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Abstract

In this thesis, the design, fabrication and characterisation of a bio-inspired microelectrome-
chanical systems (MEMS) based tactile sensor array is presented. A vast amount of research
has been carried out in the area of tactile sensing and various transduction methods have
been explored. However, currently no device exists with a performance comparable to that
of the biological tactile sensors of the human fingertip in terms of robustness, sensitivity,
spatial resolution and dynamic performance. The sensors developed in this work employ the
principles of electrical capacitance and are fabricated from commercially available silicon-
on-oxide wafers using simple process steps. Each sensor is formed from two plates of highly
conductive silicon separated by an air-gap formed from sacrificial etching of the oxide layer.
Deflection of the 2 pm thick upper plate of the sensor as a result of applied mechanical
stimulus, causes a change in capacitance which is the output of the sensor. Within the ar-
ray, the individual sensors are spaced 150 pm apart (centre-centre pitch of 570 pm) and
therefore offer the potential for high spatial resolution. To protect the sensor array from
mechanical shock and provide skin like compliance, the use of suitable packaging materials
was explored. The use of poly dimethyl siloxane (PDMS) as a suitable skin-like material
was demonstrated. Modification of the surface topography of the packaging layer to include
“fingerprint’ like features was explored and its benefits highlighted. Sensor characterisation
experiments revealed that the sensing device was sufficiently sensitive to allow the discrim-
ination of different textures (with feature spacing down to 0.2 mm) through tests conducted
using gratings varying in spatial periodicity and fabrics. Based on the results, the sensors
can be used as an analogue of the slowly adapting tactile receptors (Merkel disks) for robotic

finger applications.
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Summary This chapter provides a brief introduction to tactile sensors and offers an overview
of some of their major applications. The motivation for the work is given, followed by a pre-

sentation of the thesis structure.



INTRODUCTION

1.1 Background and Literature

1.1.1 What are tactile sensors

Tactile sensors are devices or systems that measure a given property of an object or surface
through physical contact with it [1]. This includes the detection and measurement of the
spatial distribution of forces on a defined area and the subsequent interpretation of the spatial
information. They can be used to provide information on parameters such as object shape,

texture, temperature, moisture level, pain and other related physical properties [2].

1.1.2 Applications of tactile sensors

Tactile sensors have an extensive range of applications across a number of domains. In the

following, some major applications are described.

Medical applications

e Surgery Tactile sensors can be used to provide surgeons conducting Minimal Invasive
Surgery (MIS) with a "sense of feel" allowing remote assessment of tissue health and
its safe manipulation. Reviews of tactile sensing technologies for MIS can be found in

the works of Eltaib and Hewitt [3] and Puangmali et al.[4].

e In-vivo pressure measurement Tactile sensors can be incorporated at the tip of a

catheter to allow in-vivo blood pressure measurement[5—7].

e Diagnostic screening By providing information on tissue properties such as elasticity,

tactile sensors can be used for cancer screening [8].
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e Prosthetic and orthotic devices Tactile sensors can be used to restore loss of tactile
sensations for people with amputations or sensory neuropathies. Enabling tactile feed-
back in an artificial limb can greatly enhance the quality of life and provide improved
prosthetic acceptance, use and level of control for amputees [9]. To this end, signifi-
cant efforts are made to develop artificial hands that have all the features of a human

hand [10, 11].

Industrial/manufacturing processes In industry, tactile sensors can be used to automate

manufacturing processes such as assembly, machining, sorting and stacking [12].

Pharmaceutical Cosmetic and pharmaceutical industries employ tactile sensors to char-
acterise the feel of different surfaces or substances in order to classify their attractiveness

[13].

Robotics Tactile sensors are implemented in robots to allow task execution such as object
identification, grasping, manipulation and to enable safe interaction in unstructured environ-
ments. While grasping objects, feedback from tactile sensors is necessary to optimise grasp
forces so as to avoid unnecessary energy expenditure and prevent damage of delicate ob-
jects. Reviews of tactile sensors for robotic manipulation can be found in the works of Howe

(1994), Tegin and Wikander (2005) and Dargahi and Najarian (2005) [14—16].

1.2 Motivation of this work

The work in this thesis has been carried out in the framework of an EU-funded project titled

Nanobiotact (Nano-engineering biomimetic tactile sensors). The main aim of the project is
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to develop a biomimetic tactile sensor for incorporation into an artificial finger.

Although there has been significant progress in the development of upper limb prosthe-
ses, currently there are no commercially available systems that provide a prosthetic user with
the functional capability on par with that of the natural arm. The man-machine interface
associated with the use of prosthetic devices is considered unnatural and is a factor that sig-
nificantly impairs user’s acceptance of a prosthetic device. In view of this, there has been a
move towards anthropomorphic or human-like designs of devices [17, 18].

The sense of touch is vital in enabling individuals to carry out day to day tasks and to con-
vey feelings and emotions. Inclusion of sensory feedback in upper limb prosthetic devices is
hence a well recognised requirement and is known to significantly enhance user acceptance
of the device and augment function [9]. Studies have shown that users of myoelectric pros-
theses (prosthetic devices controlled by signals generated by voluntarily contracting muscles
in the residual limb) showed improvements in their regulation of grasping forces when sen-
sory feedback in the form of vibration or electrical stimulus was applied directly to the skin
of the residual limb [19-21].

Recent approaches in the implementation of limb prosthetics are hybrid systems that in-
terface the human nervous system with electronic or robotic prostheses, allowing for a more
natural intuitive control of the prosthetic devices. For instance, to replace the sensory func-
tion of the human hand, signals generated by tactile sensors embedded within a prosthetic
hand can be converted into trains of electrical pulses, similar to those emitted by sensory re-
ceptors in the human hand. These signals can be then transmitted to intact peripheral nerves
in the residual stump of an amputee by means of appropriate electrodes, thus providing the

individual with tactile sensation (Fig. 1.1) [22, 23].
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FIGURE 1.1: Diagram of a sensorised prosthetic hand. Here signals from embedded tactile sensors
are converted to spike trains that are then transmitted to residual peripheral nerves [22]

Fig. 1.2 shows a schematic of a prosthetic device known as "The Cyberhand" which
is being developed by a team led by Carrozza et al. [18]. The device aims to replicate
the sensory and motor capabilities of the human hand. Biological signals are harnessed to
control the device and sensory feedback is allowed by stimulating specific nerves with signals

processed from embedded tactile sensors.

FIGURE 1.2: Schematic of the Cyberhand developed by Carrozza et al. [18] Signals from the
central nervous system are used to control the device. Outputs from sensors in the device are used to
stimulate intact nerve fibres for providing the user with tactile feedback
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1.2.1 Objectives

Considerable scientific and technological efforts are being put forward to further the realms
of prosthetic technology towards more natural devices that permit the perception of sensa-
tion. With this in view, the main focus of the work in this thesis is to develop tactile sensors
that can be incorporated into an artificial finger of a prosthetic device or robotic hand.

The highly sophisticated and efficient system of tactile sensation, as allowed by the hu-
man hand which enables the perception and differentiation of a range of textures, serves as
an inspiration for the development of such sensors. In order to implement a bio-inspired
approach, at first an understanding of the operational characteristics of the human tactile
sensors or mechanoreceptors is required. Using the human biological system of touch as a
model, the aim of this work is to develop a sensing device that has sufficient force and spatial
resolution to provide a surface discrimination capability similar to that of human fingers. As
in the human fingertips, a high density of sensors within a small area is desirable to allow
acquisition of a rich dataset of tactile information that can be extracted and extrapolated to
provide information on spatial features of the surface in contact with the finger. Further,
since the device is intended for incorporation into an artificial finger, a requirement is that
it is compatible with a skin-like coating layer. In addition to protecting the sensors, this
skin-like layer behaves as an information coding layer that transmits surface forces to the
underlying sensors.

The application of Micro-Electro-Mechanical Systems (MEMS) technology in the design
and development of such a device is explored in this thesis. This technology allows the
fabrication of devices and systems with dimensions in the micrometer to millimeter range by

adopting established integrated-circuit manufacturing techniques supplemented by its own



INTRODUCTION

processes. Thus, due to its capability of miniaturisation it is possible to implement devices
whose dimensions are in the order of magnitude of tactile sensors in the biological system.
Such technology enables the incorporation of a high density of sensing structures within a
given area and the potential for high attainable spatial resolution.

A key emphasis of the work in this thesis is to design the device using simple fabrication

steps.

1.3 Thesis content and structure

This thesis is divided into five main chapters detailing the design and development of the
MEMS based tactile sensor array.

In Chapter 2, the biological mechanisms of human tactile sensing are first introduced.
The main types of tactile sensors found in the human fingertip and their roles are described.
An introduction to artificial tactile sensing with a brief description of the most commonly
employed transducer mechanisms is given. Following this the concept of bio-inspired tactile
sensors is described with specific examples of work carried out in this area. Finally, the
use of MEMS technology in the development of tactile sensors is discussed and a review of
devices developed to date is given.

Chapter 3 describes the design concept of the MEMS tactile sensor which is based on
the principles of electrical capacitance. Analytical and numerical (Finite Element Analysis)
methods are used to study the diaphragm deflection and sensor output characteristics. The
implementation of sensor arrays is presented. Finally, the design of the signal acquisition
electronics is given.

In Chapter 4, the fabrication of the sensing device using batch fabrication techniques is

7
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outlined.

Chapter 5 deals with the implementation of the fabricated sensor within a skin-like ma-
terial. Candidate materials that can be used as artificial skin are explored.

In Chapter 6, the experimental characterisation of the fabricated sensors is described.
Methods mimicking those used in the evaluation of human tactile sensors are implemented.
The results are presented along with a discussion of device performance. Additionally com-
parisons are made between the performance of the fabricated device and biological tactile
Sensors.

Finally, a general conclusion is given in chapter 7, along with an outlook for future work.



Tactile sensing systems

Contents
2.1 Tactile sensing in the human fingertip . ................. 10
2.2 Artificial tactilesensors . . . . . ... ... 0 0 0 o e e, 25
23 Conclusions. . . . o v v ittt e e e e e e e e e e 38

Summary In this chapter, firstly an overview of the fundamental mechanisms for touch
sensation in humans is given. The motivation for the development of artificial tactile systems
that emulate biological systems of touch sensation is explored with references to research
carried out to date in bio-inspired tactile sensor development. After a general introduc-
tion to microelectromechanical systems (MEMS) and their application in tactile sensing, an

overview of the state of the art in MEMS based tactile sensors is finally given.
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2.1 Tactile sensing in the human fingertip

Tactile sensing is an essential biological survival tool playing a significant role in the explo-
ration and manipulation of objects in ones environment and enabling suitable responses or
reactions to stimuli. For successful object manipulation and perception, accurate information
on stimulus parameters such as its shape, its location of contact on skin and magnitude and
direction of contact force is required [24]. An efficient and sophisticated tactile sensing sys-
tem has evolved in humans allowing discrimination of subtle changes in texture and object
recognition even in the absence of other sensing modalities such as vision. This is possible
through the human somatosensory system; a system that includes a network of specialised
sensory receptors embedded within the skin, peripheral nerve fibres for information propaga-
tion and a network of neurones within the central nervous system for information processing
(Fig. 2.1) [25].

The main categories of sensory receptors mediating human tactile sensations are ther-
moreceptors (temperature sensors), nociceptors (pain sensors) and mechanoreceptors (sen-
sors that respond to mechanical stimuli). Thus, touch takes many forms and manifests itself
in the detection of shape, texture, friction, force, pain, temperature and many other physical
related properties. The focus in this thesis is on mechanical aspects of touch. Therefore, the
following sections will focus on the neurophysiology of touch and specifically the function-

ing of the mechanoreceptors.

2.1.1 Biological touch receptors: Mechanoreceptors

Human skin is a viscoelastic material consisting of two main layers: the outer epidermis

(having a thickness of approximately 0.06 - 0.12 mm) and the dermis (having a thickness
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FIGURE 2.1: Organisation of the somatosensory system showing tactile signal transmission from
fingertips to somatosensory area of brain (Adapted from [25])

of approximately 1 - 4 mm) [26], which is supported below by a layer of subcutaneous
tissue. The skin surface of the human fingerpad consists of epidermal (papillary) ridges or
fingerprints that are approximately 0.1 mm in height and 0.4 mm in width. At the junction
between the epidermal and dermal layers there are undulations, known as the intermediate
ridges, which consist of irregular, wavy epidermal tissue that extends into and interlocks
with the dermis [27]. Each papillary ridge is positioned directly above its corresponding
intermediate ridge.

When mechanical stress is applied to skin via touch, the stress is transmitted through the
skin to the embedded mechanoreceptors, which act as transducers, converting the mechanical
stimulus into neural signals. There are approximately 17,000 mechanoreceptors innervating

the glabrous or hairless skin of the human hand, with the highest density present in the

11



TACTILE SENSING SYSTEMS

fingertips, the preferred site for haptic exploration [28]. They can be classified into four

main types, varying in their structure, function and distribution within skin (Fig. 2.2) [29]:

e Merkel cell complexes, located at the epidermal dermal junction (accounting for about
25% of the mechanoreceptors of the human hand), thought to be responsible for coding

of surface form and texture.

e Meissners corpuscles, located in the dermis (accounting for about 40% of the mechanore-

ceptors), thought to be responsible for coding of low frequency vibrations.

e Pacinian corpuscles, located deep in the dermal and subcutaneous layers (accounting
for 10 — 15% of the mechanoreceptors), thought to be responsible for coding of high

frequency vibrations.

e Ruffini endings, located in the mid dermal layers (accounting for about 20% of the

mechanoreceptors), thought to be responsible for the coding of skin stretch.

FIGURE 2.2: Mechanoreceptors in glabrous skin of the human hand [29]
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The mechanoreceptors are innervated by afferent nerve fibres which are nerve fibres that
carry impulses from a sensory receptor to the central nervous system. Afferent fibres that
innervate mechanoreceptors have conduction velocities between 35 - 70 m/s [30]. The tactile
afferent neuron together with its specialised endings (mechanoreceptors) is termed a tactile
unit [31].

Tactile units are classified based on their ability to adapt to a constant mechanical stimu-
lus and the size of their receptive field [29], which is the two-dimensional sensitivity profile
of an individual tactile unit [31]. Thus tactile units that respond to a changing stimulus (dur-
ing application or withdrawal of the stimulus) but not to a static stimulus are termed rapidly
adapting (RA) or fast adapting (FA), and tactile units that generate a sustained response for
as long as a stimulus is present are termed slow adapting (SA) units. These are further clas-
sified into type I units for receptors with small receptive fields and well defined borders,
and type II for receptors with large receptive fields and obscure borders. The end organs of
FA I and SA I afferent units are the superficially located Meissners corpuscles and Merkel
cell complex, respectively. The end organs of FA II and SA II units are the deeply located
Pacinian corpuscles and Ruffini endings, respectively [32].

Each of the four mechanoreceptive afferent systems respond to different aspects of a
stimulus and serve a distinctly different perceptual function. The selective response of each

unit is thought to be a result of the following factors [31, 32]:

e the morphology of the mechanoreceptors

e the location of the mechanoreceptors within the skin

e the number and distribution of mechanoreceptors for a single tactile afferent
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Various studies have been conducted to assess functional properties and to identify rele-
vant stimuli for each type of unit. Contributions from the fields of psychophysics and neu-
rophysiology have been important in providing an insight into the nature of human tactile
perception. Psychophysical measures define the relationship between varying textures pre-
sented to the finger and their associated behavioural responses or interpretations. Neurophys-
10logical techniques involve recording of neural activity in peripheral nerves and the brain in
response to various stimuli. A procedure called microneurography, introduced by Vallbo and
Hagbarth in 1967 is commonly employed in the study of afferent fibres [33]. It involves the
insertion of a tungsten electrode (with a tip diameter of 5-15 pm) through the skin of awake
human subjects to facilitate electrophysiological recordings of neural signals transmitted by
single sensory afferent nerve fibres (Fig.2.3). Thus, the assessment of responses of each type

of mechanoreceptor unit to known stimuli has been possible.

FIGURE 2.3: Microneurography technique involving the insertion of a microelectrode to access a
single primary afferent nerve and record its emitted action potentials [34]

Fig. 2.4 shows a schematic of the response characteristics of the four different tactile units
to a ramp and hold stimulus via indentation of the fingerpad [35]. While the slowly adapting
SA T units respond during the entire duration of the applied stimulus, the fast adapting FA 1

and FA II units only fire impulses during transient phases of the stimulus.
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FIGURE 2.4: Schematic image of impulse discharge of different mechanoreceptors in the human

fingerpad to indentation [35]

A brief summary of the main features of each mechanoreceptor can be found in Table

2.1.
TABLE 2.1: Response characteristics of glabrous skin mechanoreceptors [32, 36]
Mechanoreceptor Receptive Afferent  Stimuli Frequency
type field type sensitivity (Hz)
Merkel cells small SA 1 sustained pressure 0 - 30
well defined

Meissners corpuscles  small FA 1 velocity, flutter 10-60
well defined

Pacinian corpuscles large FA 11 vibration 60 - 400
obscure

Ruffini endings large SAII skin stretch 0-15
obscure
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Slowly adapting type I (SA I) afferent units

SA 1 afferents innervate the human fingertip at an estimated density of 70 afferents/ cm? [28].
They respond to sustained indentations with a sustained discharge of nerve impulses. As
previously mentioned, the end organs of the SAI afferent are assumed to be the Merkel cell
complexes. These units code constant or low frequency pressure and provide the information
on which form and texture perceptions are based [32, 37]. They are located about 700 - 1000
pm below the skin surface in the epidermis at the tip of intermediate epidermal ridges (Fig.
2.5) and are concentrated in touch sensitive areas such as the fingerpads and feet [38]. They
have an oval shape and measure 10 um - 15 pum along their long axis [35]. They are present
in clusters with one SA I unit branching to upto ten Merkel cell receptors [39]. Inter-receptor
spacings are of the order of 1 mm [32]. The high density of SA I afferents in the human hand
and their small receptive field sizes are suggestive of their role in high spatial resolution of

the human hand and in coding of fine spatial features.

FIGURE 2.5: Skin structure showing papillary and intermediate ridges and the location of
mechanoreceptors relative to these structures [25]
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To understand the roles of tactile afferent units in tactile spatial coding, their responses
to scanned braille patterns (a digital code system based on six cells in a 3 X 2 pattern in
which the cells are placed 2 - 3 mm apart) were assessed by Philips et al. in 1990 [40]. They
found that SA I afferent responses provided the most acute representation of the Braille dot
patterns, denoting their significance in the coding of spatial features of a stimulus.

The local stimulus for SA units is hypothesised to be maximum compressive strain or
strain energy density at the receptor location [41]. An increase in indentation depth leads to
a proportional increase in their discharge rate [42]. They are sensitive to spatial and temporal
components of a stimulus and have a range of thresholds/ sensitivity with the least sensitive
afferents having thresholds ten times that of most sensitive fibres. Receptive field diameters
of these units are approximately 2 - 3 mm [32]. Within their receptive fields, the SA I

afferents are known to have hotspots, which are locations of increased sensitivities [32].

Fast-adapting type I (FA I) afferent units

FA 1 afferents innervate the human fingertip at an estimated density of 141 afferents/cm?
[28]. The end organs of these units are the Meissner corpuscles, which are located in the
dermal papillae at a depth beneath the epidermal surface varying between 100 pm and 500
pm (Fig. 2.5). The dimensions of these corpuscles are in the order of 100 pm x 50 pm [35].
They comprise cell layers, each that cushion and enfold two to six RA afferents. Their rapid
adaptation to constant stimulus has been attributed to their structure.

FA T afferents are mainly sensitive to low frequency vibrations (less than 60 Hz) or flut-
ter, slip, and motion across the skin surface giving feedback signals required for grip control

[30, 37, 43]. When the finger is dragged over a surface, the fingertip is loaded laterally and
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vibrations are induced due to the undulating geometries of the papillary and intermediate
ridges. These vibrations are thought to mechanically stimulate the meissners corpuscles.
They are protected from large, low-frequency skin displacements by the fluid-filled Meiss-
ner corpuscle within which they reside. Receptive field diameters of these units are approx-
imately 2 - 3 mm and these units respond to stimuli relatively uniformly over their entire
receptive field [32]. The RA afferent response begins to saturate at indentations of about 100

pm and is insensitive to the height of surface features above 300 - 400 pm [42], [37].

Fast-adapting type II (FA II) afferent units

The end organs of the FA II afferents are the Pacinian corpuscles (PC). The length of the PC
range from 300 - 1500 pum and their diameter varies from 200 - 700 pm [35]. They have an
onion like layered structure with as many as 70 lamellae enclosing a single afferent. This
structure allows the PC unit to function as a high pass filter, preventing the transduction of
slow mechanical events but signalling higher frequency vibrations (60 - 400 Hz) demonstrat-
ing maximum sensitivity in the 200 - 300 Hz frequency range [32]. The most sensitive FAII
units respond to 10 nm of skin motion at 200 Hz [32].

In 1965 Loewenstein et al. showed that when stripped off their onion like capsule layers
leaving the bare axon ending, Pacinian corpuscles became more sensitive to steady pressure
and responded like slowly adapting units [44]. Thus they concluded that it was the layered
capsule structure that was responsible for the selective sensitivity of these units to vibrating
high frequency stimuli. Fig. 2.6 shows the response of a single isolated pacinian corpuscle
to an indenting probe. The intact corpuscle generated an action potential at the onset and

offset of stimulus and did not respond during steady state indentation phase. On the other
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hand, the corpuscle that was stripped off its layers gave a prolonged response to indentation,

with a decreased rate of adaptation to steady state stimuli.

FIGURE 2.6: Adaptation in the response of an (a) intact and (b) stripped Pacinian corpuscle to
applied mechanical stimulus [34]

The FA 1II afferents have large receptive fields (with an area ranging from 4 to 44 cm?)
and are therefore poor at providing information on spatial detail [45]. However they provide
information on distant events through vibrations transmitted for example through hand held

objects.

Slowly-adapting type II (SA II) afferent units

SA II units are located deeper in the dermis and respond to skin stretch around joints and
fingernails [2]. Ruffini corpuscles, the end organs of SA II units, are spindle shaped 500 -

1000 pm long encapsulated structures with a diameter of 200 pm in their central section and
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20-40 pm near their poles [35]. Their receptive fields are approximately five times larger

than those of SA I afferents.

2.1.2 Tactile information transfer and encoding

The perception of any touch sensation is facilitated by an information flow that comprises
a series of events that follow the activation of a mechanoreceptor exposed to a particular
stimulus. In response to the stimulus, the receptor generates action potentials or electrical
nerve impulses. In the following, the mechanism for generation of action potentials is briefly
summarised.

The resting potential of the neuron is approximately -70 mV relative to the membrane
exterior. This potential is maintained through the sodium potassium pump, which maintains
an excess of KT ions in the interior of the membrane and an excess of Na™ ions exterior to
the membrane. In response to stimulation such as mechanical deformation, the Na* chan-
nels of the neural membrane open which causes an influx of Na™ ions into the membrane
leading to an increase in potential to approximately +30 mV (depolarisation). The opening
of Na channels is followed by the opening of K* channels that causes K ions to diffuse
out of the cell, thereby dropping the potential of the membrane (repolarisation) down to -90
mV. Thus an electrical pulse of about 100 mV is generated. The membrane potential re-
turns to the normal resting phase (-70 mV) through active transport of ions. Once an action
potential is initiated, it propagates along the nerve axon automatically. The local reversal
of the membrane potential is detected by the surrounding voltage-gated ion channels which
subsequently open.

In this manner, action potentials are generated and propagated via peripheral nerve fibres
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to the spinal cord and then to regions of the brain where the information is decoded and the
sensation relating to touch is perceived. The intensity of the stimulus signal is registered as
the number and frequency of pulses generated by the neural activity.

The primary somatosensory cortex (Fig. 2.7(a)) is a part of the brains cerebral cortex
that is dedicated to processing information related to touch. Different regions of the so-
matosensory cortex area are uniquely attributed to specific parts of the body (Fig. 2.7(b)).
A representation of the proportion of the somatosensory cortex dedicated to each part of hu-
man body is known as the sensory Homunculus. This is essentially a mapping of the body in
the somatosensory cortex where its area is dependent on the amount of somatosensory input
from that area. Fig. 2.7(a) shows a model of what man would look like if the body were to
grow in proportion to the size of their representation in the human brain. There is a dispro-
portionately large area of cortex devoted to processing signals from the hands implying that

a significant amount of processing is implemented for sensory information therefrom.

2.1.3 Tactile sensing characteristics of the human fingerpad

As discussed in the previous sections, there is a division of function among the four different
tactile units innervating the fingerpad. The response of a population of receptors represents
a spatio-temporal code for the applied mechanical stimulus. Thus perception of tactile sen-
sation results from the interpretation of the collective responses of the different mechanore-
ceptors. The responses of the mechanoreceptors to applied stimuli are known to be highly
non-linear [32, 46].

There is a trade-off between the spatial and temporal resolving capabilities of the tactile

units. The SA I units, with their small receptive fields, are responsible for the high spatial
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FIGURE 2.7: (a) Location of somatosensory cortex in the human brain, (b) Representation of
regions of human body in somatosensory cortex, (¢) Model of sensory Homunculus. The amount of
somatic sensory cortex devoted to the hands and face is much larger in comparison to the the relative
area of body surface in these regions [29]

resolution of the fingertip. They respond mainly to low frequency stimulation showing a
peak in sensitivity at around 5 Hz [47]. Conversely, the FA II units are poor at providing
spatial details of a stimulus, however they are sensitive to high frequency signals, with peak

sensitivities > 80 Hz [47]. The FA I units have peak sensitivities at 10 - 40 Hz [47].
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Spatial resolution

A measure of tactile spatial resolution commonly referred to in the literature is the two point
discrimination threshold; the smallest distance at which two simultaneous point stimuli can
be perceived as being distinct. It is a function of the innervation density of tactile afferents
in the skin [48]. Normal values for two point discrimination threshold in the human finger
pad range from 2 - 3 mm [49, 50]. Another method for measuring spatial resolution, where
gratings varying in periodicity were used to assess discrimination capability, has shown the

spatial resolution on the fingertips is about 1 mm [46, 51].

Force sensitivity

Threshold values of force sensitivity have been investigated by applying a step function me-
chanical stimulus on the skin using nylon monofilaments. On the fingertips, the force thresh-

old was found to be 1 - 2 mg [31].

Vibration perception

The human skin is sensitive to a range of sinusoidal frequencies from about 2 to > 500 Hz
[31]. The FA I system is tuned to lower fregencies (upto about 40 Hz) and the FA II system
is tuned to higher frequencies with a greater sensitivity to frequencies in the range of 200 -

300 Hz.

Form and texture perception

Texture refers to distributed small scale surface properties and comprises many perceptually

distinct characteristics such as roughness, stickiness, hardness and spatial density [52]. A
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textured surface has undulations or protrusions along its surface. Texture perception is sub-
jective. Studies investigating perception of roughness using gratings varying in spatial pe-
riodicity have shown that roughness perception increases with an increase in groove widths
[53]. It has been shown that roughness perception depends on element height, diameter,
shape, compliance and density. Important early observations were that scanning velocity,
contact force and friction between the finger and a surface have minor or no effects on rough-
ness magnitude judgments [54]. For judgement of roughness, an average scanning speed of
2 cm/s (range 1 - 25 cm/s) and an average normal force of 1.1 N [54] (range of 0.3 - 4.5 N)
is used by the subjects [55].

Katz proposed in 1925 the duplex theory of texture perception, suggesting that texture
perception is mediated by vibrational cues in the case of fine textures and by spatial cues in
the case of coarse textures [56]. Spatial cues are determined by the size, shape and distri-
bution of surface elements. Temporal cues are determined by the rate of vibration as skin
moves across fine textures. Currently there is no consolidated agreement in the literature re-
garding the neural mechanisms underlying texture perception in humans. Hollins and Risner
[57] proposed a duplex mechanism supporting Katz’s hypothesis. They showed that elim-
ination of movement resulted in diminished performance of fine texture discrimination but
had no effect on discrimination of coarse surfaces. Conversely, Yoshioka and colleagues
proposed a unified paradigm via the spatiotemporal modulation of the neural activity of SAI
afferents [58]. However, an established finding is the enhanced discrimination sensitivity
obtained as a consequence of relative motion between the finger and the surface. It has also
been shown that SA I afferents evoke ten times greater impulse rates in response to dynamic

vs. static stimuli [46]. With lateral movement, features protruding 0.1 pm above a smooth
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background can be detected [59]. While detecting textures, humans tend to slide their finger
over the surface of interest; this relative motion, eliciting vibratory mechanical waveforms at
finger-object interface, is hypothesised to be a requirement for the perception of fine textures

[60], whether the neural encoding mechanism is actually temporal or spatiotemporal.

2.2 Artificial tactile sensors

In the last thirty years there has been tremendous progress in research on the design and
development of artificial tactile sensors. Reviews on tactile sensing in the 80s and 90s can
be found in works of Jayawant (1989) [61] and Lee and Nicholls (1999) [1]. More re-
cent reviews can be found in Eltaib and Hewitt (2003) [3] as well as Dargahi and Najarian
(2005) [16]. While sensor requirements and transduction mechanisms were explored in ear-
lier works, more recently the focus has been on the development of sensor prototypes that

are tailored towards specific applications.

2.2.1 Tactile sensor transduction mechanisms

Some of the commonly used transduction mechanisms employed in tactile sensing are sum-
marised below.

Resistive devices

Resistive based tactile devices rely on the change in electrical resistance with applied pres-
sure. Flexible materials such as conductive polymers have been used to implement flexible

tactile sensors. Although such devices have the advantage of simplicity, they suffer from
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limitations relating to their long time constant, low accuracy, poor long term stability, nonlin-
ear force-resistance characteristics, significant hysteresis and low spatial resolution [62, 63].
Other devices implemented metal strain gauges attached to a flexible membrane. However
such devices suffered from limitations due to instability of adhesive layer. Further they re-
quire a bridge amplifier with consequent large size and power consumption [64].

Piezoresistance refers to the property of semiconductors (such as germanium, polycrys-
talline silicon, amorphous silicon, silicon carbide, and single crystal silicon) by which they
change their electrical resistance with applied strain. The piezoresistive effects of silicon and
germanium were first demonstrated by Smith in 1954 [65]. The piezoresistive effect of semi-
conductor materials is greater than the geometrical effect in metals and therefore such device
have almost two orders of magnitude greater sensitivity compared to strain gauge based de-
vices [66]. This is because the stress dependent effect in piezoresistive materials is due to the
mobility of charge carriers which changes as a function of the material volume. Changes in
the material volume cause changes in the energy gap between valence and conduction bands,
changing the number of carriers and hence causing resistivity change.

Piezoresistive technology is most widely implemented in tactile sensor development.
Initially silicon strain gauges were bonded to metal diaphragms. More recently, ion im-
planted/diffused piezoresistors have been incorporated within high stress regions of silicon
sensing diaphragms to form the sensing device [62]. The widespread use of this transduction
mechanism is because of advantages in terms of low fabrication costs, high sensitivities and
simple electronic interfaces [67]. However the materials exhibit temperature dependence due
to the modifications in charge carrier mobility over temperature ranges and therefore some

form of temperature compensation mechanism is required.
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Piezoelectric devices

Piezoelectric materials develop an electric charge on their surface proportional to the ap-
plied pressure. Commonly used piezoelectric materials used to make tactile devices in-
clude polyvinylidene fluoride (PVDF) polymers, Zinc oxide (ZnO) and lead zirconate ti-
tanate (PbZrTiO3 or PZT) [26, 68]. PVDF polymers have advantages over the ceramic based
devices (ZnO and PZT) in terms of their flexibility, chemical resistance, durability, low cost
and ease of processing [26, 69]. However, in tactile devices made from such materials the
applied stress tends to propagate over the adjacent sensing elements, increasing the cross talk

[70]. These devices also tend to be prone to hysteresis [26]

Capacitive devices

Capacitive sensors consist of two conductive plates (one which acts as a sensing diaphragm)
separated by a dielectric material. On application of pressure, the diaphragm deforms and
changes the distance between the electrodes. This results in a change in capacitance, which
can be measured. For a parallel plate capacitor, the capacitance (C) between the plates is

given by 3.2:

C =¢eper— (2.1)

Where ¢, is the permittivity of free space (8.854 x 107'2 F/m), ¢, the dielectric constant
of the medium between the plates, A is the area of the plates and d is the distance between
them.

Advantages of capacitive sensors are their increased sensitivity, low temperature sensi-

tivity, low power consumption and long term stability [71]. However, they require more
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complex signal processing in comparison with piezoresistive devices.

Optical

Optical sensors use the properties of optical reflection between media of different refractive
indices to sense displacements. In tactile sensing, such devices can be realised by modulating
the intensity of light through movement of an obstruction into the light path. Another method
uses the photoelasticity phenomenon. Here light is passed through a photoelastic medium
(such as polyurethanes, acrylic resins) which on receiving stress alters the polarisation plane.
Consequently there is a change in intensity of light (as a function of applied force) which is
picked up by a detector. Optical sensors are immune from external electromagnetic interfer-
ences [63]. However, construction of dense arrays using such principles is technologically

complex.

2.2.2 Bioinspired tactile sensors

Due to the performance characteristics and versatility of the biological system of touch, work
on developing artificial tactile sensors is often inspired by their natural antetypes. Inspiration
drawn from the biological system is implemented through the incorporation of human skin
like design features or functional characteristics. Design features that have been adopted
include the use of multiple skin like sensing layers, conformable skin like sensor packag-
ing, fingerprint ridges and curved geometry of finger surface. The sensing capability of the
human hand is also used as a tactile model for defining engineering features of a tactile sens-
ing system such as spatial and temporal resolution, bandwidth and force sensitivity. In the

following, an overview of some key works in development of bio-inspired tactile sensors is
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given.

In 1984, Dario et al. [68] reported one of the earlier works in anthropormorphic tactile
sensors for use in prosthetics or robotics. The device was a composite, layered multi-sensor
structure, mimicking the dermal and epidermal skin layers. The design included a lower
PVDF/ conductive silicone rubber stack layer to measure the pressure exerted by an object
on the tactile sensor and an upper thin PVDF membrane-like layer to measure the small
pressure variations required for texture analysis (Fig. 2.8). The resulting composite structure
was demonstrated to detect contact pressure, hardness, surface textures, thermal properties

and tactile images of surfaces.

FIGURE 2.8: Schematic of multi layer tactile sensor developed by Dario et al. (1984) [68]

Yamada et al. (2001) [72] proposed an elastic finger skin imitating certain characteristics
of the human finger to control the action of grasping an object. The principle sensing ele-
ments were strain gauges bonded to 1 pm thick phosphor bronze plate cantilevers. They were
embedded within a silicone rubber finger consisting of ridges imitating fingerprint ridges
(Fig. 2.9).
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FIGURE 2.9: Artificial skin having fingerprint like ridge structures with strain gauge sensing ele-
ments [73]

Mukaibo et al. (2005) [74] described the development of a texture sensor mimicking the
tissue structure and perceptual mechanisms of the human finger for identifying the difference
in roughness, softness and frictional properties of various materials. Design features incor-
porated into the device included: two skin layered structure (made from silicone rubber of
different stiffnesses) mimicking the dermal and epidermal layers, finger print like features on
the skin layer, bone and nail like components and distributed sensor elements (consisting of 5
strain gauges). They demonstrated the use of the device to obtain information on roughness,
softness, and friction of a contacting object.

Edin et al. (2006) [11] proposed a bioinspired approach for the design of a tactile sensing
system for a prosthetic hand. They developed on-off contact sensor arrays and a tri-axial
force sensor (using strain gauges). They demonstrated that their design functionally provided
the same information as biological touch receptors for lifting tasks.

Hosoda et al. (2006) [75] proposed the design of an anthropomorphic soft fingertip with
distributed strain gauges and PVDF sensors (Fig. 2.10). The structure of the fingertip was
designed to be similar to the human finger, including a bone like layer, skin layer and ran-

domly distributed receptors. The strain gauges embedded adjacent to the skin surface were
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used to sense the local static strain between the skin and the object surface. Those embedded
close to the bone were expected to sense the total force exerted to the finger. The PVDF
film was used to sense the strain velocity rather than the static strain. They demonstrated the

ability of the device to discriminate between vinyl, cork, paper and wood.

FIGURE 2.10: Anthropomorphic fingertip with distributed sensing elements [75]

Wettels et al. (2008) [76] developed a tactile sensor array aimed at mimicking the me-
chanical properties and distributed mechanoreceptor arrangement of touch receptors in the
human fingertip. The device incorporates a rigid core surrounded by a weakly conductive
fluid and a silicone elastomeric skin layer (Fig. 2.11). When an external force is applied to
the skin, the fluid path deforms, resulting in an impedance change which is measured through
multiple electrodes mounted on the rigid core. The sensing device demonstrated the ability
to detect forces ranging from 0.1 to 30 N producing impedances ranging from 5 to 1000 k2.
By systematically applying indentations of 4.5 mm to the sensor in locations corresponding
to increasing distances away from the sensing electrode, the spatial resolution of the device
was shown to be less than 2 mm.

The devices described above have significantly contributed towards the development of
anthropomorphic tactile devices. However to achieve tactile sensors with attributes similar to

the biological sensors in terms of sensor dimensions, density/unit area and spatial resolution,
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FIGURE 2.11: Tactile sensor array developed by Wettels et al. with an impedance based sensing
principle [76]

the use of microelectromechanical systems (MEMS) technology is explored.

2.2.3 MEMS technology in tactile sensing

Microelectromechanical systems (MEMS) or Microsystems technology (MST) refers to de-
vices that have characteristic lengths between 1 ym - 1 mm, that combine electrical and
mechanical components, and that are fabricated using integrated circuit batch-processing
technologiese [77]. A MEMS system may consist of a micromechanical sensor, actuator
and microelectronic circuit in a single device. The techniques and practices involved in the
development of devices with micron scale dimensions is termed Microengineering. MEMS
devices have applications in a range of industrial and medical sectors. Some popular exam-
ples include digital mirror displays, inkjet printheads and nozzles, automotive safety systems
(such as integrated accelerometers for airbag deployment), biomedical sensors and drug de-
livery systems.

Advances in the semiconductor integrated circuit (IC) industry have played a significant
role in the growth and progress of the MEMS field [78]. The development of ICs began

in 1958 and a trend in this technology has been for the number of transistors in a chip to
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double every 18 months. This is referred to as Moore’s law and is related to the decrease
in device sizes made possible because of advances in silicon processing [79, 80]. MEMS
devices and structures are fabricated using techniques borrowed from the IC industry, such
as patterning with lithography, deposition, and etching as well as a range of specifically
designed micromachining techniques [80].

The influence of the length scale should be taken into account in the design and fabrica-
tion of micro-scale devices. With the decrease in the scale of dimensions, there is an increase
in the surface to volume ratio of an object. As a result, forces that are related to surface area
(such as surface tension) become dominant and are more influential in comparison to forces
relating to volume (such as mass) [81, 82]. For example, inertia has greater effect on larger-
scale systems, while micro-systems are more influenced by surface effects. Consequently,
surface effect induced strong adhesion, friction and wear can cause major problems with
respect to fabrication yield and operation lifetime of many MEMS devices [83].

Some advantages of MEMS include [84]:

e Possibility for high volume batch production and low cost

e Reduced size, mass and power consumption

e Improved reliability

As discussed in previous sections, the biological sense of touch allows multimodal com-
prehensive evaluation of contacted objects through the rich tactile data provided by the
mechanoreceptors. The use of MEMS technologies allows the possibility to mimic the func-
tionality of the biological system through integration of a variety of sensing structures within

a small area. Additionally, the use of MEMS technologies in the realisation of tactile sensors
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is motivated by the following inherent advantages[6]:

e Miniature size allowing high density of elements to be incorporated within a small area

e Integration of electronics and sensing elements on same substrate

e Low cost production through the use of batch fabrication technologies

Review of MEMS tactile sensors

An overview of MEMS tactile sensors to date is given in Table 2.2. As can be noted from
Table 2.2, the most commonly sensing technologies employed are piezoresistive and capaci-
tive.

The intended application of the sensors defines their performance requirements in terms
of sensitivity, range etc. For instance, a tactile sensors embedded in a cathether for pressure
measurement has different specifications compared to a tactile device for a robotic finger.
Further, within robotics, there are two different requirements for sensors: Those for enabling
the robot to effectively perform lifting and grasping tasks and sensors for giving robots the

ability to characterise different surfaces.
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TABLE 2.2: Overview of the features of MEMS based tactile sensors developed to date

Author Chun and Wise Sugiyama Suzuki
(Year) 1985 [85] 1987 1990 [86]
Description capacitive piezoresistive capacitive
Si diaphragm Si3N, diaphragm Si diaphragm
Array 8 x 8 32 x 32 32 x 32
Diaphragm size 1200 x 1200x 10 pm? 100 ym & 132 x 300 x 2.5 pm?
Pitch 2 mm 0.35 mm 0.5 mm
Sensitivity 10 V/IN 100 V/N 27 pf/N
Force range 0.5N - 0.0I N

Fabrication

bulk, surface micromachining
electrostatic bonding
5 mask steps

surface micromachining

bulk, surface micromachining
electrostatic bonding
4 mask steps

SINALSAS DNISNAS dTILOV ],
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Author Beebe Chu Gray Mei

(Year) 1995 [62] 1996 [87] 1996 [88] 2000 [89]

Description piezoresistive capacitive capacitive piezoresistive
Si diaphragm Si diaphragm polySi diaphragm Si diaphragm
torlon dome

Array 1 3x3 8 x 8 4 x8

Size 2 mm radius 0.45 mm radius < 100x100 pm? 4 x 4 mm?

Pitch 6 mm 2.2 mm ~ 100 pm 4 mm

Sensitivity 1.4 mV/N 0.13 pF/g (F_») 0.05 (% AC/Cy)/uN 13 mV/N

0.32 pF/g (F_y)
Force range 100 N 001N 0.02N S0N

Fabrication

bulk micromachining
Si fusion bonding

bulk micromachining
glass etching
anodic bonding

surface micromachining

bulk micromachining
double side photolithography

SINALSAS DNISNAS dTILOV ],
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Author Leineweber Beccai Wisitsoraat
(Year) 2000 [90] 2005 [10] 2006 [67]
Description capacitive piezoresistive piezoresistive

polySi diaphragm Si diaphragm multi-layer AIN/Al/Cr
Array 8 1 1
Size 0.24 x 0.24 mm? 1.5 x 1.5 mm? 200 x 200 pm?
Pitch 0.24 mm - -
Sensitivity 1.35 V/bar 0.026/N (normal) 0.2 mV/uN

0.054/N (shear)

Force range 3 bar 2N ~ 270 uN

Fabrication

surface micromachining

bulk micromachining
9 mask steps

1 photolithography
sputtering
3 Ni p-shadow masks

SINALSAS DNISNAS dTILOV ],
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In addition to differences in design and performance, the devices reported in Table 2.2
also vary in terms of the fabrication processes adopted. Microfabrication is mainly grouped
into bulk and surface micromachining.

In bulk micromachining, structures are formed from selective etching of a silicon sub-
strate. The dominant material used in bulk micromachining is single crystal silicon; a mate-
rial that has several advantages in terms of its mechanical properties, namely high strength
and stiffness, high gauge factors and no hysteresis.

Surface micromachining involves formation of structural layer through film deposition,
patterning and etching on a substrate wafer. In surface micromachining, the most commonly
used materials are silicon nitride and polysilicon. However, these materials are inferior with
regards to the internal stresses that tend to develop as a result of their deposition process.

Silicon micromachining for fabrication of tactile sensors has gradually evolved with the
widespread development of MEMS pressure sensors [91]. A further discussion of MEMS

fabrication is explored in Chapter 4.

2.3 Conclusions

In this chapter, the working principle of both the biological touch system and derived artificial
approaches of bioinspired tactile systems were introduced and described. The biological
system adopts an intelligent combination of many parallel functional processes, which are
mutually and dynamically connected to each other in optimised harmony [92]. Four classes
of mechanoreceptors supply the glabrous or hairless skin of the human hand. These are the
Merkel cell complex, Meissners corpuscle, Pacinian corpuscles and Ruffini endings. Each of

these receptors is sensitive to a particular parameter of mechanical stimulus and they function
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to convert the mechanical stimulus to nerve action potentials. The four mechanoreceptor
types vary in terms of their frequency responses, receptive field sizes and spatial distributions.

The tactile unit associated with the merkel cell complex (i.e. the SA I afferents) provides
the information on which form and texture perception are based. The tactile units associated
with the Meissners corpuscle (i.e. the FA I afferents) provide information about minute
skin motion, thereby playing an important role in grip control. The system associated with
the Pacinian corpuscles (i.e. the FA II afferents) is responsible for the detection of distant
events through vibrations transmitted through objects or tools held in the hand. The system
associated with the ruffini endings (i.e the SA II units) provide information for the perception
of hand conformation and for the perception of forces acting on the hand.

Stimulation of each class of sensory afferents results in the perception of the specific
sensation relating to them. For example, electrical stimulation of a single afferent associated
with the Meissners corpuscle unit with a low frequency train evokes the sensation of in-
termittent tapping, which becomes flutter or vibration with increasing frequency. Similarly,
stimulation of the Pacinian corpuscle units with a train of pulses generates the sensation of vi-
bration which is frequency dependent. Stimulating the afferents associated with Merkel cell
units causes a sensation of pressure whose magnitude increases with increasing frequency
[93].

The biological tactile receptors offer rich, multi-modal data on tactile sensation which
motivates a technical design that strives for mimicking their particular properties. Tactile
devices developed to date for robotic applications have addressed aspects of the requirements
for incorporation into an artificial finger. However, a device exhibiting a combination of

mechanoreceptor like features in terms of design strategy and function is desirable.
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In the following chapters, the focus turns to the development of a bio-inspired tactile
sensor that facilitates incorporation into a robotic finger. The general requirements in the

design of a prosthetic or artificial hand include [94]:

Anthropomorphic appearance

Low weight

e Low power consumption

Modularity for low cost and easy maintenance

e Appropriate size

The design of tactile sensors to be embedded within an artificial finger of a prosthetic
hand should take into account the above mentioned requirements in addition to providing
its specific functional attributes. To achieve this, it appears reasonable to combine the tech-
nological advantages that are allowed by the use of microfabrication technologies, with the
performance characteristics of biological tactile sensors.

With regard to the specific characteristics of the biological system, the bio-inspired sens-

ing device needs to fulfil the following specifications:

e Provide rich data set of information on spatial features of a contacting surface and be

sufficiently sensitive to code for differences in surface textures.

e Have tactile units with a density corresponding to that of the SA I and FA I mechanore-

ceptors at the fingertip (approximately 1 unit/mm?)

e Provide a spatial resolution in the order of 1 mm (similar to human hand) which re-

quires the sensors in an array to be closely spaced
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e Have a working range up to several Newtons; as in most natural human manipulations,

forces on the digits tend to range up to several Newtons [95].

e Be compatible with a conformable skin like covering layer

Since the SA I tactile units are mainly responsible for providing the function of form
and texture recognition in the human fingertip, their performance characteristics serve as a

guideline in the design of the sensor.
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Summary This chapter describes the design concept of the MEMS tactile sensor. Fol-
lowing an overview of the transduction mechanism employed, diaphragm design analysis is

carried out using both analytical and numerical techniques. Finite Element Analysis (FEA)
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solutions of the the final sensor designs are presented. Finally, the design of the signal ac-

quisition electronics is described.
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3.1 Transduction principle

In Chapter 2, an overview of MEMS tactile sensors to date was given. Piezoelectric, piezore-
sistive and capacitive technologies have been most commonly used in the implementation of
such devices. Among these, capacitive sensors offer advantages in terms of higher sen-
sitivity, long term drift stability, lower temperature drift and reduced power consumption
[91, 96-98]; and are therefore capable of meeting the necessary requirements for an artificial
finger based device. A capacitive operating principle was thus chosen for the tactile sensing

device reported in this work.

3.1.1 Capacitive sensors

Capacitance is the electrical property which exists between two conductors separated by an
insulator. It indicates how much charge can be stored in a conductor at a given potential.
Capacitors are electrical components that have the ability to store electrical energy. They
consist of two conducting surfaces separated by an insulating/dielectric medium. The capac-
itance can be defined as the ratio between the charge Q stored in the plates and the potential

V between the plates. The unit of capacitance is the farad (F).

(3.1

<0

The capacitance C' between two conducting parallel plates separated by an insulator (ne-

glecting fringing effects) is given by:

C =¢epe,— (3.2)
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where ¢ is the permittivity of free space (8.854 x 107!? F/m), ¢, is the dielectric constant
of the medium between the plates (1 for air), A is the area of the plates and d is the distance
between them.

Thus the magnitude of capacitance is a function of the geometrical dimensions of the
conducting plates and the dielectric medium.

In capacitive sensors a change in a physical parameter (such as the distance between the
two plates due to applied pressure) causes a change in the capacitance that is monitored and
used to provide information on the applied stimulus. A significant amount of work has been
carried out on the development of MEMS based capacitive pressure sensors [99, 100]. Most
commonly, such devices employ a deformable diaphragm that deflects due to variation in
pressure. In a similar manner, capacitive tactile sensors employ a sensing diaphragm which,
under applied load, deflects towards a fixed substrate (Fig. 3.1). This results in a change in
the capacitance between the two plates that increases as a function of the applied pressure P.

The capacitance under applied pressure, C(P) is given by [91]:

dzd
—eoer// v y (3.3)
do —

where w(x,y) is the local deflection of the diaphragm.
The total capacitance change is the integral of capacitance change over a small area of

the diaphragm. Capacitance change is a function of diaphragm deflection and is given by:

AC = C(P) — Cy = eoe, / / - dxdy goaé (3.4)
—

where Cj is the zero-pressure capacitance.
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FIGURE 3.1: Pressure P applied to sensing diaphragm causes a deflection w(x) as a function of
position, with the maximum deflection w4,

3.2 Choice of material

3.2.1 Single crystal silicon

The presented capacitive sensors are fabricated with single crystal silicon diaphragms. Sili-
con is commonly used in micromechanical sensors because of its well established electrical
and excellent mechanical properties. It is an anisotropic crystalline material whose elastic
behaviour depends on its orientation relative to the crystal lattice [101]. It is widespread in

the IC and MEMS industries for the following reasons [80, 102]:

The material is cheap and readily available

It is a semiconductor whose resistivity can be adjusted from sub-mf2 cm to several k¢

cm by the process of doping

The existence of its stable insulating oxide (silicon dioxide)

The existence of its various well established processing techniques

The possibility for integration with signal conditioning electronics
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Single crystal silicon has attractive mechanical properties in terms of its high strength
which exceeds steel, high fracture strength and reproducible mechanical and electrical prop-
erties. The tensile yield strength of silicon is 7 GPa. Its Young’s modulus (E) depends on
the crystallographic orientation and varies from 130 - 180 GPa [101]. The electrical proper-
ties of silicon can be modified by adding impurities (elements from group IIIl and V of the
periodic table). By adjusting doping concentrations, a range of material resistivities varying
from 0.001 - 10000 €2 cm can be attained [80]. Dopants are introduced into silicon either by
using ion implantation (by firing energetic ions directly onto silicon) during epitaxial growth
or by diffusion from solid or gaseous sources. Following implantation, thermal annealing
processes are carried out to limit any damage caused by ion bombardment, and to move
dopant atoms into substitutional sites in the silicon crystal where they become electrically

active.

3.3 Diaphragm analysis

3.3.1 Analytical solutions

The design of the deformable diaphragm of a capacitive sensor is important to determine the
performance characteristics of the sensor with respect to its range, sensitivity and dynamic
range. It is important to consider any induced mechanical stresses as a result of the applied
pressure in order to assess if they exceed the yield stress of the diaphragm material; therefore
making the device susceptible to failure. When designing sensing diaphragms, analytical
calculations are used to provide a relatively quick insight into the diaphragm behaviour and

to determine the affects of varying design parameters on sensor performance without the
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need for computer intensive tools.

The response of deformable sensing diaphragms to the applied pressure depends on sev-
eral factors, key among which are material properties, diaphragm shape and edge or boundary
conditions. The deflection of a diaphragm is governed by two principle mechanisms: Bend-
ing moments/bending stress and tensile forces/membrane stress [103]. A renowned standard
work in the analysis of plate deflection is by Timoshenko and Woinowsky-Krieger [104].

To conduct a preliminary analysis of sensor diaphragms, solutions based on small de-
flection plate theory were used. This is based on the assumption that the deflection of a
diaphragms is small in comparison to its thickness. A maximum deflection of 30% of the
diaphragm thickness [80] is allowed and the influence of tensile forces in not considered.

The following main assumptions hold [80]:

The diaphragm is flat with uniform thickness

The material is homogeneous and isotropic

e Pressure is applied normal to the diaphragm plane

The diaphragm deflection is less than 30% of the diaphragm thickness

The elastic limit of the diaphragm is not exceeded

There is no deformation in the middle plane

Deflection is due to bending and no stress is experienced by the neutral axis

The relationship between the applied pressure P and the corresponding deflection w at

any point (x,y) of a plate for small deflections is given by the fourth order partial differential
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equation [104]:

*w N *w N o'w P 35)
ort  0x20y: oyt D '

Where D is the flexural rigidity of the plate, which is a measure of its stiffness.

The above equation can be solved using appropriate boundary conditions along the edge
of the plate. In the following sections, the characteristic behaviour of different designs of
silicon diaphragms to the applied pressure are investigated by using analytical simulations
based on small deflection theory for thin plates. Diaphragms with circular, square and rect-
angular geometries were simulated. A Young’s modulus of 170 GPa and a Poisson’s ratio of

0.28 were assumed in all cases.

Circular clamped diaphragm

For a uniformly loaded clamped circular diaphragm of radius a, assuming small deflections,

the deflection w(r) is given by [104]:

wir) = ——2 (3.6)

where P is the applied pressure, a is the radius of the diaphragm, r is the distance from the

centre of the diaphragm and D is its flexural rigidity which is given by:

Eh?

where E is Young’s modulus, v is the Poisson’s ratio and /4 is the diaphragm thickness.
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Thus, equation 3.6 can be rewritten as:

3P(1 —v?)(a® — r?)?

= 3.8
wir) 16ER? :8)
The maximum deflection w( occurs at the centre of the diaphragm and is given by:
Pa*
= 3.
Y07 64D 5:9)

From Equation 3.8, it is apparent that the displacement is proportional to the fourth power
of the radius and inversely proportional to the cubic power of the thickness. For a clamped
circular diaphragm, the effect of the variation in the diaphragm radius and thickness on the
diaphragm displacement are shown in Figs. 3.2 and 3.3.

Fig. 3.2 shows the displacements of circular silicon diaphragms with a radius of R, 2R
and 3R (where R = 50 pym). For all the diaphragms, a constant thickness of 2 um was
considered. An applied uniformly distributed pressure of 9 kPa was assumed in order to
allow the maximum deflection to lie within the range allowed by small deflection theory. As
illustrated in the figure, it can be seen that with the increase in radius, for the same applied

pressure, there is an increase in deflection proportional to the fourth power of the radius.

Fig. 3.3 shows the variation in displacements of circular silicon diaphragms of varying
thickness H, 2H and 3H (where H = 1 ym). A radius of 100 pm was assumed for all cases.
An uniformly distributed pressure of 1 kPa was assumed in order to allow the the maxi-
mum deflection to lie within the range allowed by small deflection theory. As illustrated in

the figure, with an increase in applied pressure, there is a decrease in diaphragm deflection
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FIGURE 3.2: Analytical simulation results showing displacement of clamped circular silicon di-
aphragms having radii R, 2R and 3R (where R = 50 pm) each having a thickness of 2 ym under an
applied uniform pressure of 9 kPa

inversely proportional to the third power of the thickness.

The total capacitance of a sensor with a clamped circular diaphragm subjected to a uni-

formly distributed pressure P is given by:

¢ rdr
C=2 , _— 3.10
mreos /0 do — w(r) ( )

Substituting for w(r) (from Equation 3.8), the capacitance as a function of pressure for a

clamped circular diaphragm is given by:
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FIGURE 3.3: Analytical simulation results showing displacement of a clamped circular silicon
diaphragms (with radius 100 p#sm) having thickness H, 2H and 3H (where H =1 yum) under an applied
uniform pressure of 1 kPa)

@ rdr
C(P)=2 . 3.11
(P) = 2mege /0 do— (@ =7 (3.11)

This can be simplified to:

B [ D L, f(a* | P
C(P) = 87'('5057» dO_P tanh (g dO_D) (312)

The capacitance thus varies as a non linear function of applied pressure. This is seen in
Fig. 3.4 which shows the calculated capacitance change AC for a sensor with a clamped
circular silicon diaphragm having a diameter of 200 pm, a thickness of 2 pm, and separated

from a bottom electrode by an air gap of 2 um.
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FIGURE 3.4: Capacitance change (AC) with applied pressure for a 200 pm ¢ clamped circular
silicon diaphragm (assuming small deflection theory)

Thus, by varying the plate thickness, radius and gap between electrodes, the sensitivity
and range of a capacitive sensor can be adjusted accordingly to meet the required device
specification. The effect of variation in these three parameters on the response of a capacitive
sensor can be seen in Fig. 3.5. It is seen that varying each of the parameters causes a change
in the sensitivity and range of the sensor with the greatest influence made by radius of the
diaphragm.

The working pressure range of capacitive sensors is defined by the pressure at which
the diaphragm begins to touch the bottom electrode/substrate (touch-point pressure) or the
pressure at which the diaphragm yields, whichever occurs earlier. As previously described,
for the case of clamped circular diaphragms, maximum deflection occurs at the centre of the
diaphragm. Thus the touch-point pressure P,,,,, can be determined by allowing the maximum

deflection w,,,., to equal the initial gap between the plates (d;) in Equation 3.9.
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FIGURE 3.5: Effect of varying the gap, thickness and radius on sensor response
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Substituting dj in Equation 3.9 gives:

64.Dd,

Praz = (3.13)

When designing sensor diaphragms, it is important to ensure that the value P,,,, does

not exceed the yield strength of the diaphragm material.

Clamped square diaphragms

Square and rectangular diaphragms are generally easier to fabricate and also show a higher
yield in comparison to circular diaphragms [105]. For this reason, such diaphragms have
been most commonly employed in the design of MEMS pressure sensors. The analytical
calculations for the displacement of square and rectangular clamped diaphragms are complex
and rely only on approximate solutions. Numerical methods such as finite element analysis
(discussed later) and finite difference techniques are commonly used as they provide more
accurate solutions.

The approximate solution for diaphragm deflection for the case of square diaphragms

with side length 2a is given by [106]:

Pa* 22 2 y2 2
e O 1—Z 3.14
Thus, maximum deflection reads:

(3.15)
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This is larger than the deflection of a circular diaphragm of diameter 2a (Equation 3.9).
To calculate the total change in capacitance when a uniform load is applied to the sensing

diaphragm, Equation 3.14 can be substituted into Equation 3.3:

a ra 1
C(P)square = 45051"/ / 5 dedy (3.16)
b e a8

Using Matlab, Equation 3.16 was solved and the capacitance change as a function of
applied pressure for a clamped square Si diaphragm of side length 200 pm and thickness
2 pm was estimated. An electrode gap spacing of 2 ym was assumed. The results of the
simulation are shown in Fig. 3.6. They show the non-linear sensor response to applied

pressure.

FIGURE 3.6: Capacitance change (AC) with applied pressure for a clamped square silicon di-
aphragm having a side length of 200 pm, thickness of 2 ym and separated from a bottom electrode
by a distance of of 2ym (assuming small deflection theory)
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Clamped rectangular diaphragm

For rectangular diaphragms with small deflections and rigidly clamped edges, the character-

istic equation for diaphragm deflection can be approximated by [106]:

P

w(zr,y) = SE (1 — 1/2)

(a2 — 22)* (b — y?)°
a* + b?

(3.17)

where 2a is the width and 2b the length of the diaphragm.
Estimation of the capacitance change as a function of pressure is given by substituting

Equation 3.17 into Equation 3.3:

a prb
1
C(P)rectangle = 45057‘/0 /0 do P (@@—22)2 (12 —y2)? dl'dy (318)

s (1 —v?)

Using Matlab, Equation 3.18 was solved and the capacitance change as a function of
applied pressure for a clamped rectangular Si diaphragm with a width of 200 ym and a
length of 300 pm was estimated. As in the previous case, a diaphragm thickness of 2 ym and

an electrode spacing of 2um was assumed. Results are shown in Fig. 3.7.

Fixed-fixed rectangular/square diaphragm

For the case of a plate fixed on two opposite ends, beam equations were used as a preliminary
approximation. The equation for deflection w(x) of a fixed-fixed beam as a function of the
position (x) along its length is derived from Euler-Bernoulli beam theory and is given by

[107]:

Pl* [x? 223 ot
w(x) = S ER3 (l_2 - l_3 + l_4) (319)
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FIGURE 3.7: Capacitance change (AC) with applied pressure for a clamped rectangular silicon
diaphragm having dimensions 300 x 200 zm?, thickness of 2 m and separated from a bottom elec-
trode by a distance of of 2um (assuming small deflection theory)

Thus, the capacitance can be calculated from:

1
C(P) = bege, (d R 2%33 N %de) (3.20)

07 2ER3 Jo 12

For the case of a 200 ym long and 2 pm thick beam separated by a distance of 2 ym from
a bottom electrode, the capacitance change as a function of applied pressure is shown in Fig.

3.8.

Comparison of diaphragm designs

To summarise the findings from the analytical simulations that have been carried out, a com-
parison of the predicted behaviours of capacitive sensors incorporating different silicon di-
aphragm designs i1s shown in Fig. 3.9. It represents the relative change in capacitance with

applied pressure for the following cases:

e clamped circular diaphragm of diameter 200 ym
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FIGURE 3.8: Capacitance change (AC) with applied pressure for a fixed-fixed silicon diaphragm
having dimensions 200 x 200 x 2 um3, thickness of 2 ;zm and separated from a bottom electrode by
a distance of of 2um

e clamped square diaphragm of side length 200 ym

e clamped rectangular diaphragm of length 200 ym and width 300 ym

o fixed-fixed rectangular diaphragm of length 200 pm

In all cases, a thickness of 2 ym and an electrode spacing of 2 ym was considered. Only
the responses corresponding to the linear regions of response (corresponding to a deflection
between 0 and 30% of the diaphragm thickness) are shown.

The sensitivity of a capacitive sensor describes how much its output varies with respect to
a given variation in the stimulus (or sensor environment) [108]. Thus it reflects the sensor’s
capability of transducing the input signal (mechanical stimulus) into an electrical output
[109]. For the diaphragms assessed, the fixed-fixed diaphragm has greater sensitivity (i.e.
change in capacitance/pressure). However, a compromise exists between sensitivity and the

overall pressure range of devices.
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FIGURE 3.9: Capacitance change (AC) with applied pressure for a fixed-fixed 200pum diaphragm,
clamped rectangular diaphragm having dimensions 300 x 200 zm? , square diaphragm having a side
length of 200 um and a circular diaphragm of diameter 200 ym (assuming small deflection theory).
For all cases, a diaphragm thickness of 2 m and an electrode spacing of 2 pm was used

3.3.2 Finite Element Analysis

In section 3.3.1, diaphragm deflection was assessed using small deflection theory of plates.
However in practice, sensor diaphragms deflect by a distance greater than that allowed for
by small deflection theory. In such cases, Finite Element Analysis (FEA), a computer based
numerical analysis method can be used. FEA serves as a valuable design tool when develop-
ing sensor diaphragms since it gives more accurate results compared to analytical solutions,
especially when considering complex geometries and boundary conditions such as those en-

countered in MEMS devices [110].
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In FEA, the solid structure under examination is divided into a finite number of subdi-
visions of special shapes (called elements) that are interconnected at the corners or on the
edges of elements (called nodes). The governing physical equations are solved for each of
these elements instead of the whole structure. The solutions derived at the element level are
then assembled to get the corresponding solution for the whole structure.

In this work, the commercial FEA software package Comsol Multiphysics was used to
numerically simulate the electromechanical behaviour of the sensing device. This software
includes a dedicated MEMS module which allows the analysis of electro-thermal-chemical-
mechanical behaviors of MEMS components. Using this module, the mechanical behaviour
of different designs of sensor diaphragms and the relationships between the applied pressure,
mechanical deflection and capacitance were analysed.

The simulation process involves the following main steps:

e Generation of a geometrical model of the structure

Specification of material parameters, initial and boundary conditions

Creation of a mesh of elements (specifying desirable density of nodes and elements)

Solving the model

Post processing the results to analyse desired parameters and present graphic illustra-

tions of the results

In order to assess the validity of the FEA models, results of the analytical solutions (pre-
viously described) and FEA solutions for a capacitive sensor incorporating a clamped rect-
angular diaphragm were compared. The geometry of modelled sensor and the displacement

profile as estimated from FEA is shown in Fig. 3.10.
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FIGURE 3.10: [a] Cross section and top view schematic of a sensor with a clamped rectangular
diaphragm, [b] FEA results showing displacement of the sensor diaphragm to an applied pressure of
115 kPa
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Fig. 3.11 shows a comparison of the analytically and numerically estimated values of
maximum diaphragm displacement and total capacitance change as a result of uniformly
applied pressures of 0 - 115 kPa. The analytical expressions assume small deflection theory
which is applicable for maximum deflections up to 30% of the thickness of the plate. The
results in Fig. 3.11 show agreement of analytically calculated and numerically predicted
values of diaphragm deflection and change in capacitance at lower applied pressures (at a
range allowed for by small deflection theory). Beyond this range, the analytical model does
not consider tensile forces acting on the diaphragm and therefore overestimates the deflection

at a given pressure.

3.4 Sensor conception

The design of the sensors was based on the results from analysis of the performance of vari-
ous sensing diaphragms and considering their potential fabrication techniques. As discussed

in Section 2.3, the main requirements include:

e Decreased sizes of individual sensor units to allow a high density of elements per given
area and decreased spacing between units to allow high spatial resolution. The overall

device should be sufficiently compact to allow integration into an artificial finger.

e High sensitivity allowing detection of small fluctuations in applied pressures due to

differences in surface texture.

o Sufficient operating range (pressure range over which a reliable sensor output can be

attained).

e Eagy fabrication methods, allowing high yield and low costs.
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FIGURE 3.11: Comparison of numerical (FEA) and analytical solutions for a clamped rectangular
beam. [a] Maximum displacement vs. applied pressure [b] Change in capacitance vs. applied pressure
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The chosen dimensions of the sensor diaphragm are critical as they influence the per-
formance characteristics of the device. In order to realise a biomimetic device design, the
dimensions of each element had to be optimised to allow an innervation density similar to
that of the mechanoreceptors of the finger tip. As discussed in Chapter 2, the merkel cells
(SA I tactile units) that are responsible for coding surface spatial features have an oval shape
measuring 10 - 15 pum in the long axis and are present in clusters with approximately ten
merkel cells innervated by a single peripheral nerve fibre. The SA I afferents innervate the
finger tip at a density of approximately 70 units/cm? and are spaced such that they allow a
finger tip spatial resolution of 2 - 3 mm. The requirement for compact sizing of the sensing
elements is in conflict with the performance requirements of the device in terms of sensitivity.
As discussed in the previous section, trade-offs exist between diaphragm size and sensitivity
and between sensitivity and working range. Devices with larger diaphragms have greater
sensitivities but smaller working ranges. Conversely devices with smaller diaphragms have
higher working ranges but lower sensitivities.

With the aforementioned considerations in mind, two diaphragm designs were selected

for fabrication:

1. Design 1: Fixed-fixed square plate

2. Design 2: Fully clamped rectangular diaphragm

The characteristic features of each sensor design are given in Table 3.1. Square and
rectangular diaphragms are relatively easier to fabricate compared with circular diaphragms.
Further they have greater sensitivities compared to circular diaphragms with equivalent di-

ameter and side length dimensions.
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Design 1 (fixed-fixed plate) offers a greater sensitivity compared to other designs of com-
parable dimensions. In addition to the requirements mentioned previously, the chosen di-
mensions of the sensing diaphragm of Design 1 took into consideration mechanical stability
related issues during the planned fabrication process (see Chapter 4). Preliminary fabrica-
tion experiments showed fixed-fixed plate devices to have a susceptibility to release related
stiction. To prevent such occurrences and maximise fabrication yield, diaphragms with a
square plate geometry (and therefore stiffer structures compared to fixed-fixed rectangular
structures) having dimensions of 200 um x 200 pm were designed.

The use of fully clamped diaphragms allows for devices with high sensitivity and larger
operating range compared to the fixed-fixed plate configuration with comparable dimensions.

Diaphragm dimensions of 300 ym x 200 um were used in Design 2.

TABLE 3.1: Sensor design features

Property Design 1 Design 2
Diaphragm material silicon silicon

Diaphragm dimensions 200 pm x 200 pm 300 pm x 200 pym
Overall plate dimensions 500 pm x 200 pm 500 pm x 400 pm
Diaphragm thickness 2 pm 2 pm

Capacitor plate separation 2 pm 2 pm

Edge conditions fixed-fixed clamped

The design of a single sensor unit for each design is shown in Fig. 3.12. Each unit
consists of a sensing region, a wire bonding region and an interconnecting wire. The overall
dimensions of the sensing region are extended to allow edge clamping regions (which are
further detailed in Chapter 4). Etch holes with a radius of 5 ym were included within the
sensing region and spaced 50 pm apart from each other. These are sacrificial etch holes that

are incorporated into the sensor design to allow formation of the air gap during the fabrication
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process, as discussed in Chapter 4. The size and spacing of these holes were selected based
on preliminary wet etching experiments. The bond pads for wirebonding have dimensions
of 300 ym x 300 pm. The sensing region and wire bond pads are separated by 140 yum x 1

mm long wires.

3.5 FEA simulation of sensor

3.5.1 Simulation of electromechanical behaviour

A 3D model of the sensor was constructed within the Comsol Multiphysics user interface.

The model incorporated the following three principal subdomains:

e A 2 um thick top Si plate that contained a pressure sensitive region consisting of a
clamped rectangular Si diaphragm, dimensioned as given in Table 3.1. The diaphragm
forms the top electrode of the capacitive sensor. Within the sensing area, an array of

etch holes of radius 5 ym were incorporated.

e 2 um thick supportive SiO, structures that provide the fixed edge boundary conditions

for the sensing diaphragm

e Si substrate that acts as a lower electrode for the capacitive sensor.

The model assumed Si to be an isotropic material. Material properties used in the simu-
lation are given in Table 3.2:

Fixed constraints or boundary conditions were applied to the Si0, and Si substrate as
no deformation is assumed to occur in these support structures. A uniformly distributed
pressure was applied to the top Si plate. The meshing of the geometries was carried out using
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FIGURE 3.12: Schematic of sensor designs 1 and 2
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TABLE 3.2: Material properties used in FEA simulation

Material Young’s modulus (E) Poisson’s ratio Density
(GPa) ) (kg/m?)

Silicon 170 GPa 0.28 2329

Silicon dioxide 70 GPa 0.17 2200

tetrahedral elements. A higher density of elements was used for the top Si plate (19083) in
comparison to the SiO, and substrate subdomains (1970 and 1912 respectively). To ensure
the use of the correct mesh density, a mesh convergence study was carried out. Results of
the mesh convergence study for Design 1 are shown in Fig. 3.13. Here, a uniformly applied
pressure of 10 kPa was assumed and maximum displacement of the diaphragm was predicted
under the various mesh conditions. Fig. 3.13 shows convergence of results with increasing

mesh density.

FIGURE 3.13: Mesh density vs. FEA simulated results for maximum displacement (for the case
of a uniformly applied pressure of 10 kPa
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A parametric analysis was carried out to assess the mechanical response over a range of
pressures. Fig. 3.14 shows the displacement profiles of both sensor designs and illustrates
the effect of different boundary conditions on the shape of diaphragm deformation. Fig.
3.15 shows the von Mises stress distribution on the top plate of the sensor subjected to a
uniformly distributed pressure corresponding to the touch-point pressure. The von Mises
stress 1s generally used as the representative stress in multiaxial stress situations. Its values
are compared with the yield stress for plastic yielding and to ultimate tensile stress for the
prediction of rupture of the structure [111]. The regions of maximum stress are found to be
at the corners of clamping regions for Design 1 and at the centres of clamped ends (along the
diaphragm length) for Design 2.

The von Mises stress is calculated from the following equation:

o= \/(am — 0yy)? + (Oue — 022)2 + (0yy — 02.)> +6(02, + 02, +02,)  (321)

1
E

where 0, 0y, 0., are respective stress components along the x, y and z axis and o,
Oyz, 04, are the shear stress components in the element.

A summary of the main results from the numerical simulations are given in Table 3.3.
The maximum stress (generated at a pressure corresponding to the upper limit of the sensor
operating range) for both sensor designs was found to be well within the limits of yield
strength for Si, which is 7 GPa [102].

To calculate the total capacitance of the sensor, the program integrates infinitesimal ca-
pacitance contributions over the surface of the electrode boundary according to the following

equation:
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FIGURE 3.14: Results of the FEA simulation showing the displacement profile of sensing di-
aphragms subjected to uniformly distributed pressures corresponding to their touch-point pressures
(48 kPa for Design 1 and 120 kPa for Design 2)
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FIGURE 3.15: Results of the FEA simulation showing the von Mises stress generated on applica-
tion of uniformly distributed pressure corresponding to their touch-point pressures (48 kPa for Design
1 and 120 kPa for Design 2)
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TABLE 3.3: Summary of FEA simulation results

Property Design 1 Design 2
fixed-fixed fully clamped
A C at deflection w= 1 um (50% d,) (fF) 125 60
A C at deflection w= 1.98 ym (98% d,) (fF) 300 350
Touch point pressure (kPa) 48 120
Stress at touch point pressure (0,,,q2) 0.43 GPa 0.49 GPa
Resonant frequency 587 kHz 418.7 kHz
1
C = egpe, / EdA (3.22)

where £ is the local distance across the capacitor.

Therewith the expected change in capacitance with applied pressure was numerically
estimated. The results for both sensor designs are shown in Fig. 3.16. Design 1 (fixed-fixed
plate) is seen to have a greater sensitivity compared to Design 2 (clamped plate) with the
latter having greater than twice the operating range. Touch point pressures of 48 kPa and
120 kPa equating to forces of 4.8 mN and 24 mN were estimated for Design 1 and Design
2 respectively. Assuming a force damping factor of 100 by subsequently applied packaging
material (further discussed in Chapter 5), the devices should be able to cope with the range

of forces used during surface exploration tasks.

3.5.2 Effect of sacrificial etch holes

As previously mentioned, sacrificial etch holes were introduced into the sensing diaphragm.
To investigate the influence of these holes on sensor performance, FE models of the sensor
comprising diaphragms with and without holes were compared. The results depicted in Fig.

3.17 show that the presence of the etch holes affects the absolute change in capacitance by 7
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FIGURE 3.16: Results of FEA showing capacitance change as a function of applied pressure

to 17% over the entire pressure range. The sensitivity, however, is not significantly affected

by this change.

3.5.3 Electrostatic pull-in forces

In order to measure the output from a capacitive sensor, a sensing voltage is applied. This
leads to the presence of electrostatic forces that tend to pull the two plates of the sensor
together [109]. Diaphragm collapse can occur when above a threshold voltage, known as
the pull-in voltage, restoring spring forces suspending the sensor diaphragm are unable to
sustain the attractive electrostatic forces.

The electrostatic pull-in forces thus introduce an offset error. When interpreting outputs

from the sensor, it is important to distinguish between the response that is caused due to an
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FIGURE 3.17: FEA simulation results showing the responses of a fully clamped rectangular di-
aphragm with and without etch holes and the the relative percentage change (values quoted) in sensor
response due to presence of etch holes

applied pressure and that as a result of influence from the measurement circuit.

Hence, during the sensor design process, the influence of applied voltages on diaphragm
deflection was predicted using FEA. Design 2 (fixed-fixed plate) was simulated to estimate a
worst case scenario, as this diaphragm has a lower stiffness as compared to the two presented
sensor designs and is therefore influenced by the electrostatic forces to a greater extent. Sim-
ulations were carried out using the Electrostatic (AC/DC) and moving mesh (ALE) modules.
Fig. 3.18 shows the results of the numerical simulation of the sensor for applied voltages
from 1 - 5 V and no applied pressure. The upper value of 5 V was chosen as it was the
highest possible operating voltage of the measurement circuit that was used. Maximum de-

flection under these conditions are in the range of nanometers and therewith negligibly small
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and well below the resolution of the measurement system (Section 3.6.3).

FIGURE 3.18: Displacement of the fixed-fixed plate as a function of position along the plate length
and applied voltage

Simulations were also carried out to assess the combined influence of applied pressure
and an applied voltage of 5 V. The results, showing the effect of applied voltage on the maxi-
mum diaphragm displacement under the influence of uniformly distributed pressures (10 -
50 kPa) are presented in Fig. 3.19. The influence of electrostatic forces on the diaphragm
displacement increases as a function of applied pressure. At a pressure corresponding to 98%
do, a predicted additional displacement is introduced, caused by the effects of electrostatic

forces.

3.6 Implementation of sensor arrays

On contact with a surface, mechanical stimuli are applied to tactile sensors through surface
features that are present at the contact interface of the sensor and surface. Tactile information

on the area of contact can be obtained by the implementation of a number of sensor units in

76



TACTILE SENSOR DESIGN

FIGURE 3.19: Influence of the application of 5 V across the sensor plates of design 2, subjected to
varying magnitudes of uniformly distributed pressures

the form of arrays so that combined data from the units can be used to estimate the profile
of features of the contacting body/surface. The responses of single sensors to mechanical
stimulus are expected to vary based on stimulus magnitude and location. Two modes of
operation are suggested for determined surface characteristics; these are static and dynamic
touch. Where the spacings of surface features is greater than the pitch between sensing
elements in an array, detection of surface profile is possible using ’static touch’. However,
when surface features are spaced at distances lower than the pitch (as in the case of fine
textures), a dynamic touch protocol can be employed. This involves lateral displacement of
the sensor array across the surface to be evaluated and assessing the frequency components
of sensor outputs. Thus, a combined spatio-temporal coding mechanism can be employed to
characterise a contacting surface.

The above approach bears resemblance to texture perception mechanisms employed by
humans where the responses of a population of mechanoreceptors are used for making judge-

ments on the perception of texture [112, 113]. Some authors propose a duplex mechanism
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of neural coding for texture perception; i.e. a vibrotactile mechanism accounting for the per-
ceived roughness of fine textures and a spatial coding mechanism for perception of coarse
textures [57]. Other authors suggest a unified paradigm via the spatiotemporal modulation
of the neural activity of SAI afferents [58]. However, an established finding is the enhanced
discrimination sensitivity obtained as a consequence of relative motion between the finger
and the surface for which reason, when detecting textures, humans tend to slide their finger
over the surface of interest. This relative motion, is hypothesised to be a requirement for the

perception of fine textures [60].

3.6.1 Layout of sensor array

A linear array of 4 sensors was implemented to demonstrate proof of principle for use of
the array for coding of surface features. In principle, a two dimensional array can be easily
expanded with no significant demands on fabrication processing techniques.

Four sensor units were placed 150 pym apart from each other to form a linear array. Al-
though a closest possible arrangement of the units is favourable to form high density arrays,
consideration was also given to undercutting of the oxide supportive structures in the fabri-
cation process. Fig.3.20 shows the layout of the sensor array. The pitch between elements
depends on the width of the sensing plate region and is therefore 370 pm for arrays imple-

menting Design 1 sensors and 570 pm for arrays implementing Design 2 sensors.
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FIGURE 3.20: Schematic of sensor array showing 1 x 4 linear array of sensor units and a reference
capacitor (see Section 3.6.2)

3.6.2 Reference capacitors

Fig. 3.20 shows the inclusion of reference capacitors in the sensing device. These were
included in close proximity to the individual sensors and designed to be insensitive to ap-
plied pressure. The designs of reference capacitors for both sensor designs are shown in
Fig. 3.21. They consist of two silicon plates that are separated by an oxide dielectric. The
dimensions of these devices were calculated so that their capacitance would equal that of the
corresponding sensor at zero applied pressure. The presence of reference capacitors allowed
the measurement of a differential response and therefore eliminating the effects of parasitic

capacitance.
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FIGURE 3.21: Design of reference capacitors for sensor designs 1 and 2
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3.6.3 Design of signal acquisition electronics

The results from FEA simulation were used to plan the design of the capacitance acquisition
electronics system. The readout electronics for the tactile sensor array was developed by the
ARTS Lab, Superiore Sant’ Anna, Pontedera, PI 56025 Italy.

The circuit encompassed high resolution capacitance-to-digital converters (AD7747, Ana-
log Devices) and was implemented on a Printed Circuit Board (PCB) (Fig. 3.22). The circuit
diagram is included in Appendix A. The chosen converters have a nominal resolution down
to 20 aF and an accuracy of 10 fF. The converter generates a square-wave excitation signal
on the sensor capacitance during the conversion and continuously samples the charge going
through the capacitor. As reference capacitors were implemented in the device, a differential
capacitive readout was used. This allowed elimination of drift and common mode variations
due to proximity and parasitic capacitance coupling between the sensor and probe. Data from
the converters was acquired with a soft-core processor (NioslI, Altera) instantiated onboard
a FPGA (Cyclonell, Altera) by means of I2C communication and then transmitted to a PC
(running a Graphical User Interface implemented in Labwindows/CVI) by means of Ethernet
communication. The devices were configured to work at an update rate of 45 Hz (11.25 Hz

each channel). A schematic of the signal acquisition system is shown in Fig. 3.23.

3.7 Conclusions

For the design of the MEMS tactile sensor, a capacitive principle was chosen because of
its potential for high sensitivity, low power consumption and low temperature effects. Lim-

itations of using capacitive sensors that have been reported in previous research are their
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FIGURE 3.22: Signal acquisition electronics

FIGURE 3.23: Schematic of sensor array signal acquisition electronics system

susceptibility to parasitic capacitance and their non-linear response characteristics. In this
work, reference capacitors were included in the device to allow a differential measurement
reading. Thus, the effects of parasitic capacitance were limited. Non linearity of the output
signal is not considered an issue for the purpose of this device as a linear response over the
applied range is not imperative as long as the device response to varying textures and loading
conditions is established. Further, as mentioned in Chapter 2, the biological mechanorecep-

tors that the sensors in this work are designed to mimic also display non-linear responses to
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applied stimuli.

Analytical techniques based on small deflection plate theory were used to conduct pre-
liminary analyses of sensing diaphragms. Based on this, two sensor diaphragm designs were
pursued: a fixed - fixed diaphragm and fully clamped diaphragm. Following this, Finite
Element Analysis was used to conduct a more detailed analysis of the sensor behaviour.
The final designs took into consideration the trade-offs between device size and sensitivity,
both imposing contradictory demands. Further, fabrication induced requirements were also
considered at this stage.

The implementation of sensors into a linear array of 4 sensors was described. The de-
signed sensors had a total length of 1800 um (including the sensing element and connec-
tion pad) and a centre to centre distance of 570 pum. This allows a density of about 95
channels/cm? to be achieved which is comparable with the innervation density of SA I units
in the distal part of the finger pad which is estimated to be about 70/cm? [28].

Finally, the design of the signal acquisition electronics for converting the capacitance

signal from the sensors to a digital output was described.
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Summary This chapter describes the microfabrication processes used to fabricate the tac-

tile sensor array.
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4.1 Process overview

Standard microfabrication techniques were employed to fabricate the tactile sensor array.
The process flow is shown in Fig. 4.1. Further details on each technique are discussed in the

following sections.

4.1.1 Silicon-on-insulator (SOI) substrates

Silicon-on-insulator wafers (SOI) are laminar structures which consist of three main layers:
a thin top layer of silicon in which functional structures are patterned, an embedded middle
insulating silicon oxide layer (buried oxide) and below this a thick bulk silicon layer (handle
wafer). SOI wafers are widely used commercially in IC semiconductor device fabrication as
they provide a way to increase the speed performance of CMOS circuits while also reducing
the power requirements [114]. The use of SOI wafers in the fabrication of MEMS devices
allows for a straightforward creation of free standing structures by simple processes. This
is done by using the oxide as a sacrificial layer, so that structures in the device layer can be
released using hydrofluoric acid (HF) wet etching techniques.

The most commonly referred techniques in the literature for producing SOI wafers are
the Synthesis by Implanted Oxygen (SIMOX) and Bonded and etched back SOI (BESOI)
techniques. In the SIMOX technique, an oxygen implantation step is carried out followed by
a high temperature (> 1300 °C) annealing step. For wafers manufactured using this method,
the buried oxide thickness is limited to 800 - 1000 A[l 15].

The fabrication of Bonded and etched Silicon on oxide wafers (BESOI) is schemati-

cally shown in Fig. 4.2. Two wafers, one of which is covered with a thick oxide layer, are
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FIGURE 4.1: Sensor fabrication process flow
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bonded using Van der Waals forces and then annealed at approximately 1100°C. This causes
a chemical reaction that bonds the interface between the two wafers. One of the wafers is
then thinned down to the required thickness by the mechanical grinding and polishing. This
forms the device layer; a thickness uniformity of 10 - 30% is usually attainable [115].
BESOI wafers have been used as substrates in the development of micromachined ac-
celerometers [116] and pressure sensors [117]. The advantages of the use of BESOI sub-
strates for the fabrication of micro-sensors include the ease with which free standing struc-
tures can be manufactured and the possibility for the incorporation of signal processing elec-

tronics on the same substrate [118].

FIGURE 4.2: Fabrication of BESOI wafer

To fabricate the sensors presented in this work, 100 mm Bonded and Etched-Back Silicon-

On-Insulator (BESOI) wafers with the following specifications were used as substrates:

Device Layer e Type of dopant: n/arsenic
e Orientation: <100> 4 0.5°

e Thickness: 2 £ 0.5 ym
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e Resistivity: <.006 Q2cm

e Particles: <10 @ 0.2 ym

e Finish: polished

Buried Thermal Oxide Thickness: 2 um £+ 5 %

Handle Wafers e Type of dopant: n/arsenic

Orientation: <100> £+ 0.5

Resistivity: <.006 {2cm

Thickness: 300 + 5 ym

TTV: <2 ym

4.2 Photolithographic Mask design

Photolithographic masks are templates that are used to optically transfer a design pattern (e.g.
the sensor layout) onto a substrate wafer. They are made from film or glass substrates. Glass
masks consists of a patterned opaque chromium layer on a transparent quartz or soda-lime
glass substrate. For fabricating the sensors in this work, a single glass mask was used, the
patterns of which were designed using AutoCad software and then printed by a mask writer
(JD Photo Tools).

The mask layout is shown in Fig. 4.3, a close-up of a single chip is shown in Fig. 4.4.

The design was structured to fit as many sensing chips as possible onto a single wafer.
Thus, the fabrication of different designs of sensors is possible in a single wafer fabrication

process. 165 square chips were included in the mask, each with a side length of 5.8 mm.
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FIGURE 4.3: Full wafer mask showing the implementation of 165 chips on a single wafer

FIGURE 4.4: Close-up view of the mask design showing patterns on a single chip

90



FABRICATION OF THE TACTILE SENSOR ARRAY

The distance between adjacent chips was set to 0.3 mm. This was done to take into account
the thickness of the blade used in the wafer dicing process for cutting out individual chips.
Further, a number of factors were taken into consideration based on the planned use of a
HF sacrificial etching processes for the creation of the sensor diaphragms. Fig. 4.5 shows a
cross-section of the sensor depicting features that need to be considered during the design of
the mask. In the following, the implementation of these features into the design of the mask
are given:
e Inclusion of circles of 5 ym in radius, each 50 ym apart within the central section
of the sensing diaphragm serving as sacrificial etching access holes. This allows the

release of the oxide layer in the central section leaving a free standing plate.

e An isolation gap of 20 yum was left surrounding each sensor and adjacent supportive

bulk silicon, to electrically isolate each sensing region from the surrounding silicon.

e An overall increase of 200 ym in width and length of the sensor diaphragm was im-
plemented to take into account the undercutting (u) of oxide that occurs through the
isolation gap surrounding each sensor. Sufficient regions of supportive oxide are re-

quired to provide adequate clamping of the sensor diaphragm.

e The sensors in an array were spaced 150 pm apart to allow sufficient supportive oxide

between adjacent sensors.

4.3 Photolithography

Photolithography is the process that uses optical techniques to transfer geometric patterns

from a photomask into a polymer resist. This pattern can subsequently be transferred into
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FIGURE 4.5: Cross sectional schematic diagram showing undercutting of the oxide during the
sacrificial HF etch process. The dimensions of the sensing diaphragm are increased to allow sufficient
area of oxide supports in spite of the undercutting (u)

the substrate wafer by an etching process. The main steps involved are given in the following

sections and illustrated in Fig. 4.6.

FIGURE 4.6: Photolithography process using a positive photoresist

4.3.1 Wafer cleaning

A wafer cleaning process was carried out using organic solvents to eliminate surface con-

taminants. The wafer was mounted in a spinner and Acetone was dispensed onto it ensuring
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the whole surface of the wafer was covered. The spinning process was then initiated and
Isopropyl Alcohol (IPA) were dispensed onto the wafer. Spinning was continued until all the
liquid evaporated from the surface. The wafer was then placed on a hotplate at a temperature
of 110 °C for at least 50 s to eliminate moisture that could adversely impair the adhesion of

the resist to the substrate.

4.3.2 Spin-coating

A positive photoresist (photosensitive polymer), Shipleys S1813 was applied to the surface
of the wafer by a spin-coating process. Here, a small amount of resist (approximately 5 -
10 ml) is centrally dispensed on the wafer following which, a 3 step spin process is carried
out (500 rpm, 10s; 3000 rpm, 30s; 500 rpm, 10s). This results in a photoresist thickness of
approximately 2 ym. The wafer is then soft baked on a hotplate at 115 °C for 90 s. Soft
baking was carried out to decrease solvent levels in the photoresist and improve adhesion
to the wafer. A high solvent level leaves the photoresist tacky and susceptible to particulate
contamination at subsequent handling stages [119]. Further, a high solvent content negatively

affects the dissolution discrimination between exposed and unexposed regions of photoresist.

4.3.3 Exposure to ultra violet (UV) light

The photoresist was exposed to UV light (260 mJ/cm?) using a Canon Mask Alligner (PLA-
501 FN, Fig. 4.7) in hard contact mode for 10 s. Photoresists contain a base resin that
determines their mechanical and thermal properties, a photoactive compound (PAC) deter-
mining their sensitivity to radiation exposure and an organic solvent that determines their

viscocity [120]. In positive photoresists such as S1813, exposure to UV radiation causes
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decomposition of the PAC which then renders these regions soluble to an alkaline developer.

FIGURE 4.7: Mask aligner (PLA-501 FN) used during photolithography process

4.3.4 Resist development

To develop the exposed wafer, it was immersed in a solution of MF319 (an alkaline solution)
which was gently agitated for 2 minutes. Following this, the wafer was rinsed with distilled

water.
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4.4 Reactive Ion Etching (RIE)

Reactive Ion Etching is a dry etching technique where external energy in the form of radio
frequency (RF) power is used to drive chemical etching reactions in low pressure chambers
[121]. Stray electrons are accelerated and collide with molecules of a reactant gas (such as
SFg) to form excited and ionised species. Thus, a combination of chemical and physical
processes are used to etch the silicon surface. Halogens such as fluorine and chlorine etch
silicon because the Si - halogen bond is much stronger than the Si - Si bond [120]. While
excited molecules formed from dissociation of the reactant gas are involved in the chemical
etching of silicon, the purpose of ion bombardment is to introduce directionality and enhance
the physical removal of material. Thus high etch rates and anisotropy can be achieved.
Deep Reactive ion etching (DRIE), also known as the Bosch process or time multiplexed
deep etching process (developed by Robert Bosch in 1992), is an anisotropic RIE etching
technique used to form very high aspect ratio structures (such as that shown in Fig.4.8) in
a silicon substrate [120, 122]. This process was used to define the sensing structures of the
MEMS tactile sensor array of this work. The etcher used was Surface Technology Systems
(STS) ICP DRIE System (Fig. 4.9) which is an inductively coupled plasma (ICP) etcher that
generates high density etching species at low pressures and low DC bias [123]. The process
involves a cyclic mechanism with the use of alternating etch and sidewall passivation steps.
During the etch phase, ions generated from sulphur hexafluoride (SFg) plasma are accelerated
towards the silicon substrate (which has a bias of - 5 to - 30 V). In the passivation phase,
octafluorocyclobutane (C,Fg) is used to deposit a teflon like polymer all over the substrate.
Thus, in the subsequent etch step the directional ion bombardment allows the removal of

material from the horizontal surfaces of the substrate, leaving the sidewalls protected by the
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chemically inert polymer layer.

ZakL

FIGURE 4.8: Gratings manufactured using DRIE (Bosch) process

The parameters used for the etching process are given in Table 4.1.

TABLE 4.1: The parameters used for the etching process with the STS ICP DRIE Etcher

Etch cycle Passivate cycle
SFg Flow rate 130 sccm 0 sccm
C4F8 Flow rate 0 sccm 100 sccm
Duration 8s 5s
13.56 MHz Platen power 600 W 600 W

4.5 Wafer dicing

Following the DRIE process, the wafer containing the sensor array chips (still coated with
photoresist), was diced into individual chips with dimensions of 5.8 mm x 5.8 mm using a

Disco DAD320 wafer dicing saw machine.
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FIGURE 4.9: Surface Technology Systems (STS) DRIE system

4.6 Oxygen plasma cleaning

In order to eliminate any debris resulting from the dicing process (see Fig.4.10) and other
possible contaminants on the chip and to strip of the photoresist, a cleaning step is necessary.
The chips were rinsed in acetone followed by IPA and then dried using Nitrogen gas. A 20
minute long oxygen (O,) plasma cleaning process was carried out using the STS etcher. This
is a commonly used MEMS process where a plasma generated in subatmospheric pressures
of oxygen creates highly reactive ions which bombard a surface and react with organics

forming volatile species [124].
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FIGURE 4.10: SEM image showing debris generated during the dicing process can cause unwanted
interconnections between the sensor and surrounding supportive Si

The parameters used for the O, plasma cleaning process are given in Table 4.2.

TABLE 4.2: Parameters used for the Oy plasma cleaning process with the STS Etcher

O, Flow rate 100 sccm
Duration 20 minutes
13.56 MHz Platen power 800 W

4.7 Wet etching

The etching of the buried SiO, layer was carried out to form the air gap between the two
electrodes of the capacitive sensor. This was done using the hydrofluoric acid (HF) wet
etching process. Among acids, only solutions containing hydrofluoric species are able to
break the strong Si-O bond because of the high electronegativity of fluorine [125]. Etch
holes (having a radius of 5 um), that were patterned on the device layer, allow access of HF
to the buried oxide layer. The process was carried out using 40% liquid HF which is diluted

in distilled water. The dissolution of the SiO, layer by liquid HF is based on the following
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chemical reaction [125]:

SiO, + 6HF = 2H" + SiF:~ + 2H,0 (4.1)

Etch rates of approximately 1 - 1.25 psm/min were achieved. The chips were immersed in
the liquid HF solution for approximately 40 minutes. The timing of the etch process is critical
in defining the geometrical dimensions of the sensing diaphragm. Hence, prior to the etching
process, the etch rate was determined by monitoring the geometric profile formed after a
specified etch time period (Fig. 4.11). This is possible as 2 micron thin silicon is optically
transparent and therefore the oxide profile clearly visible using an optical microscope. Thus

the chips were etched until the area defined as the sensing diaphragm had fully released.

FIGURE 4.11: Etch profile resulting from sacrificial etching

Following this the chips were rinsed in isopropyl alcohol (IPA) and distilled water and
then directly transferred into beakers containing IPA solution. To dry the chips, they were
removed from IPA solution and directly transferred onto a hotplate at 115 °C. This allowed
the rapid evaporation of the IPA, which encourages the lift of the sensor diaphragm thereby
avoiding stiction, a commonly encountered issue during sacrificial wet etching processes.

The term stiction describes the unintentional collapse and adhesion of compliant mi-

crostructure surfaces to the substrate below; it occurs when restoring forces are unable to
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overcome interfacial forces [82]. During the HF sacrificial etching process, release-related
stiction may occur primarily due to capillary forces [126]. Such forces are generated because
of surface tension of the liquid - vapour interface when the thin liquid layer between the two

plates evaporates (Fig. 4.12).

FIGURE 4.12: Forces on the released structure following HF wet etching [122]

Figure 4.13 shows the stiction following HF release of a clamped circular diaphragm and
a fixed-fixed beam. Special drying processes such as supercritical drying and freeze drying
can be used to avoid stiction by eliminating the formation of the liquid-vapour interface and
therefore any associated capillary forces [127]. Another method that is used to avoid stiction
during HF etching is to use HF vapour-phase etching [128]. With the drying technique
applied in this work, through the rapid evaporation of IPA on a hotplate, no stiction occurred
in Design 2 sensors. In some Design 1 sensors stiction was observed and therefore the yield
of these sensors was lower. The resulting sensor diaphragm profiles formed following wet

etching are shown in Fig. 4.14.

100



FABRICATION OF THE TACTILE SENSOR ARRAY

FIGURE 4.13: Optical microscopy images showing (left) Stiction of circular diaphragm following
HF wet etching as seen through optical microscopy, (right) SEM image showing collapse at the central
section of a long beam structure

FIGURE 4.14: Diaphragms formed following HF release etch

4.8 Metal deposition

In order to make electrical contacts to the sensor chips, a gold metallisation process was car-
ried out using the process of evaporation. This is a physical vapor deposition (PVD) method,

I'and

where a material is heated above its boiling point, transported through a high vacuum
condensates on a cooler substrate [78]. The heating of the target material is facilitated either
by an electrical current (thermal evaporation) or a guided electron beam (e-beam evapora-

tion).

In thermal evaporation, the desired source metal is placed in a metal crucible typically

Itypical chamber pressures are around 10~6 mbar
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made of tungsten which is electrically heated. Metal atoms in the generated vapour then
condense on the substrate material. The limiting process in this method is the maximum
temperature of the crucible typically used which is approximately 1400°C [121]. In e-beam
evaporation, an electron beam generated using a high intensity electron gun (5 keV) is mag-
netically focused on the target material which then generates the vapour for deposition. This
enables higher temperatures to be attained in comparison to those in the thermal evaporation
process [121].

Metals with low electron deficiency such as titanium and chromium can be used to pro-
mote adhesion between the silicon substrate and gold [129]. Because of the high melting
point of titanium (1667 °C), e-beam evaporation was used to deposit it on the sensor chips;
with an approximate thickness of 20 nm. Following this, a 200 nm thick layer of gold (melt-
ing point 1064 °C) was deposited using thermal evaporation. The metallisation was carried

out using the Auto 500 Electron Beam - Filament Evaporation System.

4.8.1 Fabricated devices

Fig. 4.15 shows a Scanning Electron Micrograph (SEM) image of the fabricated sensor
array. Fig. 4.16 is a close up of a single sensor. A cross-section of the device showing the

two plates of the capacitive sensor and the enclosed airgap are seen in Fig.4.17.

The dimensions of the sensing diaphragm are determined during the HF wet etching
stage of the fabrication process. This is because the amount of undercutting of oxide is
affected by factors such as etchant concentration and timing of the etch process. As 2 ym

thick silicon diaphragm is optically transparent, it was possible to view the diaphragm profile
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FIGURE 4.15: SEM image of sensor array

FIGURE 4.16: SEM image of single sensor
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FIGURE 4.17: Cross-section of capacitive sensor

using optical microscopy and measure the resulting diaphragm dimensions. Measurements

made from samples taken from three different chips for both sensor designs 1 and 2 are given

in Table 4.3.
TABLE 4.3: Dimensions of sensor diaphragms
Design 1 (fixed-fixed) Design 2 (clamped)
Planned dimensions 200 x 200 300 x 200
Measured dimensions 182 x 200 277 x 180
171 x 200 278 x 182
195 x 200 322 x 224

4.9 Wire bonding

The sensors were mounted onto standard dual-in-line ceramic packages (Spectrum Semicon-

ductor Materials, INC., 24-DIP) (see Fig. 4.18). Wiring to the bonding pads of each sensor
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and reference capacitor was performed by means of a wire bonder using 25 pm thick alu-
minum wires. To protect the wires from damage during subsequent sensor testing, they were

coated with a UV curable epoxy (Epo-Tek OG142).

FIGURE 4.18: Fabricated sensor die mounted on DIP chip carrier

4.10 Conclusions

In this chapter, the processes that were used to fabricate the sensor array were described.
Fabrication of the sensors was optimised towards a minimum number of processing steps and
the sole use of simple standard microfabrication techniques to reduce costs. In comparison
to previously reported MEMS based capacitive devices ([87, 90]), the use of BESOI wafers
as a substrates allowed for fewer and less complex process steps. Some specific advantages

of the proposed fabrication methods are:

e The use of a single mask in realisation of the device

e The use of single sided wafer processing
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e Potential difficulties associated with the use of anodic bonding processes (a commonly
used process in capacitive sensor fabrication [130] were avoided. These include "snap-
down" or sticking of suspended diaphragms due to the presence of electrostatic forces
[109, 131], introduction of residual stresses in the sensing diaphragm as a result of a
mismatch in thermal coefficients of bonding substrates and complexities in accessing

electrical connections from the sealed cavity [99, 132].

Design 2 (clamped diaphragm) sensors showed higher yield in comparison to Design 1
(fixed-fixed diaphragm) sensors.

Limitations with the proposed fabrication method include the relatively high costs of
BESOI wafers. Further, as discussed in Section 4.2, sensors are made larger than required
by the design, to take into account undercutting of the sacrificial oxide. In the fabricated
devices, the silicon dioxide support regions were made larger than required to ensure that a
sufficiently large supportive area is maintained following the HF sacrificial etch. However,
once the required etch rates have been established, the devices can be made smaller.

In the following chapter, the coating of the sensors with artificial skin is covered.
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Summary In this chapter, the requirements of artificial skin within which the fabricated
MEMS tactile sensors can be embedded are discussed. Following a description of human
skin properties, an overview of materials that can be used as human skin like substitutes for
artificial finger applications is given. Material testing of candidate materials is presented. Fi-

nally, the process used to package the sensors within suitable skin like materials is described.
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5.1 Objectives

Artificial skin provides a human skin like covering to protect the fabricated MEMS based
tactile sensors and transmit mechanical surface forces in the form of distributed mechanical
stress, strain or deformation to the embedded sensing structures. The skin thus forms a
packaging layer for the devices and furthermore effects its overall performance. The main

functions of the artificial skin packaging are [80]:

e To protect the sensor from external influences and environmental effects such as mois-

ture and particle contamination.

e To attenuate rapid impact or peak forces that are encountered during exploration and

thus protect the sensors from mechanical shock.

e To provide a controlled (reliable and repeatable) mechanical and electrical interface

between the sensor and its environment.

The MEMS tactile sensors designed in this work are based on a capacitive principle
which makes them prone to electrical interferences or noise. In order to provide robustness

against noise, the chosen packaging material should be electrically non-conducting.

5.1.1 Material requirements for tactile sensor packaging

As the tactile sensors developed in this work are to be incorporated into an artificial finger,
the skin enclosing them should provide human skin like compliance and cosmetic appearance
in addition to allowing the successful integration with MEMS devices [133].

Thus the main requirements for materials that can be used to form the skin of artificial

fingers are [134]:
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Skin like mechanical properties such as compliance and conformance

Adequate friction under a range of expected grasping conditions

Abrasion and chemical resistance

Compatibility with embedded tactile sensors

In brief, a material is required that emulates the functionality of biological skin to a
maximum extent. To gain deeper insight into these requirements, the next section gives an
overview of the structure and function of human skin. This will provide a basis for the

selection of a suitable artificial skin material.

5.2 Human skin characteristics

5.2.1 Structure

Macroscopically, the human finger pad is composed of layers of skin, subcutaneous fat, bone
and nail. The skin is a multilayer structure consisting of epidermis, dermis and underlying
subcutaneous fat tissue (Fig. 5.1).

The superficial layer, the epidermis has a higher stiffness compared to the underlying
dermis (Young’s modulus E of 130 kPa and 80 kPa respectively) [137]. It has a thickness of
approximately 0.06 to 0.12 mm [136] and consists largely of keratinocytes that are formed by
division of cells in the basal layer of the epidermis. The uppermost layer of the epidermis is
the stratum corneum, which is composed of dead, flat skin cells that are shed approximately

every two weeks. This layer gives skin a very high electrical resistivity [138]. The dermal
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FIGURE 5.1: [a] Macroscopic features of finger [135] [b] Diagram of human skin showing the
upper epidermal barrier skin layer (0.1 to 0.2 mm thick) and the lower dermal layer (1 to 4 mm thick)
[136]
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layer is 1 to 4 mm thick and is composed mainly of dermal fibrous proteins, collagen and
elastin embedded in an amorphous ground substance [139].

The contribution of the epidermis to the mechanical properties of skin is usually ne-
glected. Dermal collagen is suggested to be the main contributor of the mechanical properties
of skin, which has been confirmed by the similarities found in their responses to mechani-
cal testing with that of full thickness skin [140]. The mechanical properties of the dermal

components of human skin are summarised below [141]:

e Collagen fibres are the main constituents of the dermis accounting for 77% of its fat-
free dry weight. They form an irregular network of wavy coiled fibres that run almost
parallel to the skin surface. They exhibit high stiffness with a Young’s modulus range
of approximately 0.1 GPa to 1 GPa (in the linear region) and low extensibility, ruptur-

ing at strains of 5 - 6%.

e Elastin fibres are the second main component of the dermis making up 4% of the fat-
free dry weight. They have a lower stiffness compared to collagen (~ 0.6 MPa) and

exhibit reversible strains of more than 100%.

e Reticulin is found in much smaller amounts in the dermis (0.4% of the fat-free dry
weight). Its mechanical properties are unknown but similarities in its molecular struc-

ture and morphology to collagen indicate similarities in their properties.

e Ground substance is responsible for the viscoelastic behaviour of the dermis
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5.2.2 Function

The skin has mainly protective, perceptive, and regulatory functions. It forms a water, elec-
trolyte and bacteria-proof barrier to the outside world and also protects against mechanical,
chemical, thermal and photic damage [142, 143]. The skin has an important function in
touch sensation as the source of tactile information is the distribution of spatio-temporal me-
chanical loads on the human skin at the contact interface [41]. The stress and strain fields
generated at the mechanoreceptor nerve terminals are responsible for the transduction of me-
chanical tactile stimuli into neural responses. Their signal output frequency depends on the
local intensity of the stimulus at the receptor location [41]. Skin mechanics is important in
determining the relationship between surface indentation of the finger pad and stress/strain

fields at the location of mechanoreceptors [112].

5.2.3 Role of microstructures

The epidermal ridges (fingerprints) provide a texture to the fingerpad surface, which is be-
lieved to create optimal friction and adhesion characteristics that allow humans to securely
grip objects. A very smooth surface would result in a large coefficient of friction causing
large scale slip-stick motion when the sensor slides over a smooth surface, making control
of sliding and manipulation difficult [52].

Various authors have suggested that fingerprints have a role in tactile sensation [73, 144,
145]; although the mechanisms behind this are not fully understood. In 1954, Cauna pro-
posed the signal enhancement at mechanoreceptor terminals through a ’lever arm mecha-

nism’; where the epidermal ridge and underlying intermediate ridge operate as a single unit,
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with the intermediate ridge acting as a lever that magnifies indentation imposed at the epi-
dermal ridge [144]. Maeno et al. explored the role of finger tip microstructures by includ-
ing fingerprints and intermediate ridge like structures in a mechanical model of the finger
pad. They showed that the presence of such microstructures led to concentrations in normal
forces, tangential forces and strain energy density at locations coinciding with that of the SA
I receptors (found in the tips of intermediate ridges) [73].

Scheibert et al. suggested a different mechanism whereby fingerprints contribute to fine
texture perception through vibrations induced when humans actively slide their finger over a
surface of interest [145]. They compared the responses of a biomimetic force sensor incorpo-
rating a smooth coating and one whose surface was patterned with parallel ridges imitating
the fingerprints, to textured surfaces. They showed that the fingerprinted sensor amplified
the pressure modulations (measured by the force sensor) generated by a texture. Their find-
ings were indicative of the role of fingerprints on the spectral filtering properties of skin in

dynamic tactile exploration.

5.2.4 Mechanical properties

The human skin has heterogeneous, anisotropic and non-linear viscoelastic characteristics
and its properties vary with age, body location and between people. It exhibits non-linear
and time dependent responses to mechanical loading. The skin is a soft, compliant and
conformable material. Compliance is the property of skin where large displacements occur
under the application of very small forces [42]. Studies have shown that a normal force of
2 N on the finger pad produces a skin displacement of about 2 mm [146]. Conformance is

the ability of skin to follow the contours of surface features of an object. The inability of
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skin to deflect would prevent information regarding spatial features of a surface from being
transmitted to underlying sensors.

Experimental data from Serina et al. (1997) on human fingertip loading and unloading
using fingertip tapping experiments is shown in Fig. 5.2 [147]. The behaviour represents
characteristics of fingerpad tissue of which the skin is one component. The fingerpad was

seen to be more compliant at forces less than 1 N, but increased in stiffness at higher forces.

FIGURE 5.2: Typical fingertip pulp force-displacement curve from experimental data on human
subjects [147]

Skin exhibits viscoelasticity which means that its mechanical response to loading consists
of viscous components associated with energy dissipation and elastic components associated
with energy storage [148]. The main elastic components of skin are proteins (collagen and
elastin), while the viscous components are water and other highly hydrated macromolecules
[149]. Skin exhibits hysteresis (differences in the stress-strain relationship during loading
and unloading), creep (increasing displacement during constant force) and stress relaxation
(decreasing force during constant displacement) characteristics. The elastic modulus of skin

increases with an increase in strain rate [140].
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Because of the viscoelastic properties of biological skin, the mechanical stimulus trans-
mitted to the embedded mechanoreceptor neurons is dependent on the magnitude of the
external stress and its rate of change. Skin has been mechanically modelled by using com-
binations of springs (representing elastic components) and dashpots (representing viscous
components). The standard solid linear model is commonly used to describe the behaviour
of skin and skin substitutes (Fig. 5.3) [149]. It constitutes a combination of a spring (stiff-
ness Ey) in parallel with a spring (stiffness E;) and dashpot () in series. The time-dependent
behavior of a viscoelastic material in the stress relaxation process can be described by a

summation of the exponential terms as given in Equation 5.1:

Y(t)=Y. + Z aexp(—b;t) (5.1)
i=1

where Y(1) is the decaying parameter (such as stress), 7 is time, Y, is the residual value of

Y(t) when t is oo, a; and b; are constants characteristic of the material.

FIGURE 5.3: Standard solid linear model: A parallel combination of a spring (elastic element) and
a dashpot (viscous element) in series with a spring. Figure adapted from [149]
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5.2.5 Mechanical testing

To determine the mechanical properties of skin, tensile, indentation and suction techniques
are most frequently used [150]. Tests involving the application of controlled amplitude in-
dentations via punctate probes to the human finger pad have been well documented for as-
sessment of the performance of mechanoreceptors [51]. Indentation tests are also known to
be an effective and relatively simple way to conduct biomechanical assessments of the skin
in compression, with the test itself resembling the situation of palpation [151].

With this in consideration, indentation testing was used to analyse the behaviour of skin
and the other candidate skin substitute materials that are described in the following sections.
A mechanical testing machine, ELF 3200, (Bose, Electro-Force Systems Group, MN with a
225 N load cell and nominal precision of £ 0.005 N) was used to conduct indentation testing
of samples by applying known forces or displacements. A rigid spherical probe with a radius
of 10 mm was used to apply the stimulus. As relatively small forces of approximately 0.3 -
4.5 N are used during typical tactile explorations [55, 152], applied forces of up to 5 N were
implemented in this study. Each of the samples tested had a thickness of approximately 2
mm.

To investigate the mechanical response characteristics of biological skin, indentation tests
were conducted on excised rat skin samples (supplied by Nicola Hunt, Chemical Engineering
Department, University of Birmingham). The use of excised animal skin as a replacement
for human skin is common in the study of in-vitro skin properties [153] and hence rat skin
was used in this study.

Fig. 5.4 shows a typical force-displacement behaviour of skin for five load-unload cycles

of compression indentation testing (maximum force of 5 N, frequency 0.1 Hz). A non-linear
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relationship between force and displacement is observed. In the first phase of loading, the
load - displacement relationship is approximately linear. In this stage, the mechanical be-
haviour is mainly dominated by the elastin fibres [141]. Following this, there is an increase
in the stiffness of skin which can be attributed to the physical structure of the collagen fi-
bres. As previously described, in a relaxed state, collagen fibres are known to have a wavy
appearance. During stretching of skin, there is a gradual straightening of an increasing frac-
tion of the fibres which tend to align themselves along the stress direction. Eventually, after
all the collagen fibres are stretched, the stress-strain relationship becomes linear again. Af-
ter unloading, the fibres return to their wavy configuration [139]. The area bound within
the loading and unloading curves represents the energy loss per cycle (hysteresis) which de-

creases with each cycle and tends to reach a steady state value after a number of cycles.

FIGURE 5.4: Typical force-displacement curves for rat skin under 5 loading cycles

The stress relaxation of rat skin is shown in Fig. 5.5[a]. Here, the force required to main-
tain a constant displacement of 0.2 mm decreases with time. Matlab curve fitting toolbox
was used to determine a suitable mathematical fit to the the experimental relaxation data.
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FIGURE 5.5: [a] Stress relaxation of rat skin under constant displacement of 0.2 mm [b] Exponen-
tial curve fit of relaxation dataa=1.17,b=-1.5,¢c=5.71,d =-0.016

Fig. 5.5[b] shows a double exponential fit applied to the data.

The effect of varying strain rates on the response characteristics of rat skin were also
explored. Results, showing the response of rat skin to an applied force of 5 N at different
frequencies (or strain rates) is shown in Fig. 5.6. The stiffness of rat skin was found to
increase with the strain rate. With increasing frequency, there is a decrease in the resultant

maximum displacement and % of recovered displacement in the unloading phase. Table 5.1
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summarises the maximum displacement and % of recovered displacement in the unloading
phase, obtained under an applied force of 5 N (using a triangular waveform) under varying

strain rates.

FIGURE 5.6: Change in response of rat skin for applied loading of 5 N under varying applied
frequencies of 0.05, 0.1 and 5 Hz
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TABLE 5.1: Frequency/ strain rate dependent behaviour of rat skin

Frequency (Hz) Maximum displacement (mm) % of recovered displacement
0.05 0.725 28
0.1 0.46 22
5 0.29 19

5.3 Sensor skin candidate materials

5.3.1 Synthetic skin

For the selection of skin like materials for an artificial finger, properties such as viscoelastic-
ity, wear resistance, tactile sensor compatibility, suitable friction and adhesion during surface
exploration are important [134]. In addition to this, the material should be conformable to
optimise grasping stability, durable, stable and possess good manufacturability [154].
Silicone elastomers and polyurethanes are classes of materials that are most commonly
employed as mechanical skin equivalents because of the similarities in their friction proper-
ties with those of the human finger skin [10, 137, 155-157]. Polyurethanes possess excellent
tensile strength, high abrasion and chemical resistance [158]. However, they have a greater
relative rigidity than human skin. Cabibihan et al. assessed the conformance of silicones and
polyurethanes, and compared responses of these materials to that of surface deformation of
the human fingerpad [159]. Their results showed that silicone materials conform closest to
the human fingertip. Like human skin, silicone elastomers are viscoelastic materials [160].
The widespread use of silicone elastomers for finger replacements and for packaging of

tactile sensors [68, 74, 154] can be attributed to their following characteristics:

e Low cost

e Simplicity of fabrication
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e Ease of patterning/moulding

e Tunable mechanical properties

e Similarity of compliance and conformance with human skin

Polymethyldisiloxane (PDMS) (CH;3[Si(CH3)20],,Si(CHjs)s3) is a silicone elastomer com-
monly used in MEMS systems for embedding electronic components, protecting them from
mechanical shock and environmental influences and thus prolonging their lifespan [161].
PDMS has also been used in the packaging of tactile sensors [162, 163]. The Young’s mod-
ulus of PDMS is reported to be close to that of physiological skin [145]. It finds widespread

application in the MEMS field because of its following properties [164]:

Provision of dielectric isolation

Chemical inertness

Thermally stability

Permeability to gases

Handling and preparation simplicity

The material properties of Sylgard® 184 (Dow Corning Corporation), a commercially
available brand of PDMS Silicone Elastomer, are given in Table 5.2 [165].

Dragon Skin® (Smooth-On Inc.) is another commercially available silicone elastomer
that has been used in the implementation of artificial fingers [76]. Its properties are given in

Table 5.3.

121



SENSOR IMPLEMENTATION INTO ARTIFICIAL SKIN

TABLE 5.2: Material properties of Sylgard® 184 [165]

Colour Transparent
Viscosity (mPa s) 3900
Shore-A hardness 50

Elastic modulus (MPa) 1.8
Thermal conductivity (W/m/K) 0.18
Dielectric constant 2.7
Resistivity (2cm) 1.2 x 101

TABLE 5.3: Material properties of Dragon Skin® (http://www.smooth-on.com)

Colour Off-white
Viscosity (mPa s) 23000
Shore-A hardness 10

100% Modulus (MPa) 0.15

Mechanical testing

A sample of PDMS was fabricated using the following process:

e Liquid components Part A and B were mixed in a 10:1 ratio by weight and poured into

a cylindrical mould

e The mixture was degassed using an applied vacuum of (29 inches of mercury) for 2-3

minutes

e The material was cured in an oven at a temperature of 100°C for 45 minutes

Fig. 5.7 shows a typical force-displacement behaviour of PDMS for ten load-unload
cycles of force controlled (8 N) compression testing (using periodic triangular wave). Like
human skin, PDMS exhibited viscoelastic behaviour. Creep and stress relaxation were also
observed with an exponential curve fit was applied to the relaxation data (using Matlab Curve

Fitting toolbox) as shown in Fig. 5.8.
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FIGURE 5.7: Characteristic force displacement curve obtained by applying controlled displace-
ments of 0.3 mm to PDMS (10 loading cycles)

The variation in response of PDMS to an applied force of 5 N at different frequencies
(or strain rates) is shown in Fig. 5.9. With increasing frequency, there is a decrease in the
resultant maximum displacement and % of recovered displacement in the unloading phase.

Results are summarised in Table 5.4.

TABLE 5.4: Frequency dependent behaviour of PDMS (Sylgard® 184)

Frequency (Hz) Maximum displacement (mm) % of recovered displacement
0.05 0.1 85
1 0.09 81
5 0.08 66

5.3.2 Tissue engineered skin

Tissue engineering is a field which adopts an interdisciplinary approach to develop biologi-
cal substitutes for restoring, maintaining or replacing biological tissues or organs. It allows

the development of a skin-like matrix with mechanical characteristics comparable with that
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FIGURE 5.8: [a] Creep of PDMS under an applied step load of 5 N for 10 s [b] Stress relaxation of
PDMS under constant displacement of 0.3 mm [b] Exponential curve fit of relaxation data a = 1.03, b
=-0.51,c¢=4.31,d =-0.009
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FIGURE 5.9: Change in response of PDMS for applied loading of 5 N under varying applied
frequencies of 0.05, 1 and 5 Hz
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of the human skin. Although significant progress has been made in tissue engineering skin
for treatment of wounds and burns, successful nerve regeneration allowing tactile sensation
remains a challenge [149]. With current reports on functional tissue engineered organs, fu-
ture visions of a fully functional tissue engineered hand are not far fetched. In the meantime,
significant efforts are being made in neuroprosthetic devices. These are systems that harness
biological neural signals and interface them with prosthetic devices. Implantable neuropros-
thetic systems in the visual and auditory domains have already been demonstrated [166]. An

example of biohybrid visual prosthesis is shown in Fig. 5.10 [167].

FIGURE 5.10: Biohybrid visual prosthesis [167]

In the touch sensing domain, recently, the CyberHand was reported, which is a prosthetic
device designed to interface with the peripheral nervous system and aims to replicate the
sensory-motor capabilities of the human hand. The device is controlled by processing ef-
ferent nerve (nerves that carry information from the central nervous system to the muscles)
signals from nerve endings in the residual stump of an amputee, and sensory feedback from
artificial sensors is delivered to the user through the stimulation of specific afferent nerves.
Fuelled by such motivation for the development of more natural, human like prosthetics, the
concept of combining tactile sensing technology with tissue engineered skin emerges [168].

The development of tissue engineered skin enables the opportunity to provide a substitute
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material that closely mimics the properties of natural human skin, however device encapsu-
lation and biocompatibility are issues for consideration.

A general approach for generating tissue engineered products is shown in Fig. 5.11
[169]. Here, isolated cells are cultured and then seeded onto a scaffold which provides me-
chanical support and promotes structural formation. The cell constructs are further cultivated
in bioreactors to provide optimal conditions for organization into a functioning tissue. Once

a functioning tissue has been successfully engineered, it is transplanted to restore function

[169].

FIGURE 5.11: Typical method for fabricating tissue engineered products [169]
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Mechanical testing

To assess its mechanical properties, tissue engineered skin was fabricated (by Nicola Hunt,
Biochemical Engineering, University of Birmingham) using the following materials [136,

143]:

e Fibroblasts: These form the dermal layer of skin. They are responsible for produc-
ing extracellular matrix and collagen which form the structural framework of animal

tissues and provide strength and resilience.

e Keratinocytes: These are the predominant cells of the epidermis which form the imper-
vious surface of skin and primarily function as a barrier against environmental damage,

water loss etc. The keratinocytes were obtained from a neonatal rat.

e Alginate (a polysaccharide isolated from brown algae) scaffold: This provides the
structural framework for three dimensional tissue formation and nutrients for the cul-

tured cells.

Fig. 5.12 [a] shows a characteristic force displacement response obtained when a trian-
gular waveform with ten cycles of indentations to a depth of 0.3 mm are applied to the skin
a rate of 0.6 mm/s. Non-linear curves with a pronounced hysteresis are obtained, which are
attributed to a decrease in energy loss in each subsequent cycle.

Stress relaxation of TE skin is shown in Fig. 5.12 [b]. Here the sample was subjected to
indentations of 0.3 mm applied at a speed of 0.06 mm/s, held for a period of 30 s and then
removed. Fig. 5.12 [c] shows an exponential curve fit (using Matlab Curve Fitting toolbox)

applied to the data corresponding to the relaxation period.
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FIGURE 5.12: [a] Characteristic force displacement curve obtained by applying controlled dis-
placements of 0.3 mm onto the surface of the tissue engineered skin (10 cycles) [b] Stress relaxation
of TE skin under constant displacement of 0.3 mm [c] Exponential curve fit of relaxation data a =
0.15,b=-0.49,c=0.41,d=-0.02
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5.4 Discussion on materials tested

In the previous section, material testing of biological skin (rat skin), silicone elastomer
(PDMS) and tissue engineered skin was conducted. The purpose of the material testing was
not to quantify or extract quantitative material parameters but rather to study the patterns of
responses of biological and artificial materials when subjected to mechanical stimuli in the
range encountered by the human fingerpad during manipulation.

Like human skin, all the material samples tested, demonstrated viscoelastic, time depen-
dent responses. TE skin showed greatest compliance followed by rat skin and PDMS. The

stress relaxation data for materials were shown to fit the double exponential function:

F(t) =axexp(b*x)+ cxexp(dx*x) (5.2)

where a, b, ¢ and d are characteristic constants of each material.

This is in agreement with results from a study conducted by Williams et al. where data
from indentation experiments on biological skin showed that both indenter tip force and
corresponding instantaneous firing rates of SA I afferent neurons in response to ramp and
hold indentations of skin fit a double exponential function [170]. The receptors thus fire
electrical impulses on the application of stress, the frequency of which subsides during the
hold phase of the loading cycle (Fig. 5.13) along with stress relaxation of skin thereby
conserving energy [26].

In dynamic testing, the effect of strain rate on stiffness of the materials was assessed.
This parameter is important as it determines the highest frequency at which an applied stim-

ulus can be detected by tactile sensors located below the materials. PDMS demonstrated an
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FIGURE 5.13: Experimental results from Williams et al. showing SA I firing rates to ramp and
hold indentation of fingerpad [170]

increase in material stiffness with an increasing strain rate with a 20% reduction in maximum
displacement when the strain rate was increased from 0.05 Hz to 5 Hz. However, the effect
was found to be lower than that seen in the biological skin sample which showed a 60% loss
in maximum displacement for the same increase in strain rate.

The % of recovered displacement, which represents the return of the sample to its original
state on removal of the load, was also seen to decrease with an increase in strain rate (Table
5.4 and 5.1). However, in PDMS the effect was far less pronounced. This feature impacts
on the performance of the tactile sensor as at higher frequencies, the displacement due to the
applied mechanical stimulus may not be transferred to the embedded sensors. In this way, the
frequency dependent behaviour of the packaging material effects the operational bandwidth
of the sensor in dynamic loading. PDMS was found to show more favourable characteristics

in this regard in comparison to the tested biological sample.
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5.5 Tactile sensor packaging methods

5.5.1 Smooth packaging with Silicone elastomers

To package the MEMS tactile sensors developed in this work Sylgard® 184 (Dow Corning
Corporation), a commercially available brand of PDMS Silicone Elastomer was used. To en-
able a comparison, a single chip was also packaged with Dragon Skin®), the other candidate
elastomer. The process used to process both these materials is given in the following.
PDMS was prepared by mixing the two supplied parts A and B in a 10:1 ratio by weight.
The mixture was then degassed using vacuum (29 inches of mercury) until the bubbling of
the liquid subsided. 105 mg of the PDMS mixture was dispensed into the cavity within the
dual in-line package (DIP) onto which the MEMS die was attached. Thus a thin film was
formed over the device. It was then cured in an oven at 100° C for 45 minutes. During the
curing process, the chip was mounted upside down to prevent the PDMS from flowing into
the 10 um diameter etch holes of the device. An average packaging thickness of 0.3 mm
(measured by using a micrometer) was achieved. A photograph of the packaged sensor is

shown in Fig. 5.14.

FIGURE 5.14: Packaged sensor
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As previously mentioned, a sensing chip was also packaged with Dragon Skin®. The
two supplied parts A and B which were mixed in a 1:1 ratio by weight and then degassed
using vacuum (29 inches of mercury) for 2-3 minutes. The solution was poured into the
cavity within the dual in-line package (DIP) onto which the MEMS die was attached. It was
then cured at room temperature for 24 h (as recommended by the supplier). A packaging
thickness of 1.7 mm was achieved.

As PDMS has a lower viscosity of 3900 cps ! compared to Dragon Skin® which has a
viscosity of 23000 cps 2, it was easier to produce thin layers of packaging using this material.
During the packaging process, a thinner layer is desirable as the thickness of the packaging

is proportional to a loss in spatial resolution of the sensors [171].

5.5.2 Fingerprint like packaging

To explore the effects of a fingerprint like topography on the packaging of the tactile sensor
(as discussed in Section 5.2.3), a second sensor array was packaged with PDMS that was
patterned with parallel ridges. To incorporate the pattern, a silicon mould with rectangular
gratings was used. This was fabricated using deep reactive ion etching (described in Chapter
4). The mould was designed to have dimensions equal to that of the cavity of the DIP package
used (6.3 mm x 6.3 mm). This was done to enable easier alignment of the mould during the

patterning process. The fabricated grating, shown in Fig. 5.15 had the following features:
e Ridge width of 200 um

e Groove width of 200 pm

' Datasheet from Dow Corning (http://www.dowcorning.com/)
’Datasheet from Smooth-On (http://www.smooth-on.com/)
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e Groove height of 50 um

FIGURE 5.15: SEM image of silicon grating used as a mould to pattern the PDMS

The feature sizes were chosen to be of the order of dimensions of the individual sensors.
To transfer the above features from the mould to the PDMS packaging, the PDMS solution
was first poured onto cavity of the DIP socket housing the sensor. The device was then
placed in an oven at 100° C for 5 minutes to allow partial curing of the PDMS. The silicon
mould which was coated with silicone release agent spray was then aligned over the cavity
of the DIP socket. The device was then put back in the oven for a further 40 minutes to cure.
Following this period, the device was left to cool and the silicon mould gently removed from
the packaging.

Using this method, the sensor package was successfully patterned with ridges mimicking
fingerprints. Fig. 5.16 shows a photograph of the sensor incorporating a ridged topography

packaging.
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FIGURE 5.16: Sensor packaged with fingerprint like ridges

5.5.3 Tissue engineered skin

For testing the response of MEMS sensors embedded within tissue engineered skin, the
sensors were first coated with a 200 nm layer of parylene (poly-para-xylylenes) through a
chemical vapour deposition process. This forms a biocompatible barrier which also protects
the chip from moisture and corrosive effects of the biological environment. The tissue en-
gineered skin was then directly placed over the sensors for testing as shown in Fig. 5.17.
The skin was held in place by surface tension and no adhesive layer was applied. A chip

packaged with the tissue engineered skin is shown in Fig. 5.18.

FIGURE 5.17: Process of applying Tissue engineered skin onto sensor surface
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FIGURE 5.18: Tissue engineered skin applied onto sensor surface

5.6 Conclusions

In this chapter, the objectives of artificial skin within which the MEMS sensors can be em-
bedded were given. Following a review of human skin characteristics, the use of skin equiv-
alent materials such as silicone elastomers and tissue engineered skin was discussed. Finally
the processes for packaging the fabricated MEMS based sensor array was described. The
following three materials were used to form an artificial skin layer within which the sensors

were embedded.

1. PDMS was chosen as the most suitable packaging material for the MEMS sensors due
to its versatility with regards to its mechanical properties, easier implementation into
thin layers as well as the ease of texture patterning. Both, a smooth packaging layer as

well as a ’fingerprint’ like packaging layer was developed.

2. A single chip was also packaged with Dragon Skin® to enable a comparison to be

made between the two elastomers.
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3. Because tissue engineered skin is close to human skin in terms of its structural and
biological characteristics, a method for successfully incorporating the sensors within

tissue engineered skin was described.
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Summary This chapter provides a description of the experiments that were conducted to
characterise the performance of the fabricated MEMS based sensing device. The demon-
strated experimental protocols mimic those conducted in fingertip mechanoreceptor char-
acterisation experiments. A discussion of the results of sensor characterisation is finally

presented.
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6.1 Introduction

The experiments conducted to characterise the performance of the fabricated MEMS based
sensing devices were inspired by methods that have been used to assess the performance
of biological tactile sensory afferents [45]. Neurophysiological and psychophysical studies
have contributed vastly to an understanding of the functions of mechanoreceptors and mech-
anisms behind texture perception. Neurophysiological methods involve the use of microneu-
rography techniques (described in Chapter 2) where action potentials emitted by selected
nerve fibres in response to applied stimuli are recorded. On the other hand, psychophysical
assessments examine the perceptions of human subjects to the applied stimulus.

To characterise individual mechanoreceptor responses, a commonly employed method
involves the application of controlled indentations to the fingerpad while simultaneously
measuring the associated mechanoreceptive afferent firing rates by microneurography. This
allows an assesment of the relationships between parameters of a mechanical stimulus (such
as force and displacement) and afferent firing rates. By indenting different locations on
the fingerpad, the area of response associated with a single sensory afferent (known as the
receptive field of the mechanoreceptor) can also be determined.

Texture perception involves the experience of a number of surface qualities such as mi-
crospatial geometry patterns, roughness, smoothness, stickiness, coarseness and graininess
[172]. In humans, in addition to cutaneous input, kinesthetic, auditory and visual cues are
used in the perception of textures. Currently there is no consolidated agreement in the lit-
erature regarding the neural mechanisms underlying tactile texture perception in humans.
As early as 1925, David Katz proposed the ’Duplex theory of texture perception’ [56]. He

hypothesised that tactile texture perception is mediated by spatial cues in the case of coarse
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textures and vibrotactile cues in the case of fine textures. In other words, the perception of
fine textures was attributed to vibrations generated by the relative movement of skin and the
stimulus, whereas coarse textures are perceived on the basis of their geometrical features
such as size, shape and distribution of surface elements [57].

In 2000, Hollins and Risner provided experimental data in support of Katz’s hypothe-
sis by comparing subject’s perceptions of texture with and without movement of the finger
across the surface. It was found that fine surfaces that were easily discriminated when moved
across the skin became indistinguishable in the absence of movement. On the other hand,
coarse surfaces were equally discriminable in both static and dynamic conditions. Thus
they concluded that movement significantly enhanced the accuracy of subject predictions.
Yoshioka et al. contradictively suggested that the same neural mechanism underlines the
perceived roughness of both fine and coarse surfaces; ie. a unified paradigm via the spa-
tiotemporal modulation of the neural activity of SA 1 afferents [58]. They examined the
variation in firing rates of the SA I, RA and PC afferents to varying textures and concluded
that variations in the firing rates of SA I afferents accounted for the perception of both, fine
or coarse textures. Thus, despite conflicts in the understanding of the actual neurological
mechanisms behind texture perception, an established finding is the enhanced discrimination
sensitivity obtained as a consequence of relative motion between the finger and the surface.
This is substantiated by the fact that during exploratory tasks when detecting textures, hu-
mans tend to drag their finger over the surface of interest.

Studies on texture perception to date tend to focus on the perception of roughness. This is
the sensation that is induced when the skin passes over a surface that is not uniformly smooth

[173]. Previous research conducted on roughness perception used sandpapers of varying grit
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size to deliver a range of textures to the fingerpad. More recently, precisely controlled stimuli
in the form of rigid linear rectangular gratings of alternating ridges and grooves have been
used as moving stimuli to the fingerpad. Different textures are generated by varying the
grating characteristics such as ridge width and groove width. While delivering such stimulus
to the fingerpad, the responses of the mechanoreceptors and the subject’s perceptions have
been simultaneously recorded [174—176]. Results from such psychophysical studies have
shown that the perception of roughness is directly related to an increase in the groove width
[53, 58, 174].

The experimental methods as they are used to determine the characteristics of biological
mechanoreceptors, can likewise form a reasonable basis for investigations on the general
characteristics and texture discrimination capability of the fabricated MEMS tactile sensing
devices. As the sensors were designed to possess properties similar to the ones of their
natural counterparts, similar methods and dimensions for the characterisation were chosen.
To this end, the following main categories of tests were performed to assess different aspects

of sensor performance [177, 178]:

1. Indentation testing to determine general force-capacitance characteristics

2. Spatial mapping of sensor array to assess the spatial response characteristics

3. Surface texture discrimination via the use of periodic gratings and fabrics
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6.2 Indentation testing

6.2.1 Experimental set-up and methods

The equipment used for indentation testing was designed by the ARTS Lab, SSSA, Ponted-
era, Italy. The set-up is shown in Fig. 6.1. It consisted of a loading system incorporating
three orthogonal manual micrometric translation stages (A), which allowed the precise po-
sitioning of the loading probe. The loading probe consisted of a spherical head having a
diameter of 2 mm (C) made of Delrin® (polyoxymethylene), which is an insulating (resis-
tivity of 10'2 Ohm-m) thermoplastic material exhibiting high stiffness (3 GPa) !. A spherical
indenter was chosen as it is less likely to cause cracking during indentation and for small
plastic deformations, and it has well defined stress fields below the area of contact [179].
The indentation experiments were carried out under displacement control (as allowed
by the indentation device). Contact between the probe and the sensor was obtained by
a servo-controlled micrometric translation stage (M-111.1, PI, Karlsruhe, Germany) (D),
which allowed the position of the probe to be finely controlled in the normal direction. Two
orthogonally located cameras were used to position the probe over the required sensing area.
In order to measure the force applied to the sensor, a six-component load cell (ATI NANO
17 F/T, Apex, NC, USA) (E) was placed at the interface between the loading probe and the

servo-controlled micrometric translation stage.

"Product datasheet (http://plastics.dupont.com/)
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FIGURE 6.1: Experimental setup for indentation testing of the sensors. (A) manual micrometric
translation stage (horizontal direction), (B) sensor, (C) rigid spherical probe, (D) servo-controlled
micrometric translation stage (vertical direction), (E) ATI load cell

6.2.2 Performance of bare/unpackaged sensors

The indenter probe was aligned over the bare/unpackaged sensor diaphragm and advanced
forwards towards the diaphragm until contact between the probe and sensor was achieved.
Fig. 6.2 shows the alignment of the probe over an individual sensor. A trapezoidal displace-
ment function was then applied to the probe which consisted of a loading indentation phase,
followed by a steady state phase where the probe was held static for a defined period of time,
and then an unloading phase at the same constant velocity. The maximum displacement ap-
plied to the probe varied between different experimental runs in order to span the working
range, and to estimate the force resolution of the devices. Through preliminary tests where
the change in capacitance with increasing displacement of the indenting probe was observed,
the point of contact of the probe and sensor membrane were established.

In the following, the characterisation of the bare sensor with a clamped rectangular design
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FIGURE 6.2: Photos demonstrating alignment of indenter probe over the bare sensor diaphragm

(Design 2, as introduced in Chapter 3) that was successful fabricated and showed improved

yield compared to Design 1 sensors are presented.

Characteristic force vs. capacitance response

The response of the sensor to three cycles of indentations are shown in Figs. 6.3[a] and [b].
Here, the probe was advanced towards the sensor using a constant velocity of 0.34 pm/s
for a time period of 5 s. It was then held stationary for a period of 5 s and then advanced
away from the sensor at the same velocity. Load - unload indentation cycles were automated
within each session using macros for commanding the servo-controlled translation stage in
order to observe and demonstrate the repeatability of sensor response.

The upper subplot of Fig. 6.3[a] displays data obtained from the capacitance readout
system and the lower subplot is the superimposition of the raw measurements by the load
cell and data obtained by applying a Butterworth filter having a cut-off frequency at 1 Hz.
The plotted change in capacitance, AC, is the result of a differential reading between sensor
and reference capacitor. It is obtained by deducting the values of both initial sensor capac-
itance and reference capacitance from the current sensor capacitance at each time instance.

Therewith, any parasitic effects due to capacitive coupling are eliminated. Results show that
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the sensor output follows the patterns of the applied load. The devices were indented to gen-
erate a maximum force in the order of 25 mN above which the capacitance readout saturated.
Fig. 6.3 [b] shows the non-linear relationship between applied force and capacitance change.
During this test, the maximum displacement of the diaphragm was determined to be 1.7 um

(0.34 pm/s (velocity) x 5 s (time of loading).

FIGURE 6.3: [a] Upper traces: Response of the bare sensor to three load-unload indentation cycles
applied with a spherical probe under position control. Lower traces: unfiltered and filtered indentation
force measurements by the used commercial load cell. [b] Change in capacitance vs force AC

Fig. 6.4 which was generated by overlapping replicated indentation cycles, shows good

repeatability of data from the sensor.

Force resolution

To explore the lowest force that is detectable by the sensor, decreasingly smaller indenta-
tions were applied to the sensor, until a change in capacitance of approximately 10 fF was
observed. The results are shown in Fig. 6.5.

The changes in the output signal of the sensor clearly followed the applied indentation
pattern. However, it was not possible to view the profile of forces as the commercial load cell

was unable to resolve forces applied at this scale and therefore did not represent the applied
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FIGURE 6.4: Upper traces: Response of the bare sensor to repeated and overlapped load-unload
indentation cycles applied with a spherical probe under position control. Lower traces: repeated and
overlapped filtered indentation force measurements by the used commercial load cell

FIGURE 6.5: Experimental results on force-resolution correlation. Upper traces: response of a
sensor to three subsequent load-unload cycles using small indentations. Lower traces: Indentation
force which did not represent the indentation cycles
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indentation profile. The sensor demonstrated a resolution in the sub mN scale.

Temporal resolution

To assess the sensor response to short impulses of mechanical stimuli, three subsequent stim-
uli, each having 0.2 s pulse width were applied to the sensor diaphragm via the indentation
probe. Testing at shorter stimulus time periods was limited by the probe velocities attain-
able using the current instrumentation, and the sampling frequency of the signal acquisition
electronics. Fig. 6.6 shows the sensor response to such stimuli with clear peaks in sensor out-
put corresponding to the applied stimuli. For the given acquisition frequency, no significant

response delay between the force stimulus and the change in capacitance AC is observed.

FIGURE 6.6: Upper traces: Response of a sensor to three fast load-unload indentation cycles.

Lower traces: indentation force

Effect of diaphragm dimensions

In order to demonstrate the effect of variation in sensor diaphragm dimensions on device

sensitivity, indentation testing (3 cycles) was conducted on a sensor incorporating a smaller
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sensing diaphragm in comparison to the previously tested sensor. The smaller sensor had a
clamped diaphragm with dimensions of 150 x 150 ym?. In order to compare the responses
of both sensors, indentation tests were carried out where each sensor was indented to a maxi-
mum force of approximately 7 mN. Testing results for the larger and smaller diaphragm

sensors are shown in Fig. 6.7 [a] and [b] respectively.

FIGURE 6.7: Effect of sensor diaphragm dimension on sensitivity [a] Response of sensor with
dimensions of 300 x 200 pm? (larger diaphragm) to four indentation cycles, [b] Response of the
sensor with dimensions 150 x 150 ym? (smaller diaphragm) to four indentation cycles. Upper traces
show sensor outputs and lower traces show the unfiltered and filtered indentation force measurements
by the used commercial load cell

The sensor with a smaller diaphragm showed an average sensitivity of 8.1 fF/mN for the
experimented force range of 7 mN. In comparison, the sensor with larger diaphragm showed
an average sensitivity of 53.3 fF/mN for the same experimented force range, which is about

an order of magnitude higher.

6.2.3 Performance of packaged sensors

As described in Chapter 5, the sensors were packaged with materials whose function was to

act as a protective and load transmitting skin-like layer. To characterise the packaged devices,
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the indentation probe was aligned over a single sensor, and as previously described, indenta-
tion cycles were applied to the sensor. The position of the centre of the sensor diaphragm was
located by conducting preliminary indentation experiments until the region corresponding to

the highest magnitude of sensor output was identified.

PDMS packaged sensor

The response of the PDMS packaged sensor to three indentation cycles (each containing a
load, a hold and an unload phase) are shown in Fig. 6.8. Here, the probe was advanced
towards the sensor using a constant velocity of 20.6 ym/s for a time period of 5 s. It was
then held stationary for a period of 20 s and then advanced away from the sensor at the same
velocity. Load - unload indentation cycles were automated within each session using macros
for commanding the servo-controlled translation stage in order to observe and demonstrate

the repeatability of sensor response.

FIGURE 6.8: Upper traces: Response of the PDMS packaged sensor to three load-unload inden-
tation cycles applied with a spherical probe under position control. Lower traces: Indentation force
measurements by the used commercial load cell

Results show that the sensor output corresponds to patterns of applied load. During
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the hold phase of the indentation cycle, the measurements from the commercial load cell
demonstrated stress relaxation of the PDMS packaging material. The sensor outputs how-
ever, increased slightly (maximum of 4 fF i.e 4.1% of sensor output change). This effect is
hypothesised to be as a result of the redistribution of PDMS material in the region surround-
ing the indenting probe as a result of compression of the material. An average sensitivity of
0.068 fF/mN over the tested force range of 1.4 N was experimentally determined.

To assess the range of the device, the indentation probe was advanced towards the sensor
in steps of 6 um until capacitance readout saturated. The range was determined to be 1.6 N

(Fig. 6.9).

FIGURE 6.9: Force range experimental results for packaged sensor. Upper traces: response of a
sensor to increasing applied indentation steps. Lower traces: indentation force

To determine the lowest applied force detectable by the packaged sensor, smaller inden-
tations were applied to the sensor until a change in capacitance of ~10 fF was observed.
Results, shown in Fig. 6.10, demonstrate that the packaged sensor allows a force of ~ 100
mN to be easily resolved. This test also demonstrated that the packaged device was able to

respond to quick mechanical impulses of pulse width 0.5 s.
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FIGURE 6.10: Force resolution experimental results for packaged sensor. Upper traces: response
of a sensor to three subsequent indentation cycles using small indentations. Lower traces: indentation
force

Dragon Skin® packaged sensor

The response of the sensor packaged with Dragon Skin® to three indentation cycles (each
containing a load, a hold and an unload phase) are shown in Fig. 6.11[a]. As compared
to the results for the PDMS packaged sensors, a significant different signal in capacitance
change is obtained for a similar force stimulus. An average sensitivity of 0.010 fF/mN over a
force range of 2 N was calculated. During the hold phase of the indentation cycle, significant
creep was observed, where under the application of a constant force, the sensor output (AC)
continued to increase. Further during the unloading phase, the sensor exhibited a time delay
in returning to zero/steady state conditions. Response of these sensors to impulses with a 2.5
s period are shown in Fig. 6.11[b]. Here, the applied indentation cycles are well represented

by the sensor output signal.
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FIGURE 6.11: [a] Upper trace: Sensor response to three load-hold-unload indentation cycles,
Lower trace: Applied load [b] Upper trace: Sensor response to three load-unload impulse indentation
cycles, Lower trace: Applied load

Tissue Engineered Skin packaged sensor
The response of the sensor embedded underneath tissue engineered skin (2 cm thick) to three

indentations with a 1 s period is shown in Fig. 6.12. Sensor output increases with increasing

indentation force and vice versa. An average sensitivity of 0.09 fF/mN was calculated.

0.1

" W e
B oo} Q‘g fi f 1
9 i
<
0 L i*ww#* ‘h*w** ‘**M
0 1 2z 3 4 5 & 7 8
Time (s)
1 T T T T T T T
1]
=
e ]
LL
P 2 3 4« s & 7 =8
Time (s)

FIGURE 6.12: [a] Upper trace: Response of sensor embedded within TE skin to three load-hold-
unload indentation cycles, Lower trace: applied load
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6.3 Spatial mapping of sensor array

As discussed in Section 3.6, the implementation of an array of sensors enables the estimation
of spatial characteristics of a contacting surface. By analysing the responses of all sensors
in an array, information can be obtained on the applied stimulus intensity and its location
with respect to the sensors. This is allowed by first conducting preliminary tests to measure
the responses of the sensors in an array to known stimuli, and identifying the features of
output response characteristics. In the following sections, two main experiments that were
carried out to establish the responses of the sensors in an array are described. Firstly, the
response of adjacent sensors in an array to local applied stimulus was examined to assess
the area of influence of each sensor, and to establish the pattern of output responses due
to stimuli applied at spatially varying locations with respect to the centre of each sensor.
Secondly, the response to a lateral sliding stimulus applied across the sensors within the
array was examined. Based on the improved performance of PDMS packaged sensors over
Dragon skin® packaged sensors, the following experiments were all conducted on the sensors

packaged with PDMS.

6.3.1 Normal loading at spatially varying locations

In order to map the spatial response field of the packaged sensors, indentations were applied
at fixed positions (spaced 200 pm apart) along the horizontal axis of the sensing array. The
response of three sensors (S1, S2 and S4) within an array to increasing forces (generated by
indentation testing as described in Section 6.2) at each position is shown in Fig. 6.13.

The area over which a response from the sensor is elucidated, also known as the receptive

field of each sensor, is seen to increase with the indentation depth. This is demonstrated by
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FIGURE 6.13: Response of sensors S1, S2 and S4 in an array to normal indentation via spherical
probe at six positions located 200 um apart. Centre-centre distance between S1 and S2 is 570 pm,
which corresponds with experimentally deduced values

the widening of the response curve with increasing force (from 0.1 to 1.2 N) as seen in
Fig. 6.13. The location where the greatest magnitude of change in capacitance (greatest
force sensitivity) was obtained corresponds to the centre of the diaphragm. The distance
between regions of maximum sensitivity for two adjacent sensors should correspond to the
centre—to—centre distance between them (570 pm). Approximate locations of diaphragm
centres of each sensor were deduced from the results as illustrated in Fig. 6.13. These were

found to correlate with the expected distances based on the design of the array.
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A negative response from a sensor was observed when applying indentations to locations
at certain fixed distances (corresponding to the edges of the sensing diaphragm) away from
the sensor itself. The effect was also observed in Dragon Skin packaged sensors (Appendix
B). This effect is assumed to be related to local changes to the profile of PDMS that occur
during indentation. When applying indentations to polymers constrained by a rigid substrate,
it has been shown that the indenting probe causes movement of the polymer in the radial
direction, perpendicular to the indenter axis [180]. The excess material, which is displaced
from the region between the probe and the rigid silicon substrate, in turn pushes the surface
of the polymer coating upwards in an annular region surrounding the probe tip, as there
are no constraints to the free surface to restrict this movement. This upward displacement
of material subsequently influences the forces imposed on the sensor, generating an inverse
response. Due to the imposed assymetry in the signal, this inverse response is beneficial in

identifying the position of the stimulus with respect to the sensing units.

6.3.2 Lateral sliding stimuli

To assess the response of the sensor array to a laterally moving stimulus, a nanotribometer
(CSM Instruments) was employed. This device was used because of its ability to apply
a precisely known force and to operate in linear mode where an indenting probe can scan
along a linear track. Using the nanotribometer, a spherical probe with a diameter of 2 mm
was indented into the surface of the sensor, generating a force in the order of 400 mN. It was
then laterally displaced across the surface to span all sensor units within the device array.
Experimental runs were carried out at three programmed probe scan velocities of 2 mm/s,

0.65 mm/s and 0.09 mm/s (as allowed by the nanotribometer).
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Spatio-temporal plots of three sensor outputs (S1, S2 and S3) in response to the afore-
mentioned stimuli are shown in Fig. 6.14. The strongest sensor response (peak output)
corresponds to the time instance when the probe is directly over the centre of each sensor.
At represents the time period between peak output signals from two sensors S1 and S2
which are separated by a distance p apart. Similarly, Az, represents the time period between
peak output from sensors S2 and S3, which are separated by a distance of 2p.

By multiplying the time period between the occurrences of peak outputs from each sen-
sor (At; and Ary) with the probe velocity, the distances across which the peak outputs are
generated can be estimated (Table 6.1). As expected, this was found to correlate with the
centre-to-centre distance between individual sensing units (570 pm).

To estimate the region over which the applied stimulus generates a sensor response, the
time interval for a single output signal (At3) is multiplied with the probe scanning velocity.
For the applied scan direction, an average receptive field of 1.3 mm was calculated (Table

6.1).
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spherical probe displaced at velocities of 0.1 mm/s, 0.65 mm/s and 2 mm/s

TABLE 6.1: Summary of results from sliding tests

FIGURE 6.14: Spatio-temporal event plot showing response of sensors in an array located at distances p and 2p apart to lateral sliding stimulus via

Velocity Aty Aty Ats Pitch (S1-S2) Pitch (S2-S4) Receptive
v (mm/s) (s) (s) (s) (mm) (mm) field (mm)
0.1 5.8 12 11 0.580 1.2 1

0.65 0.9 1.7 2 0.585 1.105 1.4

2 0.27 0.55 0.7 0.54 1.1 1.5
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6.4 Texture recognition

To evaluate the capability of the sensors to differentiate between different types of textures,
their responses to gratings of varying periodicity and fabrics varying in weave patterns were
explored. Gratings of alternating ridges and grooves are often used in neurophysiological ex-
periments to study humans perceptions of texture. Rectangular gratings (Fig. 6.15) of vary-
ing spatial periodicities were designed for this purpose and were manufactured (by Satoshi
Endo at the Department of Psychology) using Multi Jet Modeling (MJM) technology [181].
The ridge height was maintained constant while the groove width was varied for each of the

gratings.

FIGURE 6.15: Schematic of a rectangular grating depicting its ridge width (RW), ridge height
(RH), groove width (GW) and spatial periodicity (A

6.4.1 Discrimination of gratings

To investigate the sensor’s capability to discriminate between gratings, two main protocols

were employed:
1. Administering textures statically to the tactile sensor surface

2. Lateral movement or dragging of textured surfaces across the tactile sensor surface
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using controlled velocities and forces

Static indentation of gratings: Experimental set-up

Two gratings (fine and coarse) were individually indented onto the surface of the sensor to
generate a force in the order of 400 mN. The experimental set-up is shown in Fig 6.16 and

the geometrical specifications of each grating are given in Table 6.2.

FIGURE 6.16: Experimental set-up showing sensor chip and gratings mounted on dynamic plat-
form to allow tangential sliding of gratings across sensing surface

TABLE 6.2: Specification of gratings used for static indentation experiments

Property Grating 1 (fine) Grating 2 (coarse)
Ridge width (xm) 100 400

Groove width (pm) 380 1000

Spatial periodicity A (pm) 480 1400

Ridge height (1/m) 400 400

To deliver the stimulus to the sensors, a custom built mechatronic platform/dynamic plat-
form (developed by ARTS Lab, SSSA, Pontedera, Italy), which allowed two degrees of
freedom of movement was used. The gratings were mounted to the moving arm and applied
forces were recorded via a commercial ATI load cell. The gratings were indented onto the

sensor surface for a period of about 10 s and then removed.
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Static indentation of gratings: Results

Results of the static indentation tests using Grating 1 (fine) and Grating 2 (coarse) are shown
in Figs. 6.17 [a] and [b], respectively. Schematic figures of the sensor array and gratings
are also shown, representing estimated locations of the grating ridges with respect to the
individual sensors. Those estimates were based on the response of each of the four sensors
in the array as given.

The output of the sensor array to Grating 1 (fine) (Fig. 6.17 [a]) show a maximum
response by Sensor 3 (S3), followed by Sensor 2 (S2). The greater response by S3 is most
likely due to its more central positioning of the indenting ridge with respect to the sensing
diaphragm. Negative responses to the grating ridge indentation are shown by Sensors 1 and
4. This is attributed to the position of the ridge with respect to these sensor diaphragm and is
consistent with the results in Section 6.3.1 (Fig. 6.13). There, a negative sensor output was
obtained when a rigid probe indented the packaged sensor surface at locations corresponding
to regions at the extremities of the sensing diaphragm.

Fig. 6.17[b] shows the output of the sensors to Grating 2 (coarse). Here, Sensor 3
(S3) shows a response to the indentation of the grating. Due to the larger ridge period, no

significant variation in response is obtained from the remaining three sensors.

Dynamic/ lateral movement testing

To assess the discrimination of gratings using a dynamic protocol, Gratings 1 and 2 were tan-
gentially displaced across the sensor array surface using the experimental set—up described
in Section 6.4.1. The sensor array was brought into contact with the tactile stimulus (each

grating) and a double ramp sliding movement (each having a distance of 5 mm) was applied
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FIGURE 6.17: Typical result trace showing forces on sensor and change in capacitance (pF)
recorded from 2 adjacent sensors S1 and S2 in response to static indentation using Grating 1 [a]
and Grating 2 [b]
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to the array. Multiple experimental runs were carried out varying the applied sensor-stimulus
contact forces (10 mN, 100 mN and 200 mN); and sliding velocities (0.2 mm/s, 0.5 mm/s, 1
mm/s and 2 mm/s). Both force and sensor output data were recorded following loading of the
sensors with the above mentioned contact forces in order to allow the minor fluctuations in
contact forces (due to relative motion of the gratings) to be visualised. The maximum applied
velocity was limited by the acquisition frequency of the electronic signal processing system.
The protocol of these experiments imitate ’passive-touch’ neurophysiological experiments,
where textures are moved across human fingertips and tactile peripheral nerve responses and
human perceptions of the stimulus are recorded.

Results showing the response of two sensors S2 and S4 within the array to stimuli applied
through Gratings 1 and 2 are shown in Fig. 6.18 and Fig. 6.19 respectively. Additional plots
obtained for each experimental run are given in Appendix C. Sensor outputs are seen to
follow patterns of loading, applied through the gratings. The sensor signal outputs displayed
peaks corresponding to peaks in forces which represented applied loading via ridges of the
gratings. The plots also show force peaks for which there are no corresponding sensor output
peaks. This is because at that given time instance, movement of the grating is beyond the

sensing area of the device as depicted in Fig. 6.20.
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FIGURE 6.18: Typical response of two sensors S2 and S4 to Grating 1 (fine grating) at an applied contact force of 100 mN. Traces show the sensor
outputs, position data and forces (F, and F.) applied through the grating
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FIGURE 6.19: Typical response of two sensors S2 and S4 to Grating 2 (coarse grating) at an applied contact force of 100 mN. Traces show the sensor
outputs, position data and forces (F, and F,) applied through the grating
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FIGURE 6.20: Response of a single sensor (A C) to an applied normal force of 10 mN via Grating
1. Signal output peaks correspond to the ridges of the grating within the sensing region of the device

Based on the implemented speeds and known spatial periodicity (\) of the gratings, the

expected peak frequency for each experimental run was predicted using

Focals = ~ 6.1)

>

Further, for each experimental run, a Fast Fourier Transform (FFT) of the sensor signal
output was calculated and the peak frequency was determined. Results for estimated and
experimentally obtained values of peak frequency for each experimental run conducted at an
applied contact force of 10 mN are shown in Fig. 6.21. Experimentally determined values of
peak frequency were in correlation with the calculated values.

The above results demonstrated the capability of the sensor in discriminating between the
fine and coarse grating. In order to conduct a more detailed analysis, further gratings were
fabricated, specifications of which are given in (Table 6.3). Once again a ’passive-touch’
protocol was implemented where the gratings were tangentially displaced over the sensor

surface at velocities ranging from 0.05 mm/s to 4 mm/s, and with an applied average normal
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FIGURE 6.21: [left] Expected and experimentally determined values of peak frequency obtained
following relative motion between the sensor array and Gratings 1 and 2 at the four implemented scan
velocities, [right] An example of the calculated FFT spectrum for single sensor output showing the
experimentally determined peak frequency (fpeak)

force Fz of 10 mN.

TABLE 6.3: Specification of gratings used for dynamic/lateral movement experiments

Grating Ridge height Ridge width Groove width Spatial periodicity A

(pm) (pem) (pem) (pem)
A 400 200 200 400
B 400 200 400 600
C 400 200 600 800
D 400 200 800 1000
E 400 200 1000 1200

The output of sensors in response to each of the applied gratings at different velocities
was assessed. Fig. 6.22 shows the responses of a single sensor for each of the five applied
gratings varying in spatial periodicity, when a scanning velocity of 0.1 mm/s was used.

As before, the FFT spectra of the signals from the sensors were calculated for each ex-
perimental run (i.e each grating at each velocity) and from this, the peak frequency was
determined. The spatial periodicity A was then calculated from the scanning velocity v and

peak frequency f,cqx, according to the following equation:
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FIGURE 6.22: Single sensor time domain outputs in response to five applied gratings varying in
spatial periodicity (using a velocity of 0.1 mm/s)
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v
)\ p—
f peak

(6.2)

This allowed the capability of the sensors in detection of each grating to be established.
Fig. 6.23 shows the determined periodicity of the gratings used for the measurements, each
of which made at three different velocities. It can be seen that the sensor array was able to
distinguish between all five gratings and good correlation was found between calculated and

experimentally obtained values.

FIGURE 6.23: [a] Expected and experimentally determined grating spatial periodicity at three
different scan velocities, [b] FFT spectrum for single measurement showing peak frequency (fpeak)

6.4.2 Discrimination of fabrics

After demonstrating the capability of the sensor array to discriminate between gratings of
varying periodicity, the ability of the device to differentiate between fabrics was evaluated.
Fabrics represent more realistic and complex surface texture in comparison to gratings. Three

different fabrics were tested:

1. Polycotton (denim), having a thickness of 550 pm

2. Nylon, having a thickness of 360 ym
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3. Cotton, having a thickness of 240 ym

The characteristic weave features of each material were visible under observation with a

SEM (Fig. 6.24). Each fabric differed in terms of their weave size and patterns.

FIGURE 6.24: SEM images of fabrics tested [a] Polycotton, [b] Nylon, [c] Cotton

Experimental set-up

To enable movement of each of the fabrics relative to the sensor surface, a tribometer (Long-

shore Systems Engineering) was employed (Fig. 6.25).

FIGURE 6.25: Tribometer used for investigating the ability of sensors to discriminate between
different fabrics

The fabric sample was attached to the outer surface of a custom built cylindrical PDMS
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probe, which was then mounted onto the moving arm of a tribometer as shown in Fig. 6.26.
The sensor chip was mechanically secured to the base of the tribometer. The arm of the
tribometer was adjusted to allow contact between the probe and the sensor. A weight of 40
g was applied to the loading arm of the tribometer which was then programmed to insti-
gate three successive experimental runs of a double ramp lateral displacement relative to the
sensor surface. Thus, three subsequent experimental runs were implemented, with each run
comprising scanning the probe across the sensors in one direction, followed by a subsequent
scan in the opposite direction. A probe movement velocity of 1 mm/s was used. In addi-
tion to the three fabrics tested, the above tests were also conducted using the PDMS probe

directly (with no fabric attached).

FIGURE 6.26: PDMS probe attached to moving arm of tribometer
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Results

The signal outputs of the sensor array in response to stimuli applied through the PDMS
probe and fabrics polycotton and nylon are shown in Fig. 6.27. The time domain sensor
outputs reveal characteristic responses for each material. In particular, specific features were
observed in peak density and in the spatial period. Fig. 6.28 shows a comparison between
the outputs of a single sensor within an array to the scanning of the PDMS probe and the
three fabrics which depict the output variations. The features in the sensor outputs are seen
to be related to the spatial periodicity of the tested fabrics.

From Fig. 6.28, another noticeable feature in the sensor outputs is the directional re-
sponse to applied tangential loading, apparent through an enhanced sensitivity in one scan
direction. This can be attributed to factors such as non-uniform thickness of the packaging
layer and an uneven surface topology, which can lead to differences in stress propagation

through the material dependent on the scan direction.

6.4.3 Influence of ’fingerprint’ like packaging

To conduct a preliminary assessment of the influence of incorporating fingerprint like ridges
in the packaging of the tactile sensors, the experiments described in Section 6.4.2 were re-
peated on the fabricated sensor array packaged with patterned PDMS (as described in Chap-
ter 5). A smooth PDMS probe and three fabrics (polycotton, nylon and cotton) were dragged
over the surface of the sensor while simultaneously recording its output.
Results for the output of a single sensor to each of the textures are shown in Fig. 6.29.
As observed for the case of the unpatterned PDMS sensor packaging, the sensors pack-

aged with textured PDMS showed differences in sensor outputs for each of the fabrics tested.
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FIGURE 6.27: Results showing sensor array output (AC) with time in response to applied textures
including smooth PDMS mould and fabrics: polycotton [a], nylon [b] and cotton [c]. No change in
signal was obtained from sensor S3 due to mechanical damage
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FIGURE 6.28: Results showing time domain output of a single sensor S2 (AC) in response to
applied textures including smooth PDMS mould and fabrics: polycotton, nylon and cotton
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FIGURE 6.29: Results showing the time domain response of a sensor incorporating ’fingerprint’
like topography on its packaging layer. The sensor outputs (AC) are for the case of the following
textures dragged over the sensor surface: PDMS mould, polycotton, nylon and cotton
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Further, for the sensors coated with the textured PDMS, the signal output showed a unique
noticeable higher frequency component for each fabric tested. This can be attributed to the
interaction between the ridges of the packaging and the characteristic periodic features of
the fabric. Thus, these preliminary results show that the incorporation of fingerprint like
ridges enhance the capability of the sensors for detecting fabrics with a higher precision in
comparison to the unpatterned packaged sensors. Further data analysis is required to closely
examine and identify periodic features so that a specific signature can be associated for vari-
ous fabrics. To enable this, the use of neural network approaches can be employed, which is

beyond the scope of this research.

6.4.4 Effect of fabric thickness

To investigate the effect of thickness of the fabric samples on the sensor response, the ex-
perimental set-up described in Section 6.3.2 was used. For each test, the fabric sample was
placed over the sensor surface and a rigid cylindrical probe (2 mm in ¢) was indented into
the sensor with an applied force of 100 mN. The probe was then laterally displaced over the
sensor surface. Two experimental runs were conducted, one at a probe scan velocity of 0.1
mm/s and the other at a scan velocity of 0.65 mm/s.

The signal outputs from a single sensor channel to the three applied fabrics are shown
in Fig. 6.30. It can be seen that there is a definite variation in the profile of the sensor
signal output for each of the fabrics. An decrease in the sharpness of the sensor response
profile occurs with increasing fabric thickness. This corresponds to an increase in the area of
response of the sensor which can be attributed to a increase in the area of stress distribution

that is transferred to the sensor.
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FIGURE 6.30: Results showing sensor output (AC) with time to tangentially applied stimulus via
a smooth PDMS mould and fabrics varying in thickness: polycotton (550 pym), nylon (360 pm) and
cotton (240 pm)
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6.5 Discussion of results

6.5.1 Characterisation of single sensor response

The characteristic force - capacitance response of the sensors was evaluated by applying
controlled displacements to the sensor diaphragm through a spherical probe and simultane-
ously recording the resulting change in capacitance. The method of applying indentations
of controlled amplitudes via punctate probes has been previously used while analysing the
performances of single tactile afferents in the human fingerpad [51].

As expected, the sensors fabricated in this work responded to an increase in probe in-
dentation depth with an increase in capacitance change. This corresponds to the pattern of
response of Slowly Adapting (SA I) mechanoreceptors (i.e. the Merkel cells) that respond to
an increase in indentation depth of probes with an increase in nerve impulse firing rate [182].

Table 6.4 summarises the main characteristics of the evaluated sensors.

TABLE 6.4: Specification of gratings used for static indentation experiments

Sensor Average sensitivity Tested range of sensor
Bare sensor 53.3 fF/mN 25 mN

PDMS packaged 0.068 fF/mN 1.6 N

Dragon skin packaged 0.01 fF/mN 2N

Tissue engineered skin packaged 0.09 fF/mN 0.7N

The bare sensor demonstrated high force sensitivity (average of 0.035 pF/mN) and a dy-
namic range of 25 mN. The discrepancies in the experimentally determined characteristics of
the bare sensors from those predicted using numerical methods (Chapter 3) can be attributed
to deviations in actual dimensions of the sensors from designed dimensions. This was most

likely due to tolerances of the substrate wafer used to fabricate the devices (Chapter 4).
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Packaged sensors showed reduced force sensitivity but a greater dynamic range in com-
parison to their unpackaged counterparts. The packaging layer acts as a low-pass filter and
the amount of cross talk between sensors depends on the thickness of this layer. Sensors that
were packaged with PDMS demonstrated improved characteristics over sensors packaged
with Dragon Skin®. As a thinner packaging thickness was achievable with PDMS, sensors
packaged with this material demonstrated greater sensitivity compared with sensors pack-
aged with Dragon Skin®. The latter also demonstrated significant creep, where a increase in
capacitance change occurred even during the steady phase of indentation. This behaviour is
contradictory to the manner of response by biological tactile sensors which tend to adapt to
a constant stimulus by decreasing their firing rates [170].

PDMS packaged sensors followed patterns of applied indentation with no observed creep
and time delay in their responses. They displayed an average sensitivity of 0.068 fF/mN and
a dynamic range of approximately 1.7 N. Previous studies on human perception of touch
have shown that the finger contact forces used for discriminating roughness ranged from 0.8
- 1.6 N with an average of 1 N [50]. Thus, the packaged sensors are able to cope with forces
within this range.

Bare and packaged sensors were tested to indentation impulses of less than 0.2 s and
0.4 s respectively. For the packaged devices, testing at shorter time impulses was limited
by the probe speed attainable using the current instrumentation. As the devices are silicon
based, they inherently possess a high bandwidth as confirmed by the FEM simulation. The
bandwidth of the tactile system as a whole is defined by two main factors: The acquisition
frequency of the capacitance detection electronics system, which with the currently imple-

mented system is 11.25 Hz per channel of the 4 sensors array, and the response of the PDMS
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layer.
A key design feature in the presented sensing array is the inclusion of reference capacitors
that were implemented in close proximity to each sensing element. This eliminated the

effects of stray capacitance; a commonly reported problem in capacitive sensors.

6.5.2 Texture detection

The ability of the sensors to successfully discriminate between textures presented in the
form of gratings varying in spatial periodicity and fabrics of different weave patterns was
demonstrated [178]. Humans tend to detect the roughness of a surface by dragging their
finger across it. Mimicking this, a dynamic protocol was employed when using the sensors
to discriminate between textures.

Studies that have been conducted to investigate the neural code behind roughness per-
ception showed that when stimulating the finger with varying textures, the spatial variation
in SA I impulse rate could be closely correlated with perceived roughness over the whole
applied stimulus range. In biological tactile sensing, the multiple parameters of objects be-
ing manipulated by the human hand, such as shape, orientation, position on skin cannot be
represented by a single tactile afferent but requires responses by a population of fibres. In
analogy, the sensing device developed in this work implemented an array of tactile sensors.
An assessment of the variation in responses of sensors within an array to an applied surface
can provide information on the spatial features of a surface. A static protocol may be suf-
ficient when assessing coarse textures. However, such an approach could lack in accuracy
when exploring surfaces with spatial features finer than the spacing between neighbouring

sensors. With this in consideration a dynamic touch protocol was adopted for discriminating
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finer textures. This involved introducing relative motion between the tactile array and the
surface, and analysing the vibrational patterns arising in sensor outputs. In principle such an
approach may be effective with a single sensor, but the availability of an array offers several
advantages such as a wider sensorised contact area and the possibility of identifying irregu-
lar texture patterns differing along the specimen. The adoption of a dynamic touch protocol
in assessment of fine textures is in consensus with human perception of fine textures where
movement is suggested to be essential [60, 172].

The availability of an array of tactile sensors allows a combined spatio-temporal approach
for the discrimination of textures, by considering the spectral content of each single sensor

output and the variation in responses of spatially located sensors.

6.5.3 Analogy with biological mechanoreceptors

Signals from the mechanoreceptors provide information regarding the location and timing of
contact between an object and skin. Additionally, they convey information regarding surface
form and texture which can assist in object manipulation and recognition.

The sensors developed in this work can be compared to biological mechanoreceptors of
the human fingerpad. In the nature of their response, they particularly imitate the slowly
adapting (SA I) mechanoreceptive units i.e. the Merkel cells. These receptors generate
responses to mechanical stimuli for as long as a stimulus is present and are hypothesised to
be responsible for conveying information regarding surface form and texture [37].

SA T afferent units have small, well defined receptive fields and are responsible for the
high spatial acuity and resolution of the human fingertip which is approximately 1 mm [24].

In the presented sensing device, spatial resolution is determined by the distance between
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sensing elements in an array; the sensors were spaced 150 pm apart (centre-to-centre distance
of 570 pm), allowing high resolution. In human fingertips, the density of SA I units is 70
per cm? [49]. As demonstrated in this work, the use of microtechnology in the design of the
sensor array allowed a density of 95 channels per cm? to be achieved.

The receptive field of each sensor was experimentally assessed analogous to receptive
fields of biological mechanoreceptors. Similarities were demonstrated between the receptive
field characteristics of mechanoreceptors and sensors. The receptive fields of mechanore-
ceptors exhibit points of maximum sensitivity known as hot spots [42]. Fig. 6.31 shows the
responses of 13 SA I units in the monkey fingerpad to an applied stimulus as a function of
distance from the receptive field centre [24]. The response, depicted by the number of action
potentials emitted (in impulses/sec) in the first second of indentation is seen to decrease with
increasing distance from the receptive field centre. Variation in sensitivities of the different

SA I units to the same applied stimulus is also observed.

FIGURE 6.31: Response of 13 SA I afferents to an applied stimulus as a function of distance from
the receptive field centre [24]
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As in the case of mechanoreceptors, the developed sensors demonstrate a point of maxi-
mum sensitivity, when the stimulus is applied to the centre of the sensor’s receptive field
(see Fig. 6.13) [177]. The response was shown to progressively decrease as the probe is
indented at locations away from this region. Similar to the patterns of response found in
SA I mechanoreceptive afferents [42], the receptive field size tends to increase with an in-
crease in indentation amplitude or stimulus intensity. Studies conducted on receptive fields
of mechanoreceptive afferents have shown that nearly half of the mechanoreceptor afferents
exhibit elliptical receptive fields [182]. The sensing membranes of the designed sensors were
rectangular; due to this asymmetrical design it is expected that the response field would be
elliptical rather than circular. Additionally, by varying diaphragm dimensions it was possible
to realise sensors with varying sensitivities as was shown in Figs. 6.3 and 6.7.

SA I afferent units possess directional sensitivity with the discharge of afferents increas-
ing with stimuli applied in particular directions, but decreasing in others [45]. Similarly, the

sensing device developed in this work demonstrated directional sensitivity as shown in Fig.

6.28.

6.6 Conclusions

In this chapter, the characterisation of the MEMS based tactile sensors was described. In the

following, a summary of the main tests conducted and their results are given.

e Bare/unpackaged sensors were characterised by using indentation testing, which is
also commonly used in the characterisation of individual biological tactile afferents.

As predicted from analytical models, the sensors showed a non-linear dependence on
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applied load. The sensors demonstrated a high force sensitivity and were able to re-
solve forces in the sub mN range, a scale that the commercial load cell was unable to

resolve.

Sensors packaged with two different silicone elastomers, PDMS and Dragon Skin were
characterised using indentation tests (as conducted on bare sensors). In comparison,

sensors packaged with PDMS showed better performance characteristics.

Lateral sliding tests were conducted using a rigid spherical probe to scan across all
sensors in the array. Based on the response of each sensor, the spatial location of

stimulus with respect to the sensors was established.

To examine the receptive field of the sensors, indentations were applied at spatially
varying locations and responses of neighboring sensors were recorded. Thus the re-

ceptive field of each sensor for a particular stimulus could be established.

The ability of the sensors to discriminate between various textures was evaluated and

demonstrated using gratings and fabrics as applied stimulus to the sensors.

The potential benefits of introducing a ’fingerprint’ like topography on the artificial
skin coating of the sensor was demonstrated through the presence of superimposed
high frequency components in the signal output of the sensor that could be associated

with micro-patterns specific to each texture (fabric) tested.
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7.1 Summary and Conclusions

The aim of the work carried out in this thesis was to develop a bioinspired tactile sensing
system suitable for incorporation into the fingerpad of an artificial finger.

To achieve this goal, a scientific understanding of mechanoreceptors and the process of
neural coding of mechanical events at the biological skin surface was initially established.
The behavior of mechanoreceptors is a cornerstone in the understanding of such a complex
system as the sensation of touch, and the derived design of a technical imitation. The slowly
adapting type I afferent tactile units (SA I/ merkel cell complexes) were identified in the lit-

erature as being mainly responsible for the recognition of surface form and texture. Hence,
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their performance was used as a benchmark in the development of the artificial tactile sen-
Sors.

The use of MEMS technology in implementing a bio-inspired tactile sensing device was
explored in this thesis. Such an approach has numerous advantages, such as the possibility for
batch fabrication, high performance, small size, low cost and the potential for integration of
sensors and associated electronics on a single chip. Through a survey of the literature, it was
identified that currently there are no known devices that demonstrate functional capability on
par with that of the fingertip tactile sensors.

Based on the biological model, a number of requirements for the sensing device arise,
which have been addressed in this thesis. These requirements include the recognition of
surface form and texture and the possession of a combination of mechanoreceptor-like at-
tributes, such as high spatial and force resolution, high density, directional sensitivity and
range. Rather than focussing on developing a device with linear output characteristics, the
work in this thesis was geared towards developing a tactile device with the performance
capability analogous to the fingertip sensors that also do not demonstrate linear output cha-
racteristics and have varied ranges and sensitivities. Additionally, the goal was to utilise a
minimum number of process steps in the fabrication of the sensors in order to enhance the
overall yield.

The resulting tactile sensor prototypes that have been developed in this work consisted of
a linear array of 4 sensors. The sensors were designed to work on the principles of capacitive
sensing because of its performance capabilities in terms of increased sensitivity, robustness,
low power consumption and high stability. The principle sensing structure is a monocrys-

talline silicon based rectangular diaphragm, which deflects on the application of a mechanical
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pressure causing a change in capacitance that can be measured. Two different designs were
investigated: a fixed-fixed plate (Design 1) and a clamped rectangular plate (Design 2). The
devices were fabricated using a silicon-on-oxide substrate using simple process steps com-
patible with low cost, high volume production. In comparison with other reported MEMS
tactile sensors to date, the fabrication methods adopted in this work utilised fewer process
steps.

During the fabrication process, it was found that sensors with the clamped rectangular
sensing diaphragm (Design 2) showed higher yield. The fixed-fixed sensing diaphragms
were more susceptible to snap-down or stiction during the wet etch stage of the fabrication
process. Based on the higher fabrication yield of Design 2 type devices, these were further
packaged and characterised.

To provide a skin-like, protective layer for the bare sensor surface, the use of various
materials has been investigated such as silicone elastomers, namely poly dimethyl silox-
ane (PDMS) and Dragon Skin. In comparison to Dragon Skin, PDMS demonstrated more

favourable characteristics because of its following features:

e Lower viscosity allowing formation of thin packaging layers

e Ease of surface patterning using moulds fabricated by dry etching of silicon

e Higher dynamic range allowed because of their higher temporal response characteris-

tics

A method for successfully introducing a fingerprint like topography in the form of par-
allel ridges into the tactile sensor packaging material (PDMS) was demonstrated. Results of

preliminary tests showed this to be a promising approach for improved texture recognition,
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through superposition of additional frequency components in the signal output of the sensor,
corresponding to the the characteristic periodic patterns of fabrics.

As one of the project goals was to develop a human-like or anthropomorphic system, the
performance of the sensors embedded within tissue engineered skin was also investigated.
Although the long-term sustainability of such a system was beyond the scope of the work in
this project, preliminary tests showed feasibility of implementing an artificial sensing system
within tissue engineered skin.

Finally, the sensors developed in this work were characterised using tests mimicking
those conducted in the characterisation of responses of SAI mechanoreceptors in the fin-
gertip. This involved investigating their response patterns to applied mechanical stimulus
through indentations applied with a rigid probe. Additionally, stimuli in the form of grat-
ings of alternating ridges and grooves, that are commonly used to stimulate the fingerpad
in neurophysiological experiments, were also used to assess the capability of the sensors for
texture recognition. A dynamic scanning protocol similar to the finger scanning process used
by humans in the detection of textures, was shown to be beneficial when using the sensing
devices to examine surfaces, particularly when discriminating fine textures.

The sensitivity of the designed sensors was found to be sufficient so as to allow the
decoding of textures at stimulus magnitudes (force and indentation) similar to that applied
by the human fingertip during surface exploration. The bare sensor was able to resolve forces
in the sub mN range and the packaged sensors were able to detect forces as small as 10 mN
(Fig 6.20), which is the force resolution capability of the human fingertips [31]. Previous
research has shown that the biological mechanoreceptive afferents exhibit non-linearities

in their responses to indentations and variations in their sensitivities and ranges [22]. In
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this work it was demonstrated that by varying the dimensions of sensing diaphragms, it is

possible to realise a sensing device on a single chip with sensors varying in sensitivity. Thus

a wider and controllable dynamic range is achievable.

To conclude, the key outcomes of this thesis are summarised below:

7.2

A MEMS based tactile sensing array was developed with individual sensors shown to
imitate the SA I mechanoreceptors of the human fingerpad, that fire impulses for as

long as a mechanical stimulus is present.

The receptive field characteristics of sensors were evaluated and similarities in their

features with that of the biological mechanoreceptors was demonstrated.

The ability of the sensors to discriminate between various textures (periodic gratings

and fabrics) was demonstrated.

The successful embedding of the MEMS based sensors within skin like packaging ma-
terial was demonstrated. Further, emulating the human finger, fingerprint like surface
ridges were introduced into the packaging material. A successful method for incorpo-

rating such topography into the skin packaging material PDMS was described.

A combined spatio-temporal approach as adopted by humans during surface explo-

ration tasks was shown to be suitable for evaluating characteristics of a texture.

Future work

Although a linear array of 4 sensors has been developed in this work to demonstrate a proof of

concept, using the same processes outlined in this thesis, a two dimensional array can easily

188



CONCLUSIONS AND FUTURE WORK

be implemented. This would allow the acquisition of a greater amount of tactile data at a
single contact instance between the sensing device and the surface. Further, as demonstrated,
by varying the geometrical dimensions of sensing diaphragms, sensors varying in sensitivity
can be implemented. Thus, by incorporating sensors of different diaphragm dimensions on
a single chip, a sensing device with a wider dynamic range can be achieved. The fabrication
process adopted in this work allows the realisation of such a device by simply incorporating
various designs on the lithography mask used for patterning the substrate wafers.

The temporal sensitivity of the sensing device in this work was limited by the sampling
frequency of the developed signal acquisition electronics. This can be improved by incor-
porating faster capacitance to digital converter chips in the signal acquisition electronics
system.

The use of artificial neural networks in processing data from the tactile sensors can be
explored in further works. As they have the ability to learn, a large volume of data such as
that obtained from the output of the tactile sensor array can be processed to allow pattern
recognition. The use of artificial neural networks for such a function represents a further step
towards emulating the biological sense of touch.

The mechanical analysis of the multilayer structure including the sensor and skin-like
packaging layer is a complex on-going research issue. Optimisation of the packaging layer
through incorporation of features such as fingerprint like topography can be explored further.

The electric output signal of the sensors presented in this thesis can further be processed,
in order to activate particular mechanoreceptor afferent units through the use of appropriate
neural interfaces. This will enable a form of sensory feedback to be provided to a prosthetic

user and ultimately, the perception of touch.
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Appendix B: Spatial mapping of a sensor

packaged with Dragon Skin

202
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Appendix C: Response of sensors to fine

and coarse gratings
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