance when removing the force was larger than when
increasing the force. At approximately 0.6 N, the resistance steadily declined upon further
removal of the force, and the final resistance value was three times smaller than the resistance
at initial contact. Conversely, in Fig. 12.3(i) at high forces the resistance upon removal of
force was lower than for when increasing the force. At approximately 0.3 N the resistance
rapidly increased upon further reduction of force, and the final resistance was in excess of

the initial resistance.

The above observations highlight both the variation in the resistance measurements for in-
creasing and decreasing load, and also the variation in response between different test areas
of the same size. To further investigate the repeatability of the resistance measurements, re-
peated force cycles were tested sequentially on the same test areas. Fig. 12.5 shows repeated
force sweeps performed on test areas of 2, 1 and 0.5 mm diameters. The graphs show that

poor repeatability is also a feature of repeated force sweeps on the same test area.

Repeated cycles on the 2 mm test area is shown in Fig. 12.5(a). On the first sweep the
resistance fluctuates around 5 kQ) when both increasing and decreasing the force, although
the final resistance at initial contact is greater than the initial value. No obvious force
sensitivity is observed. On the second force sweep, the resistance is consistently higher for
the increasing force cycle, and again higher when decreasing the load. A similar trend is
observed for the 1 mm test area shown in Fig. 12.5(b). Whilst the resistance for the second
increasing force cycle closely matches that of the decreasing force cycle of the first sweep,
subsequent removal of force resulted in a larger measured resistance. Fig. 12.5(c) shows
three force sweeps on a 0.5 mm diameter test area. Here, the resistance values for both the
increasing and decreasing force during the second sweep closely match that of the decreasing
force regime of the first sweep. However, during the third force sweep the resistance was once
again observed to increase. The greatest variation in the resistance values was seen at low

forces, typically less than 0.7 N.

The common feature to all of the results described above is that with repeated testing on the
same test area, overall the resistance is larger with each successive sweep. An overall increase
in resistance during testing may indicate a degree of physical change or degradation of the
granules or the capping electrode. Granule degradation may also explain the variability in

resistance between increasing and decreasing force regimes.
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FIGURE 12.5: Graphs showing multiple force sweeps conducted on the same test area, for test

areas of (a) 2 mm (b) 1 mm and (c) 0.5 mm diameter. The first force sweep is indicated by

the solid black line (increasing force) and dashed black line (decreasing force). The second

sweep is shown by the red solid and dashed lines, and in the case of (c¢) a third sweep is

shown by the blue solid and dashed lines. Error bars relating to the minimum and maximum
resistances recorded during the measurement are also shown.

The fracture strength of granules was assessed in chapter 7. For the granules present in the
sample tested here (G3), the average fracture strength of granules of size 75-100 pm was
10.6 + 0.3 mN. From this, it follows that the maximum force imparted to the granules in
the 2 and 1 mm contacts (1.31 £+ 0.04 and 5.8 £ 0.5 mN respectively) may not be sufficient
to cause granule fracture. However, the force imparted to granules in the 0.5 mm contact
was estimated at 14-20 mN, much greater than the average fracture strength of the granules.
Unfortunately, this does not account for the observations made here, where poor repeatability
of the F-R response is inherent for all sizes of test area. One possibility is that the fracture
strength of 5-15 pm granules is less than what was measured for the 75-100 pm granules, and
that the granules break or plastically deform at forces much less than 10.6 mN. As discussed
in chapter 7, an assumption is made that the granules within the PS layer (5-15 pm) show

similar breakage characteristics to the 75-100 pm size fraction.

To complicate matters further, the granules are constrained within the PS layer, so whilst the
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granules may fragment it is expected that these fragments may remain in situ such that some
conduction can still occur. As force is applied, the granule may fracture but the compression
means that each fragment remains in contact. As force is removed, the fragments may relax
and separate. This would result in an overall higher resistance when decreasing the force, as is
seen in Fig. 12.3(c), Fig. 12.3(f) and Fig. 12.3(k). Alternatively, the granules may plastically
deform upon compression. Then, when force is removed the granules do not attain their
original form and pressure-sensitive conduction pathways remain open. The resistance would
thus remain at a low value when force is removed, as was seen in Fig. 12.3(a), Fig. 12.3(h) and
Fig. 12.3(j). Of course, this hypothesis cannot be fully tested until a method of measuring

the fracture strength of small granules less than 20 pm in size is devised.

An additional point is that, whilst pressure sensitive behaviour of the granules is suggested,
the force that the granules in the 0.5 mm contacts were subjected to is much larger than
what may be expected during standard operation of a PSRT device. In chapter 11, a model
describing the force-dependent area of contact between electrode and PS layer was developed.
Using this model, the highest force exerted on a granule may occur at the instance of first
contact between the electrode and the PS layer, where contact area is smallest. As a rough
calculation, assume that this occurs upon application of 0.7 N force. This is similar to
the activation force predicted for model PSRTs geometrically and mechanically similar to
those developed experimentally. At this force, a contact area of approximately 75 mm? is
predicted. For 190 granules per square mm (as for sample G3) each granule experiences just
0.05 mN. Compare this to the force per granule for the 0.5 mm contact, which was 16 mN.
Hence, in the experimental design, the granules in the 0.5 mm contact experience a force
which is approximately 300 times larger than they may experience during normal operation
of the PSRT. In conclusion, although evidence suggests that the granules may be intrinsically
pressure sensitive, this may only be activated at high forces beyond those imparted during

use of the touchscreen.

To fully understand the processes occurring here, it is important to note that in reality the
PS layer contains an array of granules each of a different size (i.e. protrusion height above
the PS surface) and a range of fracture strengths, and as such is a highly complex system.
The idealised system was shown in Fig. 12.2. In comparison, Fig. 12.6 shows a more realistic
scenario where the granules protrude above the ink surface at a range of heights. Thus, when
the test area is contacted by the SCTP, initial contact is first created between the SCTP
and the largest granules, and it is these granules which are initially compressed. Application
of further force may create contact with progressively smaller granules, and these granules
are then compressed. This means that each granule within the test area may not experience
the same force profile as its neighbours. Additionally, realistically the granules have a range
of fracture strengths and granule breakage is not universal at a particular applied force. Of

course, for reasons described above, even if granule breakage does occur it is likely that
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FIGURE 12.6: Schematics showing the complex interaction between the granules within the

PS layer and the SCTP. In (a) initial contact is first created between the largest granule and

the SCTP, and this granule is compressed first. The capping electrode may be uneven across

the curved granule topography. In (b) increasing force increases the number of granules

contacted and subsequently compressed by the SCTP, and may also cause degradation of
the capping electrode.

the fragments still allow some electrical conduction between the electrodes. Finally, it was
assumed that the capping electrode created Ohmic contact to both the SCTP and the PS
layer, and had a small, constant contact resistance. In reality, the capping electrode may
not be uniform across the complex granule topography and may degrade with repeated or
prolonged contact with the SCTP. Furthermore, for two rough surfaces pressed into contact,
the contact resistance is often found to be dependent on the contact force, as this determines
the size-dependent constriction resistance which is created by the micro-contacts formed

between the two opposing surfaces [285-287].

In summary, all of these considerations mean that it becomes very difficult to reliably link the
F-R profile of the collective system with the F-R profile of the individual granules. Neverthe-
less, the F-R profiles obtained for the 0.5 mm test area showed a large percentage decrease
in resistance with increasing force, and this is suggestive of some form of pressure or force-
sensitive conduction within the granules. In order to investigate the nature of any pressure
sensitive conduction channels, I-V sweeps were performed on the test areas. This is the focus

of section 12.4.
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12.3.3 Predicting the resistance of a single granule

From the F-R response of each test area, and by knowing the number of granules within
each test area, it is possible to estimate the resistance of a single granule. When initial
contact is made between the SCTP and the test area, each granule within that area can act
as a conduction pathway to the lower ITO electrode. This is possible because the capping
electrode coats the PS surface and therefore electrically links each granule within the test
area. The number of granules contributing to the measured resistance depends upon the size
of the contact area, as discussed in section 12.2. Fig. 12.7 plots the number of granules within
each test area against the average value of the resistance recorded at initial contact with the
SCTP. The error bars represent standard deviations on the average values on both axes. The
dashed line represents a power law relationship. Extrapolating the power law relationship
allows the resistance of a single granule to be estimated in the range 0.5-30 MQ. The large
variation on this result is caused by the large spread in the resistance values measured at
first contact. In chapter 11, Fig. 11.2(a) plotted the simulated F-R curves for a variety of
granule resistances. An estimation of the granule resistance, determined experimentally, may

be useful in any future work where this simulation is developed further.

12.4 I-V behaviour of the test areas

Previously, it was shown that the 0.5 mm test areas showed a large fractional decrease
in resistance at maximum applied force. Due to the design of the experiment, this effect
was separated from the F-R mechanism associated with increasing the number of granules

contacted with applied force. The force exerted on each individual granule was predicted
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F1GURE 12.7: Graph showing the average initial resistance measured as a function of the

average number of granules within the test area. Error bars represent the standard deviations

on both axes and the dashed line represents a power law relationship. Using this relationship
the resistance of a single granule may be estimated in the range 0.5-30 MQ.
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to trigger force-sensitive conduction pathways within the granules. To investigate the origin
of the force-sensitive conduction, the current-voltage (I-V) behaviour of the test areas was

measured using the experimental procedure outlined in chapter 9.

First, the I-V behaviour of the ITO electrode was tested by increasing the voltage between
the two conductive bars on the ITO electrode (see Fig 9.3) and measuring the current. The
I-V responses at forces of 0, 1.7 and 3.5 N are shown in Fig. 12.8. The behaviour indicates
that there is no increase in current with increasing force. The linear I-V response indicates
Ohmic behaviour. The inverse of the gradient yields the resistance of the ITO between the
conductive bars, which was 409.0 Q. Hence it was confirmed that the ITO electrode does not
contribute any non-linear I-V effects, and exhibits no pressure-sensitive resistance response

for up to 3.5 N force.

In the next section, the electrical hysteresis present in the I-V behaviour is discussed for all
test areas. Later in section 12.4.2, the force-dependent I-V response observed for the 0.5 mm

test area is examined in detail.

12.4.1 Hysteresis in I-V sweeps

In most I-V sweeps measured for the PS layer, some degree of electrical hysteresis was present.
This takes the form of a difference in current measured when ramping-up and ramping-down
the voltage. Examples of I-V hysteresis in 2 mm test areas are shown in Fig. 12.9, which
shows the first and last I-V sweeps (out of a total of ten) obtained at both initial contact
with the SCTP and at the maximum force of 1.38 N. Note that the I-V curves shown here
represent the general trend of all I-V curves generated, that is a non-linear I-V relationship
with some degree of electrical hysteresis. The errors on the individual data points are smaller

than the symbols.
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F1GURE 12.8: Graph showing the linear I-V characteristics of the ITO electrode under
applied forces of 0, 1.7 and 3.5 N. For each force the I-V sweeps overlap and the error bars
are smaller than the data points.
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For the first I-V sweep obtained at initial contact (shown in Fig. 12.9(a)), the hysteresis is
prominent. For example, at 4 V there is difference in current of 1.1 mA between increasing
and decreasing voltage ramps. For less than 5 V, the current for the up ramp is less than for
the down ramp. This is typical of charge trapping mechanisms, which have been observed in
other conducting polymer composites [238, 245]. Here, the current flow as voltage is increased
is limited by the presence of trapping sites within the composite. Trapping sites, as described
in chapter 8, create a potential well where the trapped electron must have sufficient energy in
order to escape the trap. As the voltage is increased these trapping sites are filled by electrons.
Here, the hysteresis diminishes after 5 V, suggesting that trap sites are filled. Once filled,
subsequent electrons can contribute to the transport of charge. When ramping down the
voltage, the filled traps no longer act as a sink for electrons, resulting in a larger current
flow and a smoother I-V curve. If no charge leakage occurs (or occurs over sufficiently long

time-scales) then all subsequent I-V sweeps would be expected to show minimal hysteresis.

Fig. 12.9(b) shows the tenth I-V sweep obtained at initial contact with the 2 mm test area.
The degree of hysteresis is much smaller than for the first sweep, for example at 7 V the
difference in current between up and down ramp is just 0.52 mA. In fact, in all subsequent
I-V sweeps at each level of force, the degree of hysteresis is less than for the first sweep at
initial contact. This is consistent with the charge trapping hypothesis. This is exemplified
by Fig. 12.9(c) and Fig. 12.9(d) which show the 1st and 10th I-V sweeps obtained at the
maximum applied force of 1.38 N, where again there is minimal hysteresis. Interestingly, in
these subsequent sweeps it is common for the current in the up ramp to exceed the current
in the down ramp. This does not fit with the charge trapping hypothesis, which predicts the
opposite trend. Instead, this phenomena is suggestive of a non-steady current flow, where

the current decreases over the measurement period.

Similar observations can be made for the I-V sweeps performed on the 1 mm test areas, which
are also shown in Fig. 12.9. Maximum hysteresis is observed for the first I-V sweep performed
at initial contact with the SCTP, as can be seen in Fig. 12.9(e). Here, the I-V response is
very noisy but settles down in repeated measurements. Again, the hysteresis has diminished
at the 10th sweep at initial contact, shown in Fig. 12.9(f), and for all subsequent sweeps at

increased force, such as those shown in Fig. 12.9(g) and Fig. 12.9(h).

For both 2 mm and 1 mm test areas, analysis of the I-V response at each force shows that the
current passing through the test area is dependent on voltage only and shows little change
with increasing force. For example, consider the 2 mm test area: At initial contact the current
at 8 V is around 11 mA. Similarly, at the maximum force of 1.38 N the current at 8 V is
again close to 11 mA. For the 1 mm test area, after the initial noisy I-V sweep measured at

initial contact, each subsequent sweep shows a current of around 2 mA at 8 V irrespective of
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FIGURE 12.9: Graphs showing the electrical hysteresis in the first and last I-V sweeps

performed for 2 mm and 1 mm test areas, at both initial contact between test area and

SCTP, and the maximum applied force of 1.38 N. Black circles and open squares represent

ramping up and ramping down the voltage respectively, and arrows also show the direction
of the sweep. Errors on the measured current are smaller than the symbols.
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force. These observations link to the observed F-R behaviour of the test areas. As described

in section 12.3, the 2 and 1 mm test areas displayed a limited force-sensitive resistance.

Selected I-V sweeps for the 0.5 mm test area are shown in Fig. 12.10, for forces up to 3.45 N.
The first, fifth and tenth I-V sweeps are shown by the red, blue and black lines respectively.
The data is represented as solid lines for ease of comparison, and where hysteresis is evident
the direction of the sweep is indicated by arrows. For these test areas a force-sensitive

resistance response was observed and this is reflected by the increase in current flow with
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F1GURE 12.10: Graphs showing I-V response of 0.5 mm test area under a range of applied

forces. For each force, the first (red), fifth (blue) and last (black) I-V sweep performed on

the area is shown. Where hysteresis is evident, arrows show the direction of increasing and
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applied force. For example, at initial contact (Fig. 12.10(a)) the maximum current at 10 V
was approximately 0.2 mA. At 3.45 N (Fig. 12.10(f)) the maximum current had increased to
1.2 mA.

Compared to the 2 and 1 mm test areas, the 0.5 mm test areas show a larger degree of
hysteresis, which persists beyond the first sweep at initial contact. Specifically, large hys-
teresis is also observed in the first sweep at further force increments, for example at 0.69 N
(Fig. 12.10(b)) and 2.07 N (Fig. 12.10(d)). Where hysteresis is evident, the current when
increasing the voltage is less than when decreasing the voltage, which is consistent with the
charge trapping mechanism described previously. The persistence of hysteresis at later sweeps
suggests leakage of trapped charge over short time scales, although this effect is not explored
further in this thesis. Additionally, the current is seen to increase with progressive sweeps at
the same force. This in turn implies that the resistance through the test area has not reached
a stable value and continuously increases during the measurement. Fluctuations in the cur-
rent value can be observed in several of the I-V sweeps and tend to happen at higher voltages,

for example see sweeps 5 and 10 in Fig. 12.10(a) and sweeps 1 and 10 in Fig. 12.10(f).

In summary, electrical hysteresis is present in most I-V sweeps performed on the 2, 1 and 0.5
mm test areas. In the larger test areas (2 and 1 mm) hysteresis is largest in the first sweep at
initial contact between test area and SCTP, and diminished in all subsequent sweeps. This
is consistent with a charge trapping mechanism where trap sites are filled during the first
I-V sweep and remain so for all subsequent sweeps. For the 0.5 mm test area hysteresis is
also common in the repeated sweeps at each force applied. This suggests charge leakage from
trap sites. Here, the maximum current is dependent on the force applied which is consistent
with the F-R behaviour observed for test areas of this size. The force-dependence of the I-V

behaviour in this case is explored in the following section.

12.4.2 Force-dependent I-V behaviour

As mentioned previously, only the 0.5 mm test areas showed clear evidence of a force-sensitive
resistive behaviour. For this reason, I-V sweeps were performed up to a maximum of 3.45
N - the maximum force that could be applied using the SCTP. In this section, the force-
dependence of the I-V response is analysed for the 0.5 mm test area, yielding physical insight

into the nature of the force-sensitive conduction.

In the following analysis the 10th sweep measured at each force is analysed, considering the
decreasing voltage ramp only. This is due to charge trapping effects sometimes observed
when increasing the voltage. Because the current was observed to drift to larger values
with each subsequent sweep, it was felt that averaging all ten I-V sweeps would not give

a precise representation of the current behaviour. Instead, the tenth sweep was chosen as
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representative, as after ten sweeps the I-V behaviour had often stabilised, as evidenced by
the frequent similarity in the magnitude of the current at the 5th and 10th sweeps, shown
in Fig. 12.10. Above 8 V, fluctuations in the current were commonly observed. Therefore,

when fitting physical models to the data, only voltages up to 8 V were considered.

Fig. 12.11 compares the tenth I-V sweep obtained at initial contact (IC) and selected forces
of 0.345, 0.69, 1.38, 2.07, 2.76 and 3.45 N. The inset shows the current at 10 V as a function
of force applied. Generally, the -V curves show a progression towards higher current values
(and therefore lower resistance) with increasing force. The exception to this is the I-V sweep
at 0.345 N, which lies between those at 1.38 and 2.07 N. This results in a local maximum in

the current at 10 V at 0.345 N, as shown in the inset.

12.4.2.1 Application of random resistor network model

An important feature of the I-V response is its intrinsic non-linearity. The response is not
simply ohmic in nature, and instead the rate of current flow increases with voltage. In this
section, the origin of the non-linearity is explored through application of a random resistor
network (RRN) model. Before this model is applied, it is necessary to understand the possible

sources of non-linearity within the nanocomposite granules present in the PS layer.

Early work presented in the first half of this thesis investigated the internal structure of the
fabricated nanocomposite granules. It was found that the granules comprised three phases:

conductive particles or particle clusters, air voids and insulating silicone binder. Conduction
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FicURE 12.11: Graph showing the average I-V response as a function of force applied to
the 0.5 mm contact.
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within the granule may be split into linear and non-linear contributions. In the first instance,
linear conductive pathways may form as a result of ohmic contact between adjacent particles.
Non-linear conduction pathways may form between nearby particles separated by an insulat-
ing medium, which be air voids or polymer binder. Electrons may tunnel from one particle
to the next providing the potential barrier created by the insulating medium is sufficiently
narrow. Additionally, the number of non-linear conduction pathways may increase with volt-
age, due to field-assisted tunnelling mechanisms. Alternatively, instead of the formation of
new, intrinsically non-linear pathways, initially linear pathways may themselves become non-
linear. For instance, Joule heating at high current flow may lead to a reduced conduction.
The aim of this section is to understand how the contribution of both linear and non-linear

conduction channels depends upon the force applied to the nanocomposite granules.

To apply the RRN model, the I-V response was decomposed into a linear and a higher order
polynomial contribution of the form I = %1V + X5V?2, where ¥; and Xy are the linear and
higher order conductances respectively. The model was fitted to the I-V sweeps using a least
squares damped approach, using Origin@®) graph plotting software. As mentioned earlier,
because of the current fluctuations frequently seen at higher voltages, only I-V data up to 8

V was considered when fitting the models.

An example fit using the linear/quadratic form of the RRN model is shown for the maximum
force of 3.45 N in Fig. 12.12. Visual inspection shows good agreement between model and
data, however the inset highlights deviations occuring at high voltages. In this example, 3;
and Yy were (3.67 £ 0.06)x107° S and (7.96 & 0.09) <1075 SV~ respectively. The goodness
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FIGURE 12.12: Graph showing the fit of a random resistor network model of the form
I =3,V 4+ 3,V? to the 10th I-V sweep obtained at the maximum force of 3.45 N, with fit
parameters 31 and Y5 of (3.67 + 0.06)x107° S and (7.96 £ 0.09)x10~% SV ! respectively.
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of fit can be assessed from the adjusted R? value, which quantifies the correlation between
model and data. The closer R? is to 1, the better the fit and in this example R? was 0.9996.
In fact, the minimum value of R? over all I-V curves using this linear/quadratic model was
0.9990, indicating high correlation. Additionally, a linear/cubic variation of the RRN model,
of the form I = X,V + X3V3, was trialled. However, for the majority of the I-V curves this
gave a poorer fit with a lower R? value than the linear/quadratic form. For the remainder of

this analysis, the linear/quadratic form was used.

Of great interest is the contribution of the linear and quadratic terms to the total current
flow through the test area. The linear and quadratic conductances 31 and 35 are plotted as
a function of force in Fig. 12.13(a) and Fig. 12.13(b). It can be seen that ¥; increases by a
factor of 8, and X increases by a factor of 6 over the range of applied forces. Overall this
accounts for the increased current flow observed at high forces. The local peak at 0.345 N
for both 31 and X5 can be traced back to the I-V sweep performed at this force, which was
shown in Fig. 12.11. Here, the maximum current peaked to a higher value. The exact cause
of this is unconfirmed, however one possible scenario is an initially poor electrical connection

between the probe and the test area.

The quadratic model presented here provides a phenomenological basis for understanding
the conduction in terms of linear and non-linear components. The contribution of each to
the total current measured depends on the voltage applied through the system. The linear
and quadratic contributions to the total current, at the maximum applied force of 3.45 N
are shown as a function of voltage in Fig. 12.14(a). As can be expected, the non-linear
current increases with voltage, at the expense of the non-linear current. In terms of physical
mechanisms, at high voltages additional, intrinsically non-linear conduction channels may

form, for example through field-assisted quantum tunnelling mechanisms. In this process,

40 9
8
30 7
2 R
2 20 2
2 Q3
10 2
1
0 0

0 05 10 15 20 25 30 35 0 05 10 15 20 25 30 35

Force (N) Force (N)

(a) (b)

FIGURE 12.13: Graphs showing the fit parameters (a) X; and (b) X, representing the

linear and quadratic conductances of the random resistor network model, as a function of

force applied to the 0.5 mm test area. Lines are drawn between data points as a guide to
the eye, and errors on the values are smaller than the symbols.
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described in chapter 8, a sufficiently high external electric field may distort a potential barrier
such that electrons may pass through the barrier and contribute to conduction. This is the
premise for the dynamic RRN model. Alternatively, at high currents (produced by a high
voltage) an initially linear conducting channel may become non-linear, for example through
Joule heating effects. Here conduction electrons collide with atoms in the conducting medium
and generate heat through losses in kinetic energy. In the non-linear RRN model, non-
linearities are expected to be a result of such mechanisms. This effect can not be ruled out
in this system, as the small-area local contacts created between the SCTP and each granule

within the PS layer may experience significant Joule heating effects.



Chapter 12. Pressure Sensitive Conduction in Granules 247

Furthermore, Fig. 12.14(b) shows the linear and quadratic contribution to the current as
a function of applied force, at a fixed voltage of 5 V. This voltage is similar to that used
experimentally when measuring the F-R response of the PSRT samples. The general trend,
after 0.7 N is of a decreasing non-linear component and an increasing linear component. At
the maximum force both contributions are approximately equal. Because the granules are
inherently porous, one possible explanation is that compression of the granules decreases
the separation between neighouring particles, creating more linear conduction pathways.
Additionally, particles originally separated by an air void may, under sufficient compression,
come into direct contact and thus what was initially a non-linear conduction pathway would

then become linear.

However, this mechanism does not account for the results obtained at forces less than 0.7
N. Here, forces from 0 to 0.7 N cause the linear component to decrease and the non-linear
component to increase. There are two fundamental reasons why this could occur. The first is
that the initial application of force decreases the interparticle separation within the granule,
but does not create direct contact between particles. Non-linear conduction through quantum
tunnelling would then increase, if the potential barrier width was sufficiently reduced. Then,
at 0.7 N direct contact between neighbouring particles occurs and the linear conduction

increases.

The second possibility relates to the resistance of the electrical connection between the SCTP
and the capping electrode. There will be a finite resistance relating to the quality of contact
between the probe and the capping electrode, which itself may decrease with increasing
applied force. The limitations of the experimental procedure were previously described in
section 12.3.2. Because of the ambiguity in the nature of the electrical contact created
between the SCTP and the capping electrode, unfortunately this possibility cannot be ruled

out without further investigation.

As a final remark on the application of the RRN model, in general a good fit was achieved
between model and data, with an R? value very close to one. However, at larger voltages some
deviation between model and data was seen, for example as shown in the inset of Fig. 12.12
for a force of 3.45 N. Residual analysis can also be used to assess the goodness of fit of the
model. The residual is simply the difference between the observed data and the prediction
of the model. Fig. 12.15 shows the residuals for the I-V sweep performed at 3.45 N. For
a good fit, it is expected that the residuals are small and are randomly distributed around
zero. Here, clear structure is observed and the magnitude rises sharply at higher voltages.
This indicates that the model becomes a poor fit to the data at higher voltages, and that a
better fit could be achieved through the addition of higher order terms in the model.

To summarise, the phenomenological RRN model was applied to the data, where the I-V

response could be described by a sum of linear and quadratic terms. Analysis of the linear and
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F1GURE 12.15: Graphs showing residual analysis of the fit of the RRN model to the I-V
sweep performed at 3.45 N. Clear structure within the residuals indicates that a better fit
may be achieved through the incorpoation of higher order terms into the model.

higher order conductances showed that both terms increased with increasing force, resulting in
an increase in the total current flow with force. Furthermore, the linear contribution increased
with force, above 0.7 N. This could be attributed to compression of the granules, which
decreased the average interparticle distance and resulted in an increased number of percolative
(ohmic) conduction pathways. The contribution from the higher-order conductance decreased
with force, after 0.7 N. This was attributed to initially non-linear conduction pathways (e.g.
from tunnelling or hopping of charge from particles separated by a potential barrier) becoming
linear with increased granule compression. Below 0.7 N the system appeared more complex

and limitations in the experimental set up may have contributed to this.

12.4.2.2 Application of a linear-exponential model

In the previous section, the phenomenological RRN model was applied to the I-V sweeps of
the 0.5 mm test area. However, analysis of the residuals between model and data suggested
that the inclusion of higher order terms in the model may yield a better fit. In this section,
a model of the form J(F) = ooE + AE™ exp(—B/FE) was applied to the I-V response of the
0.5 mm test area. This model was described in detail in chapter 8. Again, the total current
density comprises a linear and a non-linear term. However, the non-linear term is derived
from the physical principles of quantum tunnelling mechanisms. Each parameter in the equa-
tion may be linked to the physical form of the conduction. Similar to the RRN model, the
term o( represents the linear conductivity. The value of A describes the magnitude of the
non-linear conduction, and is related to the frequency of tunnelling events (the number of
attempts per second made by the charge carrier to cross the potential barrier [223]). The
exponent m usually takes the value 1-3, depending on the specific form of tunnelling and
any corrections made to the model for the effects of the image field potential or Coulombic
forces between the carriers. Table 8.1 listed values of m for specific non-linear conduction

mechanisms. Specifically, when m = 2, this related to Fowler-Nordheim tunnelling. Finally,
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B represents the effective height of the potential energy barrier between the insulating poly-
mer and conductive particles within the nanocomposite granules. The factor exp (—B/FE)

therefore represents the tunnelling probability.

In order to apply this model, the measured current and voltage were converted to current
density J and electric field E. To calculate the current density, it was assumed that the test
area was perfectly circular. The PS layer, sandwiched by the capping electrode and the ITO,
formed a parallel plate capacitor where the electric field could be approximated by E = V/d,
where d was the spacing between the two electrodes. In chapter 10, the thickness of the
printed layer was measured at 1.3 pm. However in order to account for the protrusion of
the granules above the PS surface, d was estimated as 5 ym. Any reduction in d due to

compression of the granules was neglected.

The model was applied using Origin@®) graphing software, and the parameters og, A, m and
B were optimised using a damped least-squares (Levenberg-Marquardt) algorithm. The pa-
rameters were constrained such that o9 > 0, A > 0, B > 0 and 1 < m < 3, in line with
the theory. Fig. 12.16 shows example fits of this model to I-V sweeps performed at selected
forces. The blue and green dashed lines represent the linear and non-linear contribution to
the total current density in each case. At first glance, the model appears to give a good fit to
the experimental data. However, close inspection reveals deviations at low and high forces.
Examples of this are shown in the insets of Fig. 12.16(d) and Fig. 12.16(f). In Fig. 12.16(d)
and Fig. 12.16(f) the majority of the total current density can be attributed to the non-linear
component, and the linear component is very small. At the other forces, there is a more even
split between linear and non-linear components. However, as force is increased there is no ob-
vious trend in the contribution from linear and non-linear contributions. This contrasts with
the results found by He and Tjong for a range of conductive composite materials [223]. They
found that, for increasing filler content (analogous to increasing force), the linear contribution

increased at the expense of the non-linear component.

Here, the linear and non-linear contributions can be further analysed by studying the pa-
rameters o, A, m and B as a function of applied force. The results are shown in Fig. 12.17.
They reveal no apparent trend. In fact, the large errors associated with these parameters
suggests that the model does not give a good representation of the data. Whilst a reasonable
fit to the data is achieved, some parameters clearly give little or no input into the current
density, and this is reflected by the large error bars on these parameters. For example for
00, which defines the linear contribution to J, the error at the maximum force of 3.45 N is
very large. In this case, oy may take a wide range of values with no significant impact on the
overall current density. As can be seen from Fig. 12.16(f), in this case the observed J — FE
data can be well represented by the non-linear term only. A similar scenario is also seen for

parameter A, which defines the magnitude of the non-linear response. A large error in the A
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FIGURE 12.16: Graphs showing a fit of the model J(E) = oo E + AE™ exp(—B/E) to I-V

sweeps performed on the 0.5 mm test area. Experimental data is represented by the open

squares, and the best fit of the model by the solid black line. The linear contribution to the

total current density (oo F) is shown by the dashed blue line and the non-linear contribution
(AE™ exp(—B/E)) is shown by the dashed green line.

value at the best fit of model to data suggests that this parameter plays no significant role

in the measured J — E response.

Parameter m shows no significant trend with applied force, instead fluctuating in the range
1.5-2.2. Here, m represents the type of non-linear conduction. For field-assisted or Fowler-
Nordheim tunnelling m = 2, as described by equation 8.23. The fluctuation of m values
observed here suggests no universal origin of non-linearity. Note that for m > 2 space-charge

limited conduction is predicted [241].
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FIGURE 12.17: Graphs showing the relationship between the parameters o, A, m and B to
the force applied on the 0.5 mm test are. Where the associated errors are large, this indicates
that this parameter plays no significant contribution to the current density at this force.

In the majority of the fits, the parameter B is close to zero, with large error. B is a measure
of the potential energy barrier between the conductive particles, for example due to the
presence of insulating silicone binder, or air voids. When B is zero the exponential yields 1,
suggesting that in these cases the data can be modelled effectively without the input from the
exponential term. For a finite value of B, the tunnelling probability, given by the exponential
term, asymptotically approaches unity with increasing electric field. Therefore this term has
greatest impact at low electric fields. When B is zero, or small compared to E then the
probability of tunnelling events is very close to 1. Indeed, for any non-zero B, this term is
most effective at low electric fields where the probability of field-assisted tunnelling decreases.
In any physical system, a distribution of barrier heights is expected, however this does not

account for the zero values sometimes predicted by this model.

The large errors in the fit parameters suggest that, in this case, the model is over-parameterised.
As was shown in section 12.4.2.1, the I-V curves can be accurately and precisely fitted using
a combination of linear and quadratic terms, i.e. two degrees of freedom. By increasing the
number of parameters in the model, there is more leeway in the values each parameter may
take. This is highlighted by Fig. 12.18 which shows two fits of the model to the same data
(in this case the I-V sweep recorded at 3.45 N). The two fits appear almost identical and
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FI1GURE 12.18: Graph showing two mathematical fits to the J — E' data obtained at a force

of 3.45 N, where Fit 1 is shown by the blue solid line and Fit 2 is shown by the red solid line.

Both fits appear visually identical and have similar adjusted R? values. The parameters for

each fit are compared in Table 12.1. Here, over-parameterisation means a large amount of
variation in the parameters can still result in good fits to the data.

have similar adjusted R? values, which indicates the goodness of fit. Table 12.1 compares
the parameters obtained for each fit. It highlights large differences between the calculated
parameters for each fit, even though adj.R? in each case is almost identical. For example,
the values of A differ by 5 orders of magnitude, and the values of oy differ by 3 orders of
magnitude. Because of the large variation between parameters, it is not possible to extract

any meaningful results from the trends of each parameter with applied force.

12.4.2.3 Discussion of models applied to I-V behaviour

Both models discussed in sections 12.4.2.1 and 12.4.2.2 have been successfully applied to other
composite materials. In particular, the random resistor network model has been applied to
a range of different physical systems, including discontinuous thin gold films [230], carbon
black and wax composites [232] and epoxy resin/graphite nanosheet composites [234]. In
these cases, the superposition of a linear and a quadratic term is sufficient to accurately

model the I-V response.

09 A m B adj.R?

Fit1 292x107% 193x10°% 150 0 0.9976
Fit2 1.12x1072% 6.18 x 1071 2.19 98 0.9970

TABLE 12.1: Fit parameters o, A, m and B for two visually similar fits to the experimental
J — E data obtained at a force of 3.45 N, which show similar goodness-of-fit (adj.R?) values.
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He and Tjong investigated both the RRN model and the tunnelling model, for composite
materials of polyethylene or PVDF with conductive carbon nano-fibres or graphite flakes.
The RRN model provided an adequate description of the I-V properties, although deviations
in the low-field region were observed. When applying the tunnelling model, a statistically
improved fit was achieved at the low-field region due to the inclusion of the exponential term
exp (—B/E). Furthermore, the fit parameters could be linked to the effect of increasing the
volume fraction of conductive particles within the composite. For example, they found that
both parameters A and oy increased with increasing conductive content. Furthermore, the
tunnelling barrier height B was found to decrease with increasing filler content, and this was
attributed to a reduced distance between neighbouring particles in the composite. Errors on

the parameters were not quoted.

Previous work by Webb was focussed on another force-sensitive conducting polymer com-
posite produced by Peratech Holdco Ltd [85, 233, 245]. In this case, the sensor comprised a
screen-printable ink with a high loading of both acicular conducting particles and spherical
insulating particles. Webb successfully applied both a RRN model and the tunnelling model
to this composite. For the RRN model, it was observed that as the compression of the ink
was increased, both the linear and quadratic conductance increased. However, above 1 N the
quadratic conductance levelled off whilst the linear component continually increased. When
the tunnelling model was applied, it was found that both parameters oy and A increased with
force, although A showed indication of levelling off at the highest forces. Overall, the linear
contribution to the current decreased with force, whilst the non-linear (tunnelling) contri-
bution increased. This behaviour was attributed to decreasing physical separation between
the acicular conductive particles, resulting in narrower tunnelling barriers and increased tun-
nelling conduction. The parameter m was found to vary in the range 2-3, whereas here, for

the transparent composite, m fluctuated in the range 1.5-2.2.

Furthermore, Webb also performed a preliminary investigation into the I-V behaviour of the
transparent conductive material which is the focus of this thesis. However, in that instance
the composite contained spontaneous agglomerations of conductive acicular particles, instead
of the pre-formed granules which were developed throughout this thesis. Additionally, the
experimental set-up was very different to that used here, where the compression force was
applied to a large area of the PS layer. The experimental design was such that the effects
of increasing contact area between PS layer and electrode could not be ruled out. Despite
this, Webb found a large degree of electrical hysteresis between increasing and decreasing
voltage sweeps, particularly in the first sweep, and noise in the current at large voltages.
These features were present in the I-V sweeps performed here, as discussed in section 12.4.
Overall, Webb found that parameters A and og increased with increasing force, although the
associated errors were often large. The linear contribution to the total current density was

found to increase with force, whilst the non-linear contribution decreased with force. This is
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in agreement with the results found here, upon application of the RRN model, as shown in
Fig. 12.14(b). Similarly, the exponent m was found to be close to 2, also in agreement with
the values presented here. The parameter B was not discussed. For both models, residual

analysis revealed a poor fit in the low-field region.

Here, the RRN model was applied successfully to data obtained for the 0.5 mm test area.
However, the tunnelling model could not be fitted to the data without forming large errors
on each parameter. The experimental equipment was designed such that the effect of in-
creasing the contact area between probe and PS layer was mitigated. The PS layer, within
the test area, was capped with a chromium/copper/gold electrode which created intimate
contact over the rough surface topography of the PS layer. Therefore, each granule within
the test area contributed to the current flow even if it was not in contact with the probe.
However, the contact resistance between the probe and the test area could not be ruled out,
as in essence a two-point probe measurement system was created. The contact resistance
can be highly sensitive to the quality of the contact created between the surfaces. When
one, or both, surfaces are topologically rough, the contact area will increase with increasing
force as more surface asperities are brought into contact. The contact resistance therefore
depends on the force applied. This effect was not accounted for here. Realistically, the mea-
sured I-V curves also include a contribution from the I-V behaviour of the probe/capping
electrode contact. Other potential issues encountered during measurement were discussed in
section 12.3. Briefly, these include degradation of both the granules and the capping elec-
trode with increasing force. Fundamentally, this is a complicated and variable composite
system, where the limitations of the experimental method, and any conclusions drawn must
be recognised. In any future work, these effects need to be investigated thoroughly before

any definite conclusions about the conduction networks within the granules can be made.

In summary, both a phenomenological and a physical model were applied to the I-V sweeps
performed on the 0.5 mm test area of the PSRTs. The phenomenological model, comprising
a linear and a quadratic term provided a good fit to the data, although residual analysis
suggested that a better fit may be achieved with the inclusion of higher order terms. It
was found that, above 0.7 N the linear contribution to conduction increased with increasing
force, whereas the non-linear contribution decreased. Below 0.7 N, it was believed that
issues arising from a non-zero contact resistance may have dominated. In the physical model,
any non-linear contribution to the current density could in theory be linked to quantum
tunnelling effects. However, the model could not be successfully applied and in many cases
each parameter exhibited a large error. It was shown that two visually similar fits, with the
same statistical goodness-of-fit value, could predict very different values of the parameters,

giving little confidence in the application of such a model.
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12.5 Measurement of flicker noise

Electrical noise within a composite material may provide a means to probe the nature of the
electrical conduction within that composite. This was introduced previously in chapter 8.
Flicker noise is a frequency dependent oscillation of a measurable quantity (for example
current) that can be linked with fluctuations in conductivity within a material. In conducting
polymer composites, the flicker noise may be strongly dependent on the filler fraction of
conductive particles. Compression of such a composite forces conductive particles closer
together and hence may also affect the measured flicker noise. Here, the transparent ink
containing the nanocomposite granules was printed in a 6 mm sensor format, as shown earlier
in Fig. 9.4. Sensors were printed for both G3 and G4 PS layers. The granule number density
within these layers, and their electrical functionality in a four-wire touchscreen format, were
previously reported in chapter 10. Force was applied to the sensors using the custom-built
rig as shown in Fig. 9.9 and the flicker noise was measured over a 2 second period, then
repeated 20 times. The power spectrum of the noise was calculated as per equation 8.26.
It is important to note that in this experimental design the effect of increasing contact area
between electrode and PS layer with increasing force (and hence increasing the number of

granules contacted) could not be ruled out.

Fig. 12.19(a) shows the power spectrum obtained for sample G3, for applied masses of 50 and
500 g, approximately corresponding to forces of 0.5 and 5 N. Fig. 12.19(b) shows the power
spectra for sample G4 at the same forces. The power spectrum of the flicker noise is larger for
an applied load of 5 N than for 0.5 N, for both samples. This relates to the increased current
which flows through the sensor under 5 N load (resulting in a lower resistance). On a log-log

scale, the flicker noise appears linear with a gradient equal to that of the coefficient . For

1 10 100 1000 1 10 100 1000
Frequency (Hz) Frequency (Hz)

(a) (b)

F1GURE 12.19: Graphs showing the noise power spectra for current fluctuations in samples

(a) G3 and (b) G4 when the sensors were subject to 0.5 N (solid black line) and 5 N (solid

red line) applied force. The dashed lines represent a linear relationship (note the log-log
scale) from which the gradient yields .
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sample G3, v was calculated as 1.227 4+ 0.005 and 1.54 £ 0.01 for 0.5 and 5 N respectively.
For sample G4, v was 1.292 4+ 0.005 and 1.371 &+ 0.005 for 0.5 and 5 N respectively.

The flicker noise was analysed for three sensors each of G3 and G4. Fig. 12.20(a) shows the
average current passing through the sample with increasing applied force. As the force was
increased the current also increased, and hence the resistance decreased. On average, sample
G4 showed a larger current flow than for sample G3. This is due to the increased granule
number density within sample G4, which allows for a greater number of conduction pathways
between the upper and lower ITO electrodes. Fig. 12.20(b) shows all calculated values of 7y
for each sensor at each force. From the graph, there is no apparent trend between ~ and

force. Instead, the value of v fluctuates in the range 1.2-1.8.

In the literature, a change in « with increasing conductive content in a composite material has
been used to draw conclusions regarding trapping states within the composite. For example,
Williams et al. report, for insulating/conducting polymer blends, increasing the conductive
fraction above the percolation threshold results in a decrease in v [255]. A smaller « indicates
a multiplicity of trap states with an extended density of states within each trap. This result
is then attributed to the fact that, for a smaller conductive fraction, fewer of these states are
sampled during charge transport through the composite. Here, the disorder in the calculated

v values gives no physical insight into the presence of trapping states (if any).

As well as the value of v, the magnitude of the noise response has also been used to probe
conduction within composites. According to equation 8.34, the power spectrum S(f) obeys
a scaling law dependent on the resistance of the composite, R, raised to the exponent w.
Typically, R is changed by altering the conductive fraction of the composite above the per-

colation threshold. Here, R was varied by applying force to 6 mm sensors. The expression
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FIGURE 12.20: Graphs showing (a) the average current flow through each sensor and (b) the

calculated ~ value for each sensor, as a function of applied force. The black circles represent

(3 sensors and the blue squares represent (G4 sensors. Lines are drawn between data points
as a guide to the eye.
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S(f)
12
1000 Hz. The resistance was calculated from the fixed voltage (2.5 V and the average current

= R¥ was analysed by measuring the power spectrum at frequencies of 10, 100 and

passing through the sensor at each applied force.

S(f)
12

the relative noise amplitude is evaluated at frequencies of 10, 100 and 1000 Hz. The graph

Fig. 12.21 evaluates the relation = RY for three 6 mm sensors of sample G3, where
is plotted on a log-log scale, such that the dashed lines represent linear relationships where
the value of the gradient is equal to w. Note that rather than extract S(10Hz), S(100H z)
and S(1000H z) from the experimental data, the previously determined values of v were used
to calculate an approximate value. This is because experimentally S(f) showed large peaks
at certain frequencies (sometimes at 100 Hz) and therefore calculating an approximate value
from the measured ~ value ensured that these peaks were not sampled during this analysis.
In Fig. 12.21(c) there is a peak in the calculated value of log(S(f)/I?), for each frequency,
located close to log(R) = 4.4. This peak can be traced back to the force-resistance response
observed for this sensor, where at the lowest loading of 10 g (0.1 N) the resistance was initially

low but then increased to a much larger value at the next increment of force (0.2 N).

From the figure, for each sensor the values of the scaling exponent w, calculated at each
frequency of 10, 100 and 1000 Hz, are mostly in agreement, within error. This confirms
the applicability of the 1/f7 model. However, when comparing across different G3 sensors
at the same frequency, large differences between the values are observed. For example at a
frequency of 100 Hz, sensors 1, 2 and 3 exhibited an w value of 1.440.2, 1.04+0.1 and 2.3+0.5.
These values do not agree within error and suggest a large amount of variation in the noise

properties of the individual sensors.

In the literature, the exponent w has been linked to the type of conduction occurring within
the composite [288-290]. For example Breeze et al. studied the flicker noise characteristics
of a carbon black/polymer composite [254]. They found that, when plotting the noise of the
resistivity fluctuations for different sample resistivities (driven to higher values by increasing
the temperature of the composite), two regimes could be observed. In the non-metal regime
(high resistivity) the value of w was 2.77. At low resistivities w decreased and this was
attributed to the onset of percolative conduction and quantum tunnelling mechanisms. A
similar transition between two values of w was also observed by Pierre et al. for copper/poly-

mer composites [290].

Here, such analysis cannot be performed, due to the large variations observed between w from
sensor to sensor. The limitations of the experimental design prevent any further analysis.
This is because, in the sensor and test rig design used for noise measurements, the effect of
increasing contact area between electrode and PS layer cannot be ruled out. The application

of force to the upper ITO electrode pushes it into contact with the PS layer, and the contact
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FIGURE 12.21: Graphs showing the magnitude of the flicker noise at frequencies of 10 Hz

(black circles), 100 Hz (crosses) and 1000 Hz (open squares) as a function of the resistance

through the sensor, for samples (a) 1, (b) 2 and (¢) 3. This is expressed on a log-log scale to
allow extraction of the scaling coefficient w.

area created is dependent on the force applied. Therefore, in the experiment performed here
the measured noise is likely to be a summation of the contact noise and the noise through
the granule composites. It is impossible to draw any reliable conclusions about the nature of
the conduction through the composites without first quantifying the noise contribution of the

ITO/PS layer contact. In future work, it would be beneficial to repeat these measurements
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using the test rig developed for the measurements presented in sections 12.3 and 12.4 in this
chapter. Then, the effect of increasing the contact area between probe and PS layer could be

partially mitigated.

12.6 Summary of part II

Part II of this thesis has presented a significant body of work designed to investigate and
characterise the physical basis of any force-induced resistive response of both the touchscreen
ensemble and the individual nanocomposite granules. Previously, the fabricated granules
were found to possess a complex internal structure comprising conductive particles separated
by polymer binder and air voids. When the granules are subject to a force, compression of the
granule may open up additional conduction pathways, thus decreasing the resistance through
the granule. Additionally, increasing the force on the upper ITO electrode creates contact
with an increasing number of granules within the PS layer, which also acts to decrease the

resistance.

The functional performance of touchscreen test devices were investigated in chapter 10, where
a number of parameters were devised in order to compare the response as a function of granule
loading. A control test device, containing agglomerated nanoparticles instead of pre-formed
granules, was also considered. It was found that both the electrical properties and optical
transmission through the touchscreen could be linked to the distribution of granules within the
PS layer. An increased number density of granules resulted in a larger value of optical haze.
Additionally, increasing the number density also produced a less variable F-R response over

the touchscreen surface but resulted in a higher sensitivity, or a more ‘switch-like’ response.

To better understand the contact between flexible ITO electrode and PS layer during op-
eration of the touchscreen, a model simulation was developed which enabled the number of
granules contacted by the electrode to be modelled as a function of force, allowing the predic-
tion of the F-R response of the touchscreen. The model provided a reasonable prediction of
the shape of the F-R response seen in experimental test devices, although it underestimated
the resistance, particularly at higher forces. In the model any force-sensitivity intrinsic to the
granules was neglected, suggested this phenomena must be accounted for in order to produce

a more accurate model.

To assess the intrinsic force sensitivity of the granules, test areas on the PS layer of the
PSRT devices were fabricated by evaporating chromium/copper/gold capping electrodes and
net forces of up to 3.45 N were applied to the test area. By varying the size of the test areas
the force exerted on each individual granule could be further controlled. For example, at the

maximum SCTP force of 3.45 N, the force exerted on the granules in the 0.5 mm test area was



Chapter 12. Pressure Sensitive Conduction in Granules 260

largest, due to the small number of granules contained within this area. Two key observations
were made. The first was that the resistance through the test area was dependent upon the
size of the test area. This was linked to the number of granules contained within the test
area, where larger test areas contained more granules. As each granule may be modelled as a
resistor in parallel with its neighbours, the more granules that are contacted by the probe the
lower the overall resistance. This observation was used to predict the resistance of a single
granule as 0.5-30 MQ. The large variation in this value resulted from the inherent variation
in the resistance of the test area at initial contact with the probe. An estimate of granule
resistance is useful for simulations of the force-sensitive response of the touchscreens. For
example, Fig. 11.2(a) in chapter 11 showed the effect of varying the granule resistance on the

calculated F-R response of the PSRT devices.

The second observation was that the magnitude of the F-R response was also linked to the
size of the test area. The smallest test area (0.5 mm) exhibited the largest percentage change
in resistance between initial contact with the probe and maximum applied force. This change
was significantly smaller for the 2 and 1 mm test areas. Again, this was attributed to the dif-
ference in force exerted on the individual granules. By assuming that each granule protruded
above the PS surface by the same height, the force exerted by the probe is distributed equally
between all granules. Therefore the force per granule is larger in the smaller test area. When
these granules are subjected to high forces, additional pressure-induced conduction pathways

within the granule may be triggered.

Due to the experimental design, the force exerted on each granule was very high (a maximum
of 16+4 mN). Unfortunately, this exceeded the average granule fracture strength of 10.640.3
mN previously determined in chapter 7, such that granule degradation or breakage during
testing cannot be ruled out. This may also be a cause of the observed poor repeatability
of the F-R response of all test areas. Furthermore, the forces exerted on the granules here
are likely to be much larger than for standard operation of the touchscreen device. From
the model presented in chapter 11, it may be expected that the largest force a granule will
experience is at first contact between the ITO and PS layer, when the contact area is smallest

and hence the number of granules contacted is low.

In order to probe the underlying conduction mechanisms responsible for any pressure-sensitive
resistance response, the I-V characteristics of the test areas were investigated by performing
10 I-V sweeps at each force. Hysteresis between increasing and decreasing force cycles was
evident in most sweeps performed, however the magnitude and persistence of the hysteresis
during repeated testing was greatest for the 0.5 mm test area. In some cases, the hysteresis
could be explained by charge trapping mechanisms, however in other instances the hysteresis
may have been caused by a non-constant current flow. By allowing the granule resistance to

settle for a fixed period of time prior to measurement this effect may be confirmed.
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To investigate the physical mechanisms behind the observed force-sensitive I-V response in
the 0.5 mm contacts two models were fitted to the data. The first, the random resistor net-
work model, was applied successfully. Here, the total current was split into a linear and a
non-linear term, with the latter represented by a quadratic function. Analysis of the linear
and quadratic conductances with applied force showed that, above 0.7 N, the linear contri-
bution to total current increased, and the non-linear contribution decreased. An increase in
linear charge transport mechanisms at the expense of the non-linear charge transport may be
caused by granule compression creating more direct (percolative) conduction pathways be-
tween neighbouring particles. A similar effect has been found in other composite materials.
However, the RRN model is phenomenological and can offer no significant physical insight
into the nature of the non-linear conduction pathways. A second model, derived from the
physical basis of quantum tunnelling processes, was also applied. Here, the non-linear term
was represented by a power law and exponential function, whose parameters could give physi-
cal insight into the type and nature of the tunnelling process. Unfortunately, this model could
not be fitted well to the experimental data and large variations in most model parameters

were obtained.

Additionally, the flicker noise through 6 mm sensors of samples G3 and G4 was measured.
However, neither the noise exponent «y or the magnitude of the noise could be used to draw any
conclusions regarding the conduction mechanisms within the granules. This was attributed
to the limitations of the test procedure (in both the geometries of the samples used and the

method of applying force to the sensors).

Finally, whilst pressure-sensitivity is suggested by the results obtained in this chapter, two
important points must be taken into consideration. The first is that any pressure-sensitive
conduction is only realised at high forces, well beyond that experienced during normal op-
eration of the touchscreen device. If this intrinsic pressure sensitive feature is to be utilised
in the PSRT response, it is necessary to redevelop the granules such that this feature may
be unlocked at lower forces. The second point is that the results obtained here cannot, with
absolute certainty, be attributed as being intrinsic to the granules. The composite system
itself is complicated and highly variable, and the limitations of the experimental design did
not account for all possible external sources of pressure sensitivity (for example in the con-
tact resistance between probe and capping electrode). In future work, it may be prudent to

remove this effect in order to re-examine the pressure sensitive nature of the granules.



Chapter 13

Conclusions and Future Work

In this thesis, the design and development of new ink components for resistive sensors, pri-
marily for touchscreen applications, was presented. Part I described the design, fabrication
and analysis of nanocomposite granules, which were incorporated into the ink. Then, part
II discussed the functional performance of the granules when printed to form resistive touch-
screen sensors, as well as the physical basis of the force-dependent resistive response of both
the touchscreen ensemble and the individual nanocomposite granules. The main conclusions
from part I and part II are discussed in the following sections, along with suggestions for

future work.

13.1 Conclusions and future work from part I

Here, the aim was to fabricate and analyse new nanocomposite granules for use in the printed
pressure-sensitive resistive layer within the touchscreen sensors. In previous versions of the
touchscreen, developed by Peratech Holdco Ltd., nanoparticle clusters formed during blend-
ing of the ink components. These provided the pressure-sensing properties of the touchscreen.
In this thesis, these were replaced by pre-formed nanocomposite granules which offered im-
proved functionality through increased control over the granule size, internal structure and
mechanical properties. For example, control over the size distribution of the granules allowed
their size to be matched to the printed ink thickness, which was important for the electrical
functionality of the sensor. The internal porosity of the granules also linked to the electri-
cal functionality through the possible creation of pressure-enhanced conduction pathways,
and the fracture strength of the granules linked to their overall durability under repeated
application of force. A thorough understanding of these characteristics allowed links to be

made to the theory of granulation, developing an understanding of how the granule properties
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could be tailored through altering the starting constituents or the operation parameters of

the granulation process.

As well as fabricating the granules, it was necessary to devise and implement a range of
analytical tools in order to quantify their size, structure and strength. The method of mea-
suring the size distribution of granules was given particular emphasis in chapter 5. Through
most of this thesis, the granules were imaged using SEM microscopy, with the relevant size
and shape parameters extracted manually from the digital images using image analysis soft-
ware. This technique was compared against commercially available particle size measurement
systems which used the measurement principles of static and dynamic image analysis and
laser diffractometry. It was important to understand the limitations of size analysis through
SEM microscopy against these alternative techniques which allowed rapid, automated mea-
surement of a large sample size of granules. For instance, whilst SEM imaging was slow
and time-consuming, it allowed high-resolution visualisation of the granule topography and
surface roughness. Although manual measurement of the granules limited the sample size
measurable, the user could easily distinguish close or overlapping granules on the image,
which automated measurement systems struggled to achieve. In fact, it was found that the
main disadvantage of SEM imaging and manual image analysis was the poor representation
of bimodal granule size distributions. High magnifications were necessary to resolve small
granules and to allow accurate readings of granule size, which meant that larger granules
were under-represented within the images. However, the commercially available instruments
often struggled to measure small granules less than 10 pm in size, where effective dispersion

of the granules was crucial.

Focussed ion beam (FIB) milling was an important tool for revealing the internal structure of
the granules. Determining granule porosity was important, as a high porosity suggested that
the granules may be compressible under applied force. This may have promoted pressure-
enhanced conduction pathways within the granule. Furthermore, FIB milling often revealed
complex and unusual granular structures. In some cases, FIB milling provided direct evidence
of granule growth by the coalescence of several smaller granule nuclei. It also revealed the
presence of concentric binder rings, which suggested growth by layering mechanisms. This
was exemplified in Fig. 6.6 and Fig. 7.4 which show high-resolution detail of granule internal
structures which were directly linked to predictions of granulation theory. In fact, in the
field of granulation there is very little published work in the literature by which FIB milling
was used as a tool to investigate internal granule structure, and alternative methods have
not offered the high-resolution detail as shown in the images presented in this thesis. It was
therefore shown that FIB milling was a viable technique to reveal complex structure of the

nanocomposite granules produced here, and is clearly applicable to other granulation studies.
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Additionally, compressive loading tests on individual granules were performed to assess their
mechanical properties, using dedicated equipment available at Leeds University. Unfortu-
nately the equipment did not offer sufficient resolution to determine the elastic deformation
properties of the granules, and the smallest granules that could be tested were 75-100 pm in
size. Despite these limitations, this technique provided some measure of the fracture strength
of granules produced from a range of constituent materials and under different operating con-

ditions.

Chapters 6 and 7 presented an in-depth study of how changing the constituent material
properties and the operating variables impacted on the granule size, structure and strength.
It was found that using spherical antimony-doped tin dioxide (ATO) nanoparticles promoted
a well-defined granulation mechanism, where key processes such as nucleation, coalescence,
layering and breakage could be readily observed. Furthermore, the induction time (that
is the time during which granules exist in the nuclear state with no significant growth)
was longer, and significant growth occurred only after 15 minutes in the granulating vessel.
Conversely, when using acicular ATO nanoparticles the growth process was less well-defined
and rapid growth by coalescence occurred in the early stages of the process. This resulted
in larger, heavily agglomerated granular structures, which are not conducive to effective
dispersion when blending with the screen-printable ink. Considering the polymeric binding
agent, granules fabricated with the silicone binder exhibited a larger fracture strength than
those fabricated with either carbon or water-based binders. The carbon-based binder resulted
in a shortening of the induction time and rapid growth occurred sooner. Although a complex
relationship between the binder quantity and the growth kinetics of the granules was observed,
a silicone binder quantity of 10 % by mass was the maximum quantity that produced a stable,
predictable granulation process that limited the degree of granule breakage. The key result
of chapter 6 was therefore the development of an optimised granule ‘recipe’, consisting of

spherical ATO nanoparticles and 10 % silicone binder by mass.

Throughout chapter 7, this ‘optimum recipe’ was further defined through consideration of the
granulation process, namely through altering the granulation energy, through the rotational
speed of the dual asymmetric centrifuge (DAC), and the residence time in the DAC. These
parameters were intimately linked, as a lower rotational speed resulted in a longer induction
time. In practical terms, this meant that a longer ‘window of opportunity’ existed during
which the surface roughness and porosity both decreased although the overall granule size
showed little variation. This result was highlighted in Fig. 7.1(a) and Fig. 7.9(a) for a
rotational speed of 2000 rpm. As an extension of this principle, the regime map shown in
Fig. 7.13 summarised an extensive body of work that considered the average granule size for
a wide range of granulation speeds and times. From this, the induction time was determined
as a function of rotational speed, as shown in Fig. 7.14. Overall, this chapter described how

the properties of the granule nuclei may be tailored to ‘pre-set’ their electrical characteristics
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through their internal porosity. Finally after the induction time, when rapid growth had
occurred, the granules exhibited strange surface indentations, giving a warped ‘golf-ball’
shape. Whilst these large granules had no direct application within the scope of this thesis,
it was noted that granules with this unusual feature have not been observed within the field
of granulation, but may yet be relevant to pharmaceutical applications where an increased

surface area is beneficial for effective granule dissolution.

Whilst part I of this thesis gave an in-depth study into granule formation, further work may
extend the current understanding by investigating additional parameters known to affect the
granulation process, or by improvement of the methods utilised in this thesis. For example,
the surface energy of the constituent particles plays an important role in the wetting properties
of the liquid binder. By altering the surface energy of either the particles or the binder phase,
the granule properties may be further controlled. Previous work suggests that poor wetting
characteristics lead to higher granule porosities, which may allow a greater degree of control
over the granule compressibility and their electrical response. Additionally, only one type of
constituent particle was considered (ATO), and two different shapes (spherical and acicular)
were investigated. There exists a wealth of other electrically active nanoparticles, with a wide
range of shapes, which may be trialled. Similarly for the liquid binder, only three insulating
binders were considered. Future work could extend the range of binder considered, and also
consider electrically active binders such as conductive polymers (for example polyaniline) or

even polymers which exhibit a pressure-sensitive resistive response (for example PVDF).

Future work may also look to improve the method by which the mechanical properties of the
granules are assessed. Here, the limitations of the equipment meant that only the granule
fracture strength could be quantified. However, by measuring the elastic properties of the
granule through the Young’s modulus a greater understanding of the compressible nature of
the granules could be gained. It is envisaged that changing the properties and the amount
of the liquid binder phase may also impact on the compressible nature of the granules. This
in turn would lead to greater control over the functional granule properties when they are
subsequently incorporated into the touchscreen sensor. By controlling both their porosity and
the compressibility, the effect on the electrical conduction through the granule as a function

of applied force may be investigated.

13.2 Conclusions and future work from part II

In part II of this thesis, the granules were incorporated into an ink that was printed to form
the pressure sensing (PS) layer of a resistive touchscreen sensor, and both the functional
performance of the touchscreen and the physical basis of the force-sensitivity of the resistance

response were investigated.
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Chapter 10 considered the optical transmission through the PS layer, and the force-resistance
(F-R) behaviour of the touchscreen assembly. An important part of this investigation was
a comparison with a control scenario, where the PS layer contained agglomerates of the
nanoparticles which were formed during blending of the screen-printable ink. By using pre-
formed granules, the optical transmission through the PS layer was improved, when com-
pared to the control scenario. This was linked to the number density (i.e. the number of
granules/agglomerates per unit area within the PS layer) and the size of the agglomerates or
granules within the layer. The number density of the spontaneously formed agglomerates in
the control was higher, compared with the same mass loading of the new pre-formed granules.
From this, it was clear that the average size of the granules was larger than the average size

of the agglomerates.

Without the granulation stage, agglomerates with a wide size distribution are formed during
blending of the ink, which can also leave unagglomerated nanoparticles in the PS layer.
When the agglomerates were smaller than the thickness of the printed PS layer they did not
contribute to the electrical conduction through the layer (as they could not make contact
with the flexible electrode) however they provided scattering centres for light transmitted
through the layer. Through considerations of both Rayleigh and Mie scattering theory, it
was shown that individual nanoparticles and small agglomerates less than 0.1 pm in size
promoted Rayleigh scattering, where incident light was scattered approximately equally in
all directions. When the natural agglomerates or pre-formed granules were greater than 1
pm in size, light scattering was predominantly in the forward direction. This important
result was shown in Fig. 8.11. In touchscreen applications, diffuse scattering needs to be
minimised so that the touchscreen does not impact on light transmission from the underlying
display. Here, it was shown that diffuse scattering (measured from the optical haze) could be
minimised for a given particulate loading by first granulating the ATO nanoparticles prior
to inclusion in the ink. In this way the number of unagglomerated or small agglomerates
present in the layer was reduced, which limited the number of scattering centres scattering

light to large angles.

The number density of granules within the layer was also linked to the electrical functionality
of the touchscreen. This functionality was assessed by the definition of empirical parameters,
describing the hysteresis between increasing and decreasing force sweeps, the variation in
the force-resistance (F-R) response across the sensor surface, and the sensitivity of the F-R
response (i.e. how quickly it switched from a high to low resistance state with application of
force). PS layers were fabricated with different number densities of granules. High number
densities meant that a larger number of granules contacted the flexible electrode at any
given time, so that the resistance was less sensitive to local variations in granule number.
This resulted in a decrease in the variability parameter. However, the sensitivity parameter

increased because, with large numbers of granules in the PS layer, the resistance quickly



Chapter 13. Conclusions and Future Work 267

saturated to a minimum value. This was summarised in Fig. 10.11. In this case, a high
sensitivity was not beneficial for pressure-sensitive applications, where instead a controlled

and predictable decrease from high to low resistance states is preferred.

Chapter 11 presented a model simulation of the F-R response of a touchscreen assembly,
by considering the interplay between the flexible ITO electrode and the PS layer. From an
understanding of the mechanical properties of the sensor components, the deflection of the
flexible electrode was calculated as a function of applied force, as presented in Fig. 11.1(a).
The contact area was approximated by assuming that contact occurred when the deflection
of the ITO electrode exceeded the depth of the air-gap between electrode and PS layer. With
knowledge of the number density of granules within the PS layer, the number of granules con-
tacted by the electrode as a function of applied force was calculated. Then, by assuming that
the granules behaved as resistors in parallel the F-R response of the PSRT was estimated.
As a first approximation, intrinsic pressure-sensitivity of the granules was neglected. A com-
parison was made between the F-R response calculated using this model and that observed
experimentally, and was presented in Fig. 11.5. The magnitude of the F-R response observed
experimentally could not be accounted for by just considering the increasing number of gran-
ules contacting the electrode. The model may be more accurate if it included the effect of
pressure-sensitive conduction pathways within the granules, activated through applied force.
Nevertheless, the model was useful predictive tool for understanding how sensor parameters
such as the depth of the air-gap and the thickness of the flexible ITO electrode would impact

on the F-R response.

Chapter 12 described an experimental study of the intrinsic pressure-sensitivity of the electri-
cal conductivity of the granules. Here, the aim was to understand and quantify the physical
basis of any pressure-enhanced conduction within the granules. To achieve this, an experi-
mental technique was developed so that the number of granules contacted by the electrode
remained constant with applied force. This was achieved by evaporating electrical contacts
(‘capping electrodes’) onto defined ‘test areas’ of the PS surface, to electrically link all gran-
ules within that region. Then, force was applied using spring-contact test probes, whose
diameter matched that of the capping electrodes. The F-R response of test areas of varying
size were measured, for both increasing and decreasing force. Overall, as the size of the
test area decreased, the percentage decrease in resistance between initial contact and the
maximum force increased. Significant evidence of a force-sensitive resistance was evident for
the smaller test areas, as was shown in Fig. 12.4. Smaller test areas meant that the force
imparted by the probe was spread over fewer granules, such that each granule experienced a

larger compressive force.

Overall, the repeatability of the F-R response of the test areas was poor. When removing the

force, the resistance rarely attained its original value, and this was also found for repeated
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force sweeps on the same test area. Additionally, different test areas with the same size
did not show identical F-R behaviour. This behaviour was partly attributed to the intrinsic
variability within the complex granule network in the test areas, and partly to limitations in
the experimental design. Because of the geometry of the samples, the resistance was measured
using a two-point method, so contact resistance between probe and capping electrode could
not be neglected. This contact resistance was likely to be dependent on the force applied,

and therefore may have partly obscured the F-R properties of the granules.

To understand the physical basis of the pressure-sensitive conduction the current-voltage (I-
V) characteristics of the test areas were analysed. As for the F-R response, the I-V behaviour
also showed variation in the form of hysteresis, where differences in current flow were observed
between increasing and decreasing voltage sweeps. This effect was maximised for smaller test
areas, where the hysteresis also remained during repeated sweeps on the same test area.
Charge trapping mechanisms could be attributed to the instances where the current on the
up-sweep was lower than for the down-sweep, which often occurred in the first voltage sweep
performed at each applied force. Here, trap sites within the granule were filled as voltage
was initially ramped up. When the sites were full, subsequent current flow contributed to the
electrical current even when the voltage was then decreased. However, in many instances the
current flow on the up-sweep was slightly larger than for the down-sweep. This was harder
to explain and is not yet fully understood, although it could be linked to a dynamic granule

resistance which was changing throughout the measurement period.

In an attempt to better understand the conduction behaviour, the decreasing voltage sweeps
were analysed by fitting two models to the IV data. The random resistor network (RRN)
model gave an excellent statistical fit to the data. Here, the total current was modelled
as the sum of a linear and quadratic dependence on voltage. Above 0.7 N, it was shown
that the linear contribution to the current increased with force at the expense of the non-
linear contribution, as shown in Fig. 12.14. This was attributed to an increasing number
of direct, percolative, conduction pathways forming as the granule was compressed, as the
constituent particles within the granule were brought closer together. However, due to the
limitations of the model the exact physical nature of the non-linear conduction pathways
could not be determined. To this end a second model, derived from the physical principles
of quantum tunnelling mechanisms, was also applied to the IV data. In this model, the
non-linear contribution to current was directly linked to the specific tunnelling mechanism,
as well as the magnitude of the tunnelling current and the probability of successful tunnelling
events. Unfortunately, this model did not fit well to the data and large variations in the model
parameters were obtained, giving limited physical insight. Finally, it is important to note
that, whilst this chapter suggested that pressure-sensitive conduction within the granules
may occur, the forces required to activate this response are significantly larger than what the

granules experienced during standard operation of the touchscreen sensor.
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In future work, it is necessary to first modify the experimental design such that the contact
resistance between the probe and the capping electrode is negated, by utilising a four-point
measurement system. When contact resistance is eliminated, the magnitude of the F-R
response of the granules should be determined with greater certainty. This would also remove
the contribution of the contact resistance on the IV sweeps. Measurements of the electrical
flicker noise using the same experimental set-up for direct granule contact may also shed light
on the nature of electrical conduction. In this thesis, the flicker noise measurements could not
give conclusive information on the nature of the electrical conduction. This is partly because
the experimental set-up used measured the flicker noise through a full sensor device. This
meant that the increasing contact area between probe and sensor with increasing applied

force could also have contributed to the noise characteristics.

In the work presented in chapter 10, only one configuration of PS layer was tested. By
extending the range of granule number densities tested, additional data could also be collected
in order to corroborate the results presented here. This would confirm the link between
the granule distribution within the PS layer and the variability and sensitivity of the F-R

response.

In order to bring together the results from parts I and II of this thesis, in future work the
PS layers could be fabricated from granules with different physical properties. For example,
by extending the work presented in chapter 12 to granules with different porosities, the link
between porosity and electrical conduction within the granule may be better understood.
Granules which exhibit a large degree of elastic deformation under applied force may lead to
enhanced conduction through quantum tunnelling mechanisms. From a full understanding
of how internal structure may be used to tailor the electrical response of the granule, and
therefore of the touchscreen assembly as a whole, the full potential of application-tailored
granules may be unlocked. This would enable the fabrication of pressure-sensitive touch-
screens whose resistance response could be controlled solely by modification of the functional

granules contained within, through a detailed understanding of the granulation process.

Throughout this thesis, one particular device geometry was considered. Here, the nanocom-
posite granules were assembled into a touchscreen device, where the granule-containing layer
was sandwiched between two transparent electrodes. The focus of the thesis was on devel-
oping the granule-containing layer, and tailoring the individual granules and the distribution
of the granules to control the functional force-sensitive response. In this regard, chapter 10
showed how it was possible to modify the light transmission through the PS layer, and also
the variability and the sensitivity of the force-sensitive resistance of the device, through con-

trol of the granule distribution within the PS layer. Chapter 12 showed how force-sensitive
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conduction mechanisms within each individual granule may also contribute to the overall re-
sponse of the touchscreen device, although in this case the effect was shown to be significant

only at larger forces beyond the standard operating conditions of a touchscreen.

However, it is important to note that the functional response may also be tailored through
optimisation of the device geometry. For example in the force sensing interface developed
by 3M, it was demonstrated that the sensitivity of the response was dependent on the air
gap between electrode and sensing interface, as shown in Fig. 2.9. Similarly, in the work
presented here in chapter 11, simulations showed that the force sensitivity could be tailored
through adjusting the depth of the air gap. In addition, other device parameters such as
the flexibility (Young’s modulus) and thickness of the electrode substrate can also be used
to tailor the electrical response of the touchscreen. For example, when detection of larger
forces is necessary, a combination of thick, inflexible electrodes coupled with a larger air gap
may be implemented. For highly sensitive detection of the lightest touches, a thin flexible
electrode with a small air-gap may be used. In future work, each of these parameters should

be explored and linked to the predictions of the simulation.

Finally, other device geometries such as the 6 mm circular sensors (see section 9.2.5), may also
be worthy of future development. These sensors represent discrete, force-sensing buttons, as
opposed to a continuous location-tracking touchscreens. In chapter 2, the concept of hybrid
touch sensing was introduced. Here, location sensing is achieved through (usually) projected
capacitive sensing, and force sensitivity is realised through the addition of discrete force
sensors underneath the interface. The force signals detected by each sensor can be used to
calculate the total force the user imparts to the interface. If these sensors were themselves
transparent, this principle can be extended to transparent interfaces (touchscreens) where
the force sensors lie directly underneath the cover glass, above the display. This method
of force-detection is of particular interest as it can be integrated into the capacitive sensing

systems which currently dominate the touch sensing market.



Appendix A

Calculation of Beam Deflections

This Appendix describes the derivation of equations 8.2 and 8.3 presented in chapter 8. The
principles of such derivations are described in detail in many engineering text books dealing

with statically indeterminate beam systems [209, 291-293].

Consider a uniformly distributed load w, applied non-centrally to a beam of length L be-
tween positions a and b, such that the total force applied is w x (b — a). This is shown in
Fig. A.1(a). First, it is necessary to determine the bending moment M, which is then inserted
into equation 8.1. This will be dependent on the reactive moments at the supports, M4 and

Mp, as well as the reaction force supplied by the support, R4 and Rp.

The bending moment can be determined by considering the free body diagram of the beam,
as is shown in Fig. A.1(a). However, due to the complex nature of the loading scenario, it is

useful to use the principle of superposition for determining M. The principle of superposition
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FIGURE A.1: Schematic of a uniformly distributed load applied non-centrally to a beam

of length L between positions ¢ and b. M4 and Mp are the bending moments at points

A and B, at each end of the beam, and similarly R4 and Rp are the reaction forces. The

beam loaded as shown in (b) is equivalent to that shown in (a), through the principle of
superposition.
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states that the loaded beam shown in Fig. A.1(b) is equivalent to that shown in Fig. A.1(a).
The latter system is much simpler to analyse. Working left to right along the beam::

[z — a]? ~wlz — b)?
2 2

M:MA—RAl‘—l—w (A.1)

The terms in square brackets are Macauley terms and act to simplify the expression [291].
They are only activated when x is larger than a or b, respectively, such that the term inside
the square bracket is always positive. When x is smaller than a or b, the term inside the
bracket becomes zero and does not contribute to M. Hence, the third term in equation A.1
is only ‘switched on’ when point 1 in Fig. A.1(b) is reached. Until this point, [z — a] is
negative and therefore is set to zero. Similarly, at point 2, [z — b] is switched on. This
term counteracts the previous term for all beam lengths greater than b, as is required for the

principle of superposition.

Also, note that by considering the beam from right to left, a similar expression would be

calculated using the terms Mp and Rp.
Then, using equation 8.1:

wlz —a)*>  wlx — b)?

Ely" = —M = —Ma + Rax — S (A.2)

This can be integrated twice, w.r.t x, to obtain an expression for y, the beam deflection.
Note that when integrating, the Macauley terms are treated as variables, i.e. these terms are

integrated w.r.t [x — a] and [x — b]:

Rax®  Max?> wlzx—a* wz—0b* p
— — D A.
5 5 o1t o1 T Cx + (A.3)

Ely =

By using the boundary conditions that both y and 3’ are 0 when z = 0 or x = L, the

constants C' and D are set to zero.

Now, it is necessary to derive terms for M4 and R 4. This is done by considering an infinites-
imal portion of the uniform distributed load O0x a distance z along the beam, as shown in
Fig. A.2. In the limit 0z — 0, Oz can be treated as a point load. R4 and M4 can be easily
calculated for point loads. Using the approach described in [209], it can be shown that:

(L —x)?

dM 4 = —wozx X 7

(A4)
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F1GURE A.2: Schematic of a uniformly distributed load applied non-centrally to a beam of

length L between positions a and b. When calculating M4 and R4, an infinitesimal part of

the uniformly distributed load, dx, at a distance x along the beam, is considered. In the
limit 0z — 0, Oz can be treated as a point load.

Therefore:

b
My = /dMA :/ %m(L — 2)2da. (A.5)

By integrating this equation between a and b the following result is obtained:

My (7~ ) = 2 (P —a¥) + (0 — )] (A.6)

_—w L?
L |2
Similarly, for R4 a similar approach is considered. Using the approach described in [292], it

can be shown that:

b
w
Ry = /dRA = /a 3L - x)?(L + 2x)dx. (A7)
By integrating this equation between a and b the following result is obtained:

w

Ra= 13 [L3 (b—a)—L(1*—a®) + % (b* —ah)|. (A.8)
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