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ABSTRACT

The thesis describes novel processing routes that havedaetoped to fabricate neural in-
terfaces. A process has been investigated that uses niidazfgon techniques to fabricate a
multi-channel regenerative implant that can record nemveguises in the peripheral nervous
system (PNS), called the Spiral Peripheral Nerve Inter{&®NI). It is shown both theoret-
ically and experimentally that the implant improves theligbto record signals in the PNS
via micro-channels that act as axonal amplifiers. New psingsoutes are introduced to cre-
ate robust interconnections from the SPNI to external eaats via ‘Microflex’ technology.
To incorporate the new interconnection technology the Sl to be modified. During this
modification the strain in the device was given specific abaisition, for which a new bending
model is presented. Modelling is used to show that elecenmital impedance spectroscopy
can be used to assess the quality of the fabrication pro¢gsstrochemical and mechanical
tests show that the interconnection technology is suitf@bla neural interfaces but the fabrica-
tion of perfectly sealed micro-channels was not evidenuslthe SPNI was further improved
by the introduction of a silicone sealing layer in the comstiion of the micro-channel array that

was implemented using a novel adhesive bonding technique.
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1. INTRODUCTION

The thesis discusses novel processing methods that haveleeeloped to enhance the record-
ing capabilities of a neural interface. In the followingrsduction the overall objectives and

themes of the thesis are described, the specific fabricatiethods that have been developed
are briefly introduced, and the neural applications in whiagse novel processes can be used

are outlined.

1.1 Motivation

One of the major challenges of modern science is to undefstenfundamental principles and
operation of the nervous system. Neural interfaces have te@ecloped in the form of devices
that are able to extract information from the nervous systsmlectrical signals that encode the
activity of the brain, and other neural systems. The ceatrdIperipheral nervous system can be
analysed via electrodes that record their electrical isgailgiving insight into their behaviour.

This kind of interface is important for basic neuro-physgital research and has enor-
mous potential for clinical applications, where a ‘neurogthesis’ is intended to restore or
support paths of the neuromuscular or neurosensory sysgestirbulating muscle or neural
tissue electrically. This idea has already been used iné¢kieldpment of cochlear and retinal
prostheses [1] [2].

Similarly, the same neural interfaces can be used as rexpddivices to measure electrical
activity from neural pathways. Experiments have shown éhettrical activity recorded in a
patient’s motor cortex can be decoded to represent the mavienhi the patient’s limbs [3] [4].
Most applications of this technology is aimed at people wétere impediments, helping them
to achieve a better quality of life. As such, significant stific investment has been made to
develop a reliable and practical recording and stimulaitigyface to nerves. There are many

excellent reviews that cover the basics of neural-prosth§h] and neural interfaces in general
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[6] that are recommended when developing an interest irfithds

Neural interfaces are seen as realistic technology thrawlgbh damaged functions of the
nervous system could be replaced, by creating a bi-dinegtioommunication system with
functioning neural tissue. A neural interface that is cégath replacing lost function com-
pletely has not yet been developed, but electronic devimesdural interfacing are advancing
as new technology becomes available. The earliest neusafanes were bare metal wires
but they have since developed into complex microfabricatealys that are capable of commu-
nicating with the nervous system through hundreds of ‘actives’ [7]. Further advances in
neural interfaces are driving them to have more active $gsvith a better integration into
the human body and to be robust for many years [6]. As such,desees are under constant
development, with better designs and fabrication prosebséng introduced to overcome the
challenges outlined above.

This thesis introduces technology intended to improve Hikyato record from small pop-
ulations of axons in the peripheral nervous system and thkcttion routes investigated to
increase the durability of that interface. Methods of pcedg and testing the performance of
these neural interfaces will also be outlined to assessuhbty of the fabrication processes.
Experimental work will show that the fundamental technglodroduced in this thesis is sound

but requires improvement.

1.1.1 Overview of the Thesis

To understand how neural interfaces work, the thesis iotesd the anatomy of the nervous
system first. In chapter two this is broken into two parts, ightbe central nervous system that
includes the brain and the spinal cord is briefly introdudetipwed by a description of the
peripheral nervous system. The thesis discusses how tlesgibal systems are arranged and
how their electrical behaviour is propagated between meuvia action potentials, that derive
from the physiology of the cell membrane of the nerves.

In extreme cases of neural degeneration caused by disesgergra patient may have very
little or no control of their skeletal muscles and so reqgignificant technology to regain any
independence. In the case of traumatic injury to the spioal,che motor control structures of

the brain are largely intact and so may provide a rich soufcelevant command signals that
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could be reinterpreted to provide new function, via extedeaices. Similarly, in the case of an
amputation, the relevant nerve signals are transmittetyalee undamaged section of nerve, up
to the point at which the amputation occurred. A neural fats can support a prosthesis by
reinterpreting the nerve signals that are being transditte the peripheral nerve, that were
originally intended to control muscles that have since heemoved. The most famous neural
interface is perhaps the ‘Utah’ array, which has been deeeldor use in many applications
in the last 20 years and consists of around 100 densely paskettode tips. Recently, an
implanted Utah array has been shown to have some remainiatjdunality after 3 years post
implantation, setting a new benchmark for chronic neur@rfaces [9].

In chapter three the thesis will introduce the conventionathods that have been devel-
oped to measure electrical signals from the nervous systehuding the Utah array, and the
specific engineering considerations that should be appdiedch method. A brief description
is given of the physical mechanisms that underline the tgtih record neural signals before
recording interfaces that are designed for use in the pergbhervous system are given specific
consideration.

Chapter four is an introduction to the concept of axonal #@mption, which is a mecha-
nism that improves the ability to interface to regeneratedes in the PNS by augmenting the
extracellular resistance. By confining regenerated axoasmicrofabricated channel the stim-
ulus current required to excite the axons is reduced andditiydo record action potentials is
improved. The thesis will describe how these mechanisms hagn modelled analytically and
computationally with specific consideration to the PNS.

In chapter five the thesis outlines all the methods that haee bised to fabricate and test the
neural interfaces in this thesis. This chapter is intenddazbtan accessible guide to microfabri-
cation techniques, including spin coating, photolitheimaand methods of etching materials.
The chapter will then describe the methods that are usedstdhte neural interfaces in vitro
which focus on electrochemical impedance spectroscopyearsile strength testing.

The concept of the spiral peripheral nerve interface (SRMIpe introduced in chapter six,
a novel neural interface that has been developed as a calalsodtort between the School of
Electronic Electrical and Computational Engineering af thniversity of Birmingham, The

department of Physiology in Kings College London, the Geifdr Nanoscience, Department
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of Material Science and the Brain Repair Centre all of thevdrsity of Cambridge [10]. The
aim of the SPNI is to create a system of axonal amplifiers [@lifriprove the signal quality
recorded from ‘sieve’-type neural implants. The desigbrifation and performance of this
interface are described in detail.

The SPNI had a significant weakness that became evidentgdurimivo testing as the
method of transmitting the recorded signals to externaitedaics was unreliable and needed
to be improved. Chapter seven introduces fabrication gsE®that have been developed to
improve the ability to connect the SPNI to external eleattenthat are essential to perform
signal processing and extract information from the sigtteds$ are recorded. Furthermore, the
mechanical properties of the SPNI are discussed in detdispacial consideration is given to
the amount of strain that the device is subjected to duribgidation. It will be shown that
previous attempts to model this strain were misguided aneMastrain model is presented to
correct this. Ultimately, the thesis shows that a micretiivg technique called ‘Microflex’ [12]
can be incorporated into the fabrication of the SPNI, whenesdesign modification are im-
posed. Horts to modify the thickness of the substrate of the SPNI aldlb be outlined to
increase the range of designs that may be possible in theefufo make this work, materials
had to be used in unfamiliar ways and severe design restrichiad to be overcome.

To assess the quality of the fabrication processes anallytiodels of the electrochemical
performance of the SPNI will be introduced in chapter eigftte models are used to predict
the electrochemical behaviour of gold electrodes in salimeng in vitro testing, to provide
a basis of comparison to experimental work. The analyticatl@lling shows the féect on
the electrochemical behaviour of varying the geometry efdRvice to incorporate a micro-
channel structure and how this is manifested in an impedspeetrum. It is shown that the
electrochemical testing can be used to test both the qualitiie electrode surface and the
guality of the micro-channel fabrication.

The updated device was tested using the methods that apeluiserd in chapter five, and
the results of these tests are shown in chapter nine. It wikloown that the updated SPNI
device is at least as good as the previous studies, andfdat ef altering the substrate thick-
ness is discussed. The in vitro testing largely agrees Wétbehaviour that is described in the

analytical modelling, but it was not possible to detect thefgrt sealing of the micro-channel
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structure in any of the electrodes tested. Comparing theefteatispectra to the measured re-
sults suggests that the electrodes of the SPNI have a dipeeapacitance and partially sealed
micro-channels, suggesting that the sealing of the mibannoels needed to be addressed. Fur-
ther to the electrochemical testing in this thesis, previowivo testing of the original device
found that the SPNI required much larger stimulus currelmas ta similar silicone electrode
array[13]. The silicone device completely enveloped aggnerated tissue that had grown into
it, which increased its ability to act as an axonal amplifi@¢i[and it could not be guaranteed
that the SPNI had achieved the same level of sealing. Sealitige micro-channels could be
improved through the inclusion of a sealing layer into tHarifzation of the electrode array us-
ing a thin layer of silicone. How the sealing layer was in@ygted into the fabrication of the
SPNI is discussed in chapter ten of this thesis.

Chapter eleven will conclude the thesis, highlighting tlggnicant achievements and the
areas that should be improved in future research. The &timslof the updated microfabrica-
tion techniques will be discussed, including the designiammlementation of the latest neural

interfaces that are being fabricated using the techniquesduced in this thesis.



2. NEURAL ANATOMY AND THE ELECTRODE TISSUE INTERFACE

2.1 Introduction

This chapter introduces the biology of the nervous systesnder to understand a neural record-
ing device. Neural devices are made to record from and stit@uleurons or populations of
nervous tissue and so the biology of these is introduced first desirable to model the signal
propagation in simple terms via fundamental physics, thél$ to the Nernst and Goldman
equations, and ultimately to the Hodgkin-Huxley model df oeembranes. All of the infor-
mation presented here is available in standard textbookleosubject and has been compiled
for this chapter from [14, 15], unless otherwise stated. Moicthe style of the section on the

membrane model is based on Struijk’s introduction found.d |

2.2 The Nervous System

Excitable tissue forms networks in the body that controliomgtsensation, regulation, thought
and emotion to enables us to perceive and interact with odra@mment. The mechanism that
controls these bodily functions is called the nervous systad is made of nerve cells, labelled
as neurons, that control function and ‘communicate’ viateleal signals. The nervous system
has three main functions in the human body; The first is to camoate information from
external and internal stimuli that is sensed, which is l@loehs ‘sensory’ activity. Secondly, the
information is interpreted and an appropriate responskdatimuli is determined, a function
that is labelled as ‘integration.” And thirdly, the nervogistem causes the body to respond,
which can be labelled as ‘motor’ output. The central nenaystem takes in the input from the
world, interprets the information and actuates a respassis, illustrated in Figure 2.1.

The nervous system is organised into the central nervousmy$NS), that consists of the

brain and the spinal cord, and the peripheral nervous syd&®&I8) that incorporates everything
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Central Nervous System
Brain and Spinal Cord
/ \\
/ X

Motor
Output

Sensory
Input

Peripheral Nervous System

Fig. 2.1:0utline of the processes in the nervous system; The cerdrabus system processes sensory
information and controls motor feedback responses. Thiehemal nervous system translates
the sensory information to the central nervous system andmieedback to the appropriate
muscle points.

[15]

else and extends into the muscles, the skin, the heart arglahds. Input signals {gerent)

from the PNS to the CNS are processed and interpreted byyhigbanized architectures of

neurons. The output signalfferent) is transmitted along motor fibers to either, contfi@ator
organs, order glands to secrete or to contract muscles. Swwement of the human body is
voluntary, such as moving your legs to walk, whereas someviguntary (autonomic), such
as the beating of the heart. Any technology that is desigoeditérface to a voluntary action
may be influencing involuntary processes, so care is redqu®a the other hand, designing an
electrode that works for one specific nerve is not necessatyteere is a significant crossover
between the applications that a neural interface may peovidhe nerve fibers consist of neu-
rons and support cells that are called neuroglia or glidscéleurons are the nerve cells that
transmit the sensory input and the motor output between Mf& &hd the receptors or targeted

muscle and the neuroglia provides the mechanical strygbhmesiological support and protect

the neuron. The neuroglia can also wrap tightly around theareto form the myelin sheath.

2.2.1 Basic Neurophysiology

Neurons

The neurons are the basic building blocks for the complegtfans of the nervous system. Each

neuron can have direct contacts to over 1000 other neurahthain activity is highly organized
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Fig. 2.2:Top: lllustration of the Neuron that contains the Soma, tlers and the extending Dendrites.
Bottom: lllustration of the synapse between two neurons.
and highly perceptive. A single neuron is illustrated inlg2.2. The neuron consists of a cell
body (thesoma@ that contains the DNA for the cell, the proteins that mamthe cell and the
neurotransmitters. Synaptic input and output of the nelgdransported through two types of
extension from the soma that are called demdritesand theaxonrespectively. Each neuron
can have many dendrites that receive electrical inputs &thrar cells and relay the signal to the
cell body. All neurons are limited to only one axon; a londatigely thick fiber that extends
from the cell body to carry electrical signals. At the endsxén are the axon terminals that
branch into the pre-synaptic terminals, the functions egthendings is to transmit the relayed
signal to other neurons and cells via neurotransmittetsatieaeleased by electrical stimulation.
Signals are propagated between neurons via action pdsethté derive from the physiol-
ogy of the cell membrane, to be discussed later. Neuronseobio each other via synapses
that are formed of the axon terminal, the dendrite of a neaghing cell, and the accompanying
glia. Between these components is the synaptic cleft, agur€-2.2. Axons can be wrapped

by protective neuroglia (labelled as Schwann cells) to fane myelin sheath. Each myeli-
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nated axon has many Schwann cells along its total length with gaps between the Scwhann cells
that are called the nodes of Ranvier. The characteristics of the myelin sheath and the nodes of
Ranvier allow for the propagation of electric signal along the fiber via saltatory conduction.

Bundles of axons in the peripheral system are called nerves and with the cell body in the
spinal cord and the axon extending out to the fingers they can reach a significant lergth of
1m. Axons are grouped together into bundles called fascicles, encapsulated by the perineurium.
The fascicles are not organised by any particular function and the axons are grouped in terms of
their destination, over any other factor. In between the fascicles is the epineurium that provides
mechanical durability and protection. Like all living tissue the PNS requires a constant blood
supply to support its physiology, which is supplied by blood vessels that travel along the length
of the fascicles. An illustration of the peripheral nerve is shown in Figure 2.3.

In the PNS the myelinated and unmyelinated axons conduct the nerve signdfdrgrdi
mechanisms. Whereas the unmyelinated axon is similar to a cable, the myelinated axon trans-
ports the signal via saltatory conduction. Unlike the brain the PNS is not protected by a layer of
bone and it can be damaged by mechanical trauma. However, after it has become damaged the
PNS has an ability to regenerate. After the peripheral nerve has been cut or crushed, it will enter
a process called ‘Wallerian degeneratiegeneration’, where the axons that are separated from
the neurons cell body will degenerate and the proximal part, still connected to the cell body,
regenerates. This process generally starts after 24-36 hours post injury, and is characterised by

the axonal skeleton disappearing followed by a breakdown of the axon membrane. Finally, for
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Phosphoric Head %
(Hydrophj]]ic)\\\
Gl}_fceride/,_,- Phospholipid
Tail Bilayer
(Hydrophobic)

\ /
Voltage-gated ion Channels

Fig. 2.4:1llustration of phospholipid bilayer, including ion chaela for sodium and potassium
[15]
myelinated axons, the sheath begins to break down and thkimgscellular debris is cleared
up by macrophages. The degeneration will occur as far astktenode of Ranvier and, impor-
tantly, the degenerated nerve leaves behind hollow tulzs#n guide any regeneration from
the proximal nerve. Once inside the tube, growth factoroerage the regeneration and the

proximal part can advance by around 1mm per day[17].

Cell Membrane

All excitable cells have common features that allow for aggahdescription of their behaviour,
the most prominent of which is the cell membrane. A neuronbig & transmit electrical
signals due to the fact that its membrane is excitable aradrefghysiology of neurons is the
study of phenomena that result from ion movements acrossnémebrane.

The membrane is formed of a bilayer of phospholipid molesthat is made of a phosphoric
head (hydrophilic) and a glyceride tail (hydrophobic). Tg@arising nature of the phospho-
lipids causes them to assemble into a bi-layer configurasbawn in Figure 2.4. In the cell
membrane there are also ion channels that allow the transismdium, potassium and chlorine
ions across the membrane. The ion channels are formed Igelestive proteins, the perme-
ability of which is controlled by the potentialftierence across the membrane. The combination
of the bilayer with the voltage gated ion channels acts totaai diferential ion concentrations
on the inside and the outside of the cell. The sum of thesaagredis the voltage across the
membrane and is called the trans-membrane poteNti@dnd is defined as theftierence in the

potential of the inner surface of the membrapg énd the potential on the outer surfage)(
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such thaV,, = ¢ — e.

For humans, the trans-membrane potential has a resting edaround -65mV and the cell
membrane maintains this by controlling the concentrati@dignts of the ion species between
the extracellular and intracellular media: at rest theragse sodium outside the cell, and more
potassium inside the cell. During an excitation the tramsaiorane potential changes and, if
the membrane potential reaches a threshold, an ion-puegapump more sodium into the
cell causing the intracellular medium to become more pasifThis défect at the membrane is
called the depolarization phase of the action potentia¢ @imp will then return the cell to its
resting potential by pumping out potassium. The rising ailihfy potential of the membrane
represents a nerve pulse and is called an action potentftdr the pulse, the cell enters the
refractory period until the ions are returned to their or@iconcentration, during which, the
cell cannot fire again and so becomes insensitive to stimualafn action potential is conducted
along the membrane as a local membrane pulse where intriacedhd extracellular currents
perturb the potential of the membrane neighbouring thes@ctgions, causing the signal to

propagate. This will be discussed further later in this ¢tbiap

2.3 To Model the Nerve

The simplest way to understand an excitable cell is to censadclosed volume of ffuse
charged molecules, separated from a media of solvated Wtisebcell membrane. The two
driving forces that control the transfer of ions betweentthe media are dfusion, from the
concentration gradient of ions, and migration as a resaletactric field. For a net zero current
these two driving phenomena must result in an active tramgp@ons through the membrane.
A brief explanation of these phenomena for a single ion gsegiis presented in the following
section.

lons move in response to a concentration gradient, whesewiilemove from a region
with a higher concentration of ions to a region of a lower @nication. This has been char-
acterised through Fick’s law, which describes the flux ofsidor a particular concentration
gradient(dim). Similarly, due to their charge ions will move in respongatpotential gradi-

ent and there is an expression to describe the flux of iongemliy an electric field (potential
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gradient){migr.)-

rdiﬁ,K = -D,VC, (21)
» Z
Jmigrx = _MKECKVQD (22)

Where fdm and fmigr,K is the number ok ions that pass through a unit area of membrane per
unit time (mol¢m?s) for both difusion and migration respectively. Foffflision the expression
is driven by the gradient of the concentrationkoions is VC, (molgm?) and multiplied by
Fick’s constantD,, which depends on the size of the ion and the viscosity of theeat. For
migration, the flux is driven by the electric fieldVy, and multiplied by mobility of the ions,
U, the concentration and the sign of the charge ofsthen, z./|z.|, wherez, is the valence of
thek ion. The expression requires that positive ions move frongher to a lower potential as
convention would suggest.

In 1905, Einstein showed that Fick’s constant and the ntgloli the ions species are pro-

portional to each other, by

RT
D, = (ﬁ)ﬂk (2.3)

where R is the gas constant, F is Faraday’s constant and & tertiperature in Kelvins.

2.3.1 Nernst Equation

From Einstein’s proportionality, it possible to arrive BetNernst equation by writing the total

flux for the ion species caused by botlffdsion and migration as;

4 4

Je = Jdiffc + rmigr,x (2.4)

FzC,
v
RT 9”)

- _D, (ch + (2.5)

And an expression for the current density from the flux dgrean be written as,

Je = JFz (2.6)
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whereFz, is the charge carried per mole of ions. To simplify the modiel tnotion of the
ions is restricted to the transverse direction only, whieeeflux of ions only occurs normal to
membrane surface. The transverse direction is labelletieas-direction. Thus, the Nernst
equation becomes;

FzC, d

() @7

> d
JK(X) - _DK &CK(X) +

For each ion species in the media there is a separate Neuatay however, all the ion species
are influenced by the same potentik). This model ensures that there is no net flux of ions
across the membrane; the concentration gradient is miedrdse to dfusion of an ion from
high to low concentration, whereas the trans-membranenpatevill change in response to
the migration of ions. However, like charges repel so thengkdn potential will act to force
migration in the opposite direction of thefidision. An equilibrium is reached when there is
no net ion flux across the membrane which, for potassium ioneXample, can be written as

jk+(X) = 0, and s0;

Fze.[K*](0) d

d oo
&[K 109 =——%7 dx

¢(X) (2.8)

The relationship between the trans-membrane potentialtendoncentration of potassium

ions inside and outside the cell is the Nernst Equation feaggum, written as;

Vs = ¢i = ge (2.9)
_ RT [ [K*lex
- FZK+|n[[K+]|ntl (2.10)

For biological tissue it is also necessary to consider thesteequations for Sodium (Na

ions and Chloride (C)) ions, which can be written as;
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RT [[Na]ex
Viae = | 2.11
Na I:ZNa“f " [Na+]lnt ( )
RT [Cl_]lnt]
V- = In 2.12
o = [[CI-]Ext (212)

2.3.2 Goldman Equation

If there are no fixed charges in the membrane and the influeheeternal surface charges is
negligible the electric field, Egenerated by the fiusion of ions is constant across the mem-
brane. If the electric field is constant, then it can be stétatithe trans-membrane potential

must vary linearly across the membrane, this is known asd@ah’s Assumption’.

Cd oV
Bx= - =-+ (2.13)

WhereV,, is the trans-membrane potential and this the thickness of the membrane in the
x-direction. Substituting the expression for the changpatential across the membrane into

the Nernst Equation gives;

RT  [Pk[K*]ext + Pna[Na ] ext + Pci[Cl ]int
V., = —In 2.14
= N B KTt + PralNa T  Pa[CFex (2.14)

WherePy, Pna andPg, are the permeability’s of potassium, sodium and chlorispeetively.
The ‘Goldman’ model for the trans-membrane potential catgd the model by assuming that
the total flux of all ions are zergx(x) + jna(X) + joi(X) = 0. This is only applicable when the
behaviour of the membrane is relatively static, where dtthes permeability of potassium is
higher than that of sodium and chloride, B » Py, andPg. As a result, the trans-membrane
potential tends towards the Nernst-potential for potamsiAn action potential is a non-static
case as a net current is flowing into and out of the cell, thesGbldman Equation is not
valid. At the peak of the action potential the net flow is mirged again, briefly, and the trans-

membrane potential is approximately equal to the Nerngial for Sodium a®y, » Pk.
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Fig. 2.5:Equivalent circuit model for a patch of membrane based omibdgkin-Huxley model
[18]

2.3.3 Hodgkin-Huxley Model

To model the dynamic capabilities of the cell the behavidithe ion membranes was investi-
gated by A.L. Hodgkin and A.F. Huxley (H-H) in 1952. Their seal experiments used a volt-
age clamp, where a step current is applied to force the memalicaadopt a constant voltage,
to control the trans-membrane voltage externally. Thegcmiely observed the corresponding
ion flow at the fixed potential by chemically blocking (degating) the dfferent ion-pumps in
turn. Importantly, this model does not attempt to descriteerhembrane processes as whole,
but provides a set of equations that can inform theoret@laltations of action potentials.

The work culminates in a model that describes separate dadiecting branches called
the parallel conductance model, where the four branchessept sodium, potassium, leakage
current and a capacitive current from the separation of bia@ge carriers by the membrane.
This is illustrated in Figure 2.5. The conductance of eaambh is from the permeability of the

membrane to each ion species;

INa
Gna= ————— 2.15
Na Vm_VNa ( )
Ik
= 2.1
Gk =y (2.16)
GL= (2.17)
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where the potential for each branch is the equivalent Ngrotntial. For this illustration all
currents and conductances are per unit area, as only a satelli pf the membrane is being

discussed. For this model, the total membrane current isutreof the branch currents,

. dVv,
Im = Cmd_tm + (Vm - VNa)GNa + (Vm - VK)GK + (Vm - VL)GL (2-18)

To find the total membrane current Huxley and Hodgkin prog@sgystem of ion specific prop-
agating charged particles that can pass through the membyanare not directly transporting
the ions. Instead, they allow the permeability of each iorabgnging themselves into a spe-
cific configuration in the membrane, the rate of movementedétparticles then directlyfects
the conductance of the ion species. This provides a methgdtofg the channels, where the
probability of finding the transport particles in a certaimfiguration determines how open the
ion-channel is for each species. As the transport parteskesharged their motion is dependent
on the electric field.

Using this methodology, H-H showed that for potassium thedcatance varied according
to a fourth-power relationship that changed with first-otkdeetics. To model this, they chose a
charged transport particle that controls the gating of thtagsium channel, either open, closed
or somewhere in between. This relationship of the potasgiat® suggests that four transport
particles need to be configured correctly (in the open stateg)llow for propagation. The
permeability of each species is independent, suggestatghle probability of the potassium
ion channel being open a¥, wheren is the probability of finding the patrticle in the open
state and (< n < 1. Thus, the potassium conductance per unit area is the maxipossible
conductance, for the state when all channels are opendsbglthe number of channels that

are actually open.
Gk = Gimax- N (2.19)

For sodium, H-H found that the rate conductivity change istleodelled by two transport
particles, one activating particle that has activatingbptwlity of m (in the open state) and
one inhibiting particle that has a probability of being i thon-activating (not inhibiting) state

of h. Both particles follow first order kinetics. H-H suggestthat the ion-channel was open
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when three activating transport particles where in thesmrronfiguration combined with one

non-activating particle. This gives a sodium conductarice o

GNa = GNa,max . mah (2.20)

These gating particles have voltage and time dependesférarates that obey first order kinet-

ics.

2.3.4 The Nerve Pulse

The voltage dependent gating particles allows for the gdioer of nerve pulses. At rest there
is approximately 10 times more sodium ions in the extratallspace compared to inside the
axon, whereas the concentration of the potassium ions igzippately 30 times higher in
the intracellular space. H-H found that a depolarizing atim (that raises y from the resting
potential) results in an exponential rise in m and a slowpoaential decay in h. This behaviour
initially increases the conductance of the sodium ion ckgratiowing sodium to enter the cell
(driven by V-V na) until the sodium conductance is reduced and eventualiypstd by the
decaying h.

Similarly, a depolarizing stimuli also increases potasstonductance via n, allowing potas-
sium ions to flow from inside to outside the cell resulting itrans-membrane current that is
in the opposite direction to the Na ions. However, the patassonductance increases over
a much longer time period than the sodium conductance, falipithe sodium branch will
dominate.

Eventually the decrease in sodium conductance and inciaasetassium conductance
causes the membrane potential to peak and begin to fall tiswtae resting value. Once the
nerve pulse has been generated it propagates along thevalximh, requires an axial compo-

nent of the trans-membrane currap,

The propagation of the Nerve Pulse

The nerve pulse propagates along the nerve via a local toauient that arises from the ac-
tivity of the cell membrane. For an unmyelinated axon, if &chaf membrane is stimulated

beyond the excitation threshold (the patch is depolaridesel) the membrane follows the H-H
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b) Unmyelinated axon during stimulation
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Fig. 2.6:Diagram to show how the local current loop develops for anyeimated axon. a) An axon
at rest. b) An axon during stimulation, the red arrow repnese¢he sodium influx. c¢) The
propagation of the nerve pulse as the local circuit current.

o’
o

model outlined above. Initially, there is an influx of sodiuoms into the intracellular space
that causes a dominant trans-membrane current into the ®ware inside the axon the sodium
ions move along their concentration gradienffudiing into the neighbouring regions that have
a lower concentration of sodium ions. This causes a trass\aIrrent, both proximal and dis-
tal to the stimulation, in the intracellular space. Simjlam the extracellular space, sodium
diffuses into the region of lower concentration where the celinbrane is open. There is
also an extracellular transverse current in the opposiéetion to the internal current from the
movement of ions responding to the depolarizing wave. Adtéew milliseconds, at the peak
of trans-membrane voltage in the excited region, tfilene of potassium ions dominates the
sodium current and the membrane begins to repolarise. Toeegs is depicted in Figure 2.6.
The transverse current from thefdision of sodium ions depolarizes the regions of membrane
that neighbour the excited patch. During an action potetiteaneighbouring regions are de-

polarized beyond their threshold and the nerve pulse isrg&ete again. This mechanism is
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repeated along the membrane and the nerve pulse propatmatgslae axon unattenuated. In-
corporating the H-H model this can be depicted as shown iarEig.7. The resistance per unit
length of the inside and outside of the axon BrandR. respectively, and the inner and outer
surfaces are connected by the H-H model representing thagestiependent behaviour. For
the myelinated axon the mechanism of propagation is the ,saxeept that the voltage-gated
ion channels are densely packed at the Nodes of Ranvier araithno ion transfer through the
membrane in the inter-nodal spacing. Thus the membranerdgibe excited at the nodes and
the local circuit current only flows through the membranehie nodal regions. The transverse
current propagates between the nodes in the same manndoges bdere the ions follow their

concentration gradients viaftlision. The equivalent diagram for the myelinated axon isvsho

in Figure 2.7.
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3. METHODS OF RECORDING ELECTRICAL SIGNALS FROM
NEURAL TISSUE

This chapter will introduce the conventional technologattis used to record electrical activity
from nerves, with specific interest for motor prosthesegniicant scientific investment has
led to the ability to record biological events using metaktlodes and a few examples of these
neural interfaces will be discussed. Firstly a brief dggeyn is given of the physics of the
interface between the electrode and the biological medisetondly, the technology that has
been implemented for PNS recording interfaces will be ohikeed. Specific consideration is
given to cuf electrodes thatfer advantages in terms of the amplitude of signals recomatet],
regenerative implants that are similar to the technologgaeched in this thesis. Allinformation
presented here is compiled from four comprehensive textseamal recording; These include
the review of technology developed to record from the PNS layaxro et al [19] and the
review of PNS recording in general from [14], whereas theth®f the electrode interface is
from Kovacs[20] and Fischer[21]. As such, much of the stglbarrowed from these works as

well as from [22].

3.1 Introduction

Traditionally, applications that require a high seledtiiave usually been restricteditevitro
applications using cultured cells. Intracellular recagdof the trans-membrane potential can
be made by inserting a micro-pipette through the cell memdboa alternatively a micro-pipette
can be brought into contact with the cell membrane to redoedttans-membrane potential,
without compromising the internal structure of the cellisltequires a significant human inter-
action over long periods of time, significantly reducing pinacticality and durability, especially
for an in-vivo device.

To improve the practicality, significant scientific invesnt has been made to develop ways
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of recording extracellular potentials with microfabriedtelectrodes. Via established microfab-
rication techniques it is possible to ‘pattern’ mechansgtalctures and deposit thin-film metal
tracks and electrodes onto glass, polymer and other canaggrials to create devices to inter-
face with neural tissue. Advances in microfabrication textbgy have allowed for devices that
have decreased electrode size, increased amount of elestp@r unit area and the range of

available materials.

3.1.1 Material used to Fabricate Neural Interfaces

The microfabricated electrical interfaces are generaliylento a sandwich-type design where
a layer of conductive material is mechanically supported electrically insulated by a con-
struction of substrate materials. There have been a hugetyar the configurations, but in
general the carrier substrate has either been a silicoedaaterial, glass or a polymer, and the
conductive material has been a metal deposited onto thierlcarr

Each material is carefully chosen to match the requiremetiteoapplication; when signal
processing is necessary at the interface electronic tiycoiay have to be integrated into the
design of the device and a silicon-based material will béepable. This is necessary to allow
for a monolithic fabrication process that incorporates ¢hertronic components. However,
for a long-term application it is more desirable to have ahlyiglexible and durable carrier
material and in these applications the polymer generaliyjn$othe insulating medium as well
as providing the mechanical structure.

Silicon and flexible polymers such as polyimide are the nmlteof choice for CNS and
PNS implants respectively, as the dimensions of these ralst@an be precisely determined
through a process of micro-machining, photo-lithographgtching. These concepts will be
introduced in chapter five. This allows for the precise condwer the size of the active sites
and there position relative to each other. In general silitas found most use for CNS probe
type implants as it can be implanted into the cortex, howdverbrittleness of these probes
make them less suitable for the PNS implantation throughcteus delicate, fibrous nerves.

Polyimide has gathered popularity as fleys a highly flexible and biocompatible substrate
material, as well as being compatible with clean-room tetbgies. For microelectronics, poly-

imide has been mainly used as a passivation layer or as &ttielleetween two layers, for ex-
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ample in multi-chip modules, where successive layers caplmecoated relatively easily [23].
More recently photosensitive polyimides (PSPI) have redummplex multi-step process-
ing by allowing the definition of planar structures via pHitkmgraphy. This gives access to
large range of implant designs, with a less involved faltioceprocess. These microfabrication
techniques and the use of polyimide as a substrate for ngueafaces will be discussed at

length during this thesis.

Biocompatibilty

Although the engineering motivation is to rectimulate biological activity in the tissue, the
motivation of the body is to protect itself. To have a susible and durable interface the
two competing motivations need to be optimised and so theobipatibilty of the materials
is a major factor to consider. The materials discussed ahave generally been shown to
be biocompatible such that they are not toxic or otherwiseatang to biological function.
More recently, many materials used in neural prosthetige baen developed specifically to be
biocompatible, and all material used in this endeavour baen summarised in ISO 10993.

In general, a material can be categorized in terms of batietstral biocompatibilty and sur-
face biocompatibilty [24]. To achieve structural biocortilpidty the devices material properties
should mimic the properties of the biological environmédrattis being targeted. The surface
biocompatibilty relates to the chemigathysicalbiologicaymorphological properties that con-
tact the biological environment directly, which of courg®msld not be toxic or at least only
release low-concentrations of toxic materials that do nduce the foreign body response. A
mild inflammation is generally considered to be acceptdhléa strong foreign body response
can lead to an encapsulation of the device in fibrous tissatecdm ultimately lead to device
failure. This is of greater concern for chronic implant@tthave to provide stable and durable
transducer properties throughout the lifetime of the implés such there is a degree to which
a material needs to be biocompatible before it becomeddeijtar an acute study the biocom-
patibilty becomes less important than for a chronic im@éon where a more diligent approach

IS necessary.
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Metal Interface

SI

Fig. 3.1:Equivalent circuit model of electrode tissue interfacduding the interfacial capacitance,,
the charge transfer resistané®, the Warburg impedancé, and the solution resistané.
[18]

Use of Metal Electrodes

Nervous tissue conducts signals via an ionic transport am@sm, where ionic charge carriers
move through the membrane from the electrolytes that snddlie axon. Recording devices
are however based on an electron conduction mechanismegsath made of a conducting
material such as metal. To record electrical activity in tissue the signal has to interface
between the metal electrode and the ionic electrolyte isolut

The interface can be simplified using an equivalent circuatlel illustrated in Figure 3.1.
The parallel branches of the circuit can be used to modelghena at the interface including
the interfacial capacitance (top branch) and the path efctlicharge transfer (bottom) which
is the transfer resistance and the Warburg impedance ceuwhbiifthe parallel branches are
connected in series to the solution resistance.

Each of these phenomena will be briefly introduced here andra thorough examination
of the electrode interface is presented in Chapter eighteoftiesis.

For a typical interface there is a capacitance between thal med the electrode that can
be described via the double layer theory. The capacitansesaiue to an electrochemical dif-
ference between the metal and the ions in the solution andingsamodelled using a hydration
sheath that acts as a simple dielectric between the electmod the solution. Models of this
interfacial capacitance;, describe a linear potential drop between the electrodegiane of
water molecules at the electrode surface, followed by aomemptial decay of potential out into

the bulk solution.
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The capacitance at the interface does not describe the efictrochemical phenomena. If
a DC potential is applied across the interface for neuraigfaition an ohmic current may flow
that is the net movement of charge from metal into the satufar vice versa) which results
in a shift of the potential of the electrode from the equilibn. The resistance of this ohmic
interfacial current is the charge transfer resistafge,

The DC behaviour of the electrode is more relevant to stitmgeelectrodes: it is impor-
tant to have stimulus current thresholds that do not adiyeadter the chemical composition
of the interface in a non-reversible way. If the stimulusreat is small with regards to the
exchange current density of the methlthen the electrode will not shift significantly from the
equilibrium and will behave linearly. If the electrode hagesty high exchange current density
(Jo — o) the charge transfer resistance tends towards zero andremayh a current is flowing
across the interface no significant overpotential is bengbtbped. This is labelled as a non-
polarizable interface and can be considered to be the optimaterial for neural stimulation as
any potential across two non-polarizable electrodes int&wi would vary the potential across
the bulk of the medium rather than be localized at the inte$a For the opposite conditions
(Jo — 0) the interface behaves as a capacitor, where no currerd flothe steady-state DC
conditions, which is labelled as the ideally polarizableiface. In practice no interface is ei-
ther ideally polarizable or unpolarizable and the impdrpaoperty to consider for any interface
is the magnitude of the resulting current relative to exgeacurrent density.

For most electrodelectrolyte interfaces the charge transfer resistancerduaes the ohmic
part of the electrode behaviour. If the charge transfestasce is low the diusion of reactants
to the interface has a noticeabl@eet. However, for time-varying signals with higher frequen
cies it becomes morefiiicult for ions to follow the time-varying field, which dampethe efect
of the spatial variation so that it reaches far less into tiiet®n. For an ever increasing fre-
guency the ions are not able to follow the field at all whichde&o no ditusional impedance.
In 1899, Warburg proposed a model for this frequency depandi€usional impedancéyy,

which follows the frequency power law

12wl o« — 3.1
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wheref is the excitation frequency.

As the current spreads out into the solution it also expedsma solution resistandgs that
depends on the shape of the electrode and the conductivitye&olution. The conductivity is
determined by the number of ions present and the tempereaittine solution.

The recording electrodes are usually made from a thin-filmahsaich as gold, platinum,
platinum-iridium, tungsten, and tantalum [25]. Gold was®#n for the neural interfaces that
were fabricated in this thesis, as it has well known biocaibpdy, does not form a surface
oxide and has been used in many chronic recording interf&eathermore, gold is ductile and
flexible properties when used as a thin-film, which is advgedals for use in flexible electron-
ics [26]. This flexibility is critical to the technology delegped in this thesis. The behaviour of
gold as a recording electrode will be discussed in detailiapZer eight, which will be used to

assess the quality of the fabrication processes developbe ithesis.

3.2 Neural Interface Technology

Having developed the basic theory of electrodes used farahapplications, some examples
of interfaces that have been developed will now be outlirstdrting with in-vitro devices.

This thesis is intended to focus on recording from nervassug in-vivo and so the following
sections are kept brief but are added to give a general pictithe development of neural

recording interfaces.

3.2.1 In-Vitro Devices

In 1972, Thomas described the first extracellular recordingjectrically active biological tis-
sue cultured in-vitro. Since then, the use of multi-eled¢rarrays (MEA) to record extracellular
activity has flourished, with practical applications in tezells, spinal cord tissue, hippocam-
pal slice cultures, cortical and retinal cells. The first ME&ere embedded micro-electrodes
mechanically supported by a biocompatible carrier sutestiaectrode sites were typically ar-
ranged in amm % n matrix over a relatively large surface area, such that slafebiological
tissue could be placed and recorded from on top of the suesiraese planar micro-electrodes
generally consisted of a substrate of glass, silicon orrmelyover which a metal conductor

was deposited and patterned. Electrode sites were defintdelphotolithographic patterning
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Fig. 3.2:Micro-fabricated electrode arrays developed by Thomas et ahfeitro recording
[22]

of a passivation layer on top of the deposited metal conductor, an example of which is shown
in Figure 3.2. Cells were cultured directly onto the array and contact the exposed electrode
sites to allow for extracellular recording. Each electrode site was generally connected to a high-
impedance, low-noise amplifier to enhance the recording of the small extracellular potentials.

Given a continual supply of nutrition, such a set up allowed for studies on toxicological
and pharmacological agents on neurons as well as the general study of neural regeneration.
These interfaces are not suitable for in-vivo recording, as they lack the flexibility and durability
required. A whole range of interfaces have been created subsequently based on this earlier

in-vitro work.

3.2.2 Interfacing to the CNS

To record activity of neural tissue in-vivo the type of devices that have been developed vary
depending on the application and so it is necessary separate interfaces for the CNS and PNS
respectively.

In extreme cases of neural degeneration caused by disease or loss of neural function through
traumatic injury, a patient may have very little or no control of their skeletal muscles and require
significant technology to regain any independence. In many cases the motor control structures of
the brain are largely intact and can provide a rich source of relevant command signals that could
be reinterpreted to provide new function via external devices. This is called a brain-computer
interface (BCI).

Although signals can be recorded on the surface of the skull via Electroencephalography

(EEG), or intracranially via Electrocorticography (ECoG), this generally only provides infor-
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Fig. 3.3:Probe type micro-electrodes
[22]
mation about the relative activity of fierent regions of the brain and does not provide the
required level of selectivity that a device recording directly from the motor cortex could of-
fer. The design constraints of BCI require that the signals used contain specific information
and convey it in a reliable fashion, which requires the need for penetrating electrodes that can
operate with a long-term stability deep inside the brain tissue.

In general, two types of device have been designed to create this kind of interface; ‘shaft-
like’ linear multi-electrodes and arrays of multiple electrodes that have many smaller probes
each with an active site on the tip. The linear micro-electrodes are tissue-insertable and are
often called ‘probes’. They are typically several millimetres long, tens of micrometers wide and
a few micrometers thick. On the shaft of the device is a one-dimensional array of electrodes, see
Figure 3.3. Silicon probes have been produced since the 1960’s and advanced photolithographic
techniques have more recently allowed for precise control of electrode dimensions to provide
multiple electrode sites on a relatively small substrate. Neural activity of cortical regions has
also been recorded using ‘needle-bed’ electrodes, where silicon is etched to produce fine tip
needles, each with a single electrode on the tip examples of which are shown in Figure 3.4.
These types of arrays have been used in both chronic and acute applications and the most famous
of these types of devices is the ‘Utah’ array, consisting of around 100 densely packed electrode
tips. Recently, an implanted Utah array has been shown to have some remaining functionality
3 years post implantation setting a new benchmark for chronic neural interfaces, although only

a small number of electrodes were still recording [9].
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Fig. 3.4:Penetrating micro-electrodes for use in the CNS
[22]

3.2.3 Interfacing to the PNS

The most obvious diierence between CNS and PNS technology is flexibility; PNS devices have
to work next to muscles and survive relatively vigorous activity, and so are not usually as rigid
as CNS devices. Similarly, to conform to the geometry of peripheral nerves the design of PNS
devices tends a be more tailored. Due to these considerations PNS implants that are fabricated
using polymeric materials have been developed in parallel with the silicon technology since the
early 1970’s.

Conventional research has aimed to interface to the PNS to record sefisceptzand mo-
tor efferent information an@dr selectively stimulate to any undamaged musculaturée@int
types of electrodes have been developed ranging from surface electrode on the skin to regener-
ating devices that are implanted directly onto sectioned nerves, the general properties of these
technologies will be discussed in turn to highlight the advantages and disadvantages of their
use. A major concern in the development of an interface for the PNS is the possible damage
caused to the tissue surrounding the device. There is a balance between the ability to selectively
record from small populations of axons to achieve fine muscle control and invasiveness to the
surrounding tissue. This is illustrated in Figure 3.5. The number of electrodes in a device de-
pends on the application, a low number of electrodes are used to create a robust interface with
a reduced selectivity and functionality, whereas a high number of electrodes increases the spa-
tial resolution of the signals captured but provides added complications in terms of durability
and energy consumption. Increasing selectivity is often associated with increasing invasive-
ness, rather than increasing electrode number where regenerative implants are the most invasive

devices that require months of intrusion to create the interface.



3. Methods of Recording Electrical Signals From Neural Tissue 30

Fig. 3.5:Invasiveness of dlierent types of electrodes in the PNS.
[19]

Fig. 3.6: An example of a surface electrode, a ‘Walkaid’ stimulator
[27]

Surface and Intramuscular Electrodes

The only non-invasive PNS devices are surface electrodes. These electrodes usually comprise
of metal plates with an electrolytic gel to maintain contact to the skin. Electrodes with stainless
steel, silver or silver chloride have been shown to have good impedance, durability and are
relatively easy to use. Surface electrodes can be used for both recording and stimulation of
nerves located directly beneath the pads and are often used as simple stimulating devices for
FES systems such as WalkAid designed at the University of Alberta [27] and Odstock Dropped
Foot Stimulator (ODFS) designed in the UK [28] in the early 90's, where surface electrodes aid
posture and gait. A Walkaid stimulator is shown in Figure 3.6.

Surface electrodes are disadvantaged by the need to calibrate and reposition the pads after
each application and movement of the muscles varying the electrode position during stimu-
lation. As such, surface electrodes are generally considered to be easy to use but not highly

advanced interface technology. To increase fiieciveness of the interface the next logical
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Fig. 3.7:Eight channel stimulator with one Epimysial Electrode
[19]
step is to place the electrodes closer to the targeted nerves by penetrating the skin. Two classes
of electrodes have fallen into this category of interface, epimysial electrodes and intramuscular
electrodes.

Epimysial electrodes are surgically fixed to the surface of the muscle, negating the prob-
lem of having to reposition the electrode between experiments. They have been made from
platinum-iridium disks that are backed onto a ‘silastic’ carrier material that provides a flexible,
biocompatible and mechanical support, keeping the stimulus signal directed into the muscle and
not out into the cutaneous sensory fibres of the skin. Epimysial implants have a good signal-
to-noise ratio due to their large surface area and have been used to provide muscle stimulation
in paraplegics [29, 30, 31]. An example of an epimysial electrode is shown in Figure 3.7. The
main drawback for epimysial electrodes is the high energy consumption required to activate
muscle via the erent nerves deep in the biological target. Furthermore, each muscle requires
a separate epimysial device, and so to coordinate movement requires a very strategic approach.
Finally, the implant has to accommodate the relative changes in shape of the muscle both before
and during the stimulation in order to maintain a durable interface.

Intramuscular electrodes generally consist of single-strand, multi-filament, stainless steel
wires insulated with Teflon. The tips of the wires are de-insulated to form electrode sites that
are inserted into the muscle through the surface of the skin. This interface has been used for

both recording and stimulation of motor nerves and have shown to be functional for at least 3
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Fig. 3.8:An example of an epineurial implant
[19]
years post-implantation [32].

The intramuscular electrodes are not too complex and are relatively cheap to make, however
high energy stimulation pulses are required to activate fibres that lie in the deep muscle which
can cause pain to the patient. Similarly, each muscle requires a separate intramuscular electrode
increasing the complexity of the interface.

The last kind of intramuscular electrode is the BION (BIOnic Neuron) implantable micro-
processor that can be implanted within muscles[33]. The mdiardnce between the BION
and other intramuscular devices is that the BION operates wirelessly, via a radio frequency link

to transfer the signals recorded. BIONs have been used in FES systems to correct foot drop.

Extraneural and Intraneural Electrodes

The next level of invasiveness is to penetrate through the surface of the muscle and to place
electrodes directly onto the motor nerve. Epineurial electrodes are sutured directly onto the

epineurium, the outermost boundary of the nerve fascicles. Helicoidal electrodes are more

flexible and are wrapped around the nerve, conforming to the necessary contours and reducing
the mechanical stress in the interface. Both implants are fabricated using an insulating substrate
of biocompatible material with exposed metal electrodes on one surface. Epineurial electrodes
have been used in FES systems to aid foot-drop and to relieve chronic pain, however as they
are fixed to the nerve they are thought to be more susceptible to mechanical failure and nerve
damage during motion, an example of which is shown in Figure 3.8.

Helicoidal electrodes require less invasive surgery as they are made of flexible platinum
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Fig. 3.9:Examples of book electrodes. Left:Standard 3-channel book electrodes from Finetech-brindley,
Right: lllustration of Advanced Book Electrode in situ
[35]

ribbon that naturally conforms to the shape of the nerve[34]. These devices are as easy to
explant, without causing additional discomfort to the patient, however, this open structure does
cause a reduction in the selectivity of the device when compared to the epineurial electrodes.

The ‘Book electrode’ has found widespread clinical use in the treatment of urinary bladder
disorders by interfacing to the sacral nerve. The device consists of a block of silicone rubber
with deep-trenches embedded within it, much like the pages of a book. An example of an Active
Book electrode is shown in Figure 3.9. On each ‘page’ are platinum electrodes. Sacral nerves
are surgically positioned between the pages and are fixed in place by a silicone flap the covers
the openings, fixed with glue. These implants have been commercialised by Finetech and there
has been a large amount of clinical experience with excellent results, however, the devices are
still seen as being too large and a process of miniaturization is underway.

Another way of establishing an extraneural interface is to completely enclose a nerve in
a tubular sheath, with exposed electrodes on the inside surface. Such interfaces are called
cuff electrodes, and have found many applications in basic and clinical research. The most
simplistic way of creating these interfaces is by utilising a ‘split-cylinder’ or ‘spirdftuas
shown in Figure 3.10. Glielectrodes have many advantages over less invasive interfaces; any
stimulating current used is confined to the inner volume of the implant, avoiding the stimulation
of un-targeted nerves, and the stimulation current required is one order of magnitude less than
for other implants, due to increased proximity. Similarly, th& electrodes are relatively easy
to implant.

Cuff electrodes have to be extremely flexible and self-sizing to survive chronic applications.
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Fig. 3.10:Cuft electrodes from Fraunhofer IBMT
[19]
They are generally designed to have a slightly larger diameter than the targeted nerve to maintain
reliable interface without constricting the nerve. Any constriction could modify the nerve shape,
potentially harming larger nerves, that are most sensitive to compression.

Cuff electrodes have been proven tteo selective interfacing technology for recording and
stimulation and have a range of electrode configurations that can be tailored for the application.
The earlier models used a single electrode to allow for a robust interface. To improve selectivity
of afferent activity bi-, tri-polar and screened tri-polar arrangements of electrodes have been
developed [36, 37]. Tripolar arrangements have also been used for current steering during
stimulation to improve the selectivity and applicability of the technology [38, 39, 40].

Cuffs also improve the interface due to thHeeet of restricting the extracellular space. This
phenomena was theoretically outlined by Stein and Pearson in 1971 [41], and will be discussed
in more detail in the next chapter. Briefly, theficincreases the resistance of the extracellular
return current path by restricting the extracellular space, so that during the propagation of action
potentials along the axon the extracellular potential is increased. The physiology of the axons
is not dfected by the cffi, so this method is a less invasive way of improving the recording
interface without directly penetrating nerves. Augmenting the extracellular resistance has been
successfully demonstrated by many researchers and will form a central theme in the technology

that is developed in this thesis [42, 43, 11, 13].

Intraneural and Regenerative Interfaces

The next step to increase the selectively is to place the electrode contacts inside the targeted
nerve, thus increasing the signal-to-noise ratio and reducing the current necessary for stim-

ulation due to increased proximity. Using intraneural electrodes, individual fascicles can be
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Fig. 3.11:Schematic of LIFE electrode.
[19]
activated.

Longitudinally implanted intrafasicular electrodes (LIFE) are the most familiar of these in-
terfaces, and are comprised of thin, insulated conducting wires made of platinum-Iridium or
metallized Kevlar, that are implanted directly into the nerve. The active site is the de-insulated
strip of wire which is generally 250-150fh long. Stifer wires are more likely to cause a
foreign body response and flexible polymers have been introduced to reduce this, these im-
plants are labelled tf-LIFE electrodes. An illustration of a LIFE implant can be found in Figure
3.11. LIFEs have been shown to have good selectivity and can record nerve activity associated
with missing limb movements. However, the method of implantation is relatively involved and
establishing a large numbers of LIFE interfaces in a single patient is surgically invasive.

When a peripheral nerve is severed the distal part will degenerate to the closest node, whilst
the proximal part will regenerate in an attempt to regain connection. If the gap between the
proximal and distal part is short then the best method of obtaining a functional recovery of the
nerve is to directly suture the two ends together.

Alternatively, a sieve electrode is a flat device with an array holes that go completely through
the device, that is placed at the end of a cut nerve and designed to allow the growth of tissue
through it. Sieve electrodes have been fabricated from silicon and polyimide with electrodes
around selected holes, strategically placed to allow for recording and stimulation of regenerated
nerves. This method of recording is advantageous as it is easier to build a flat device rather
than a complex 3D structure, and once the nerve has regenerated through the hole, the whole
assembly is fixed in place to give consistent recordings over a prolonged period. Examples of

sieve electrodes and illustrations of how they are intended to be used are shown in Figure 3.12
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Fig. 3.12:Schematic of a sieve electrode application.
[19]

Fig. 3.13:Polyimide based sieve electrodes developed at IBMT

and 3.13.
The amplitude of the signals recorded from the extracellular potentials of individual axons
is extremely small, and so a considerable enhancement of the signal-to-noise ratio is required

for most clinical applications. This will be discussed further in the next chapter.



4. IMPLEMENTATION OF MICROCHANNELS AS AXONAL
AMPLIFIERS

4.1 Introduction

A neuroelectric interface that relies on the peripheralvoes systems’ natural ability to re-
generate has been the subject of significant research, kowere are numerous drawbacks
with the technology that has so far been realised. The apbentials from individual axons
within the PNS give rise to extremely small signals in theaoellular spacex 10uV) which
are dificult to detect in the low resistive medium that surroundsatkens.

Furthermore, for myelinated axons the current flows intodkieacellular space from the
regularly inter-spaced ‘nodes of Ranvier’ and unless thetsdde is positioned relatively close
to a node the signal will be too small for allow for a meaningécording[11].

Apart from stimulating devices for FES applications verw feeuroelectric devices de-
signed specifically for the PNS have reached clinical appbni. There has been limited suc-
cess with the cfli electrodes, LIFE electrodes and sieve electrodes but tise drawbacks
that restrict the final functionality; the fitelectrodes are positioned on the outside of the nerve
where selectivity is restricted, LIFE implantfer good selectivity but only have a small num-
ber of electrodes and sieve electrodes have a limited dgheit is restricted by the balance
between axon growth space and lead-out space.

The number of electrodes required for a PNS interface habewnt determined, however
the minimum number is related to the number of muscles regldy the prosthesis, which
for a lower arm device could be around 30 independent reggrsites. This number is purely
illustrative, but it represents a threshold that has nobgein reached by the conventional PNS
interface technology. Furthermore, under the conventicegime an increasing number of
electrodes may not translate to an increased functioragditpany will fail to pick up a signal.

This is because all long-term in vivo implants must be ablestiably record extracellular
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signals in the order of 10-5@%. Signals of this magnitude arefficult to detect due to thermal

Johnson noise, which for extracellular recording deviagsinined by,

VRMS = \/4kBTRAf (41)

where T is the temperature in degrees Kelvin, R is the rewisté; is the Boltzmann constant
andAf is the bandwidth for which the electrode operates.

For a recording in the PNS a metal electrode typically ogsratithin a frequency band of
10 kHz with an impedance of 1 ftranslating to a thermal Johnson noise floor of around/13
Thus, for signal that is 10/, it would be dfficult to distinguish the real signals from electrical
artefacts of the recording equipment. To make matters worgbe low-resistive extracellular
space any signal decays rapidly. Positioning a recordiextrelde next to the point at which the
current originates is not realistic with the available tealogy.

To establish a successful interface to the PNS it is necessaddress these fundamental
problems relying on solutions that are both achievable ieragineering sense and also do not
compromise the physiology. In this chapter it will be showattan &ective solution could be
reached if the extracellular medium could be made morethesidncreasing the extracellular
resistance increases the recorded signal due to the dhifaceeturn current of the action
potential being forced along a more resistive path. Thixephwill be introduced through the

theoretical work of Stein and Pearson [41] and the modedirigtzgerald et al [11].

4.2 Axonal Amplification

Neurophysiologists have utilised the idea of increasimgrésistance of the extracelullar space
for many decades. Originally hook electrodes were usedgpend a section of nerve in the
air or to immerse the nerve in oil, to increase the resistariche extracellular medium and
increase the amplitude of the recorded signals. The anildic is caused by the propagating
signal having a higher resistance for the return currett, gi$cussed in chapter two and shown
in Figure 4.1. For the suspended nerve, the extracellulaectucannot propagate in the /air
and so is restricted to the material between the fibers. Hmgs the extracellular resistance

when compared to a nerve suspended in saline, for exampkrnatively, reducing the volume
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a) Unmyelinated axon with restricted extracellular space b) Myelinated axon with restricted extracellular space

Intracellular Current Path Intracellular Current Path

Propagating AP Propagating AP

Fig. 4.1:Diagram to show restricted extracellular space and returrent path of a propagating action
potential of an a) unmyelined axon and b) myelinated axoidéna cuf

of the extracellular medium could augment the extracelltgaistivity without changing the
constituents of the extracellular medium. This idea wadagtqal by Huxley and Stampli who
demonstrated saltatory conduction in myelinated fibersdnfining a nerve fiber in a perspex
capillary of ~50 micron diameter [42]. During the experiment the extriadal resistance was
measured at0.5 MQ, compared with a resistivity of f's for saline. This experiment focussed
on restricting the extracellular space rather that suspgrttie individual axon in ofhir. This

is because immersing an individual axon (with no extratallissugfluid) would not allow for
the propagation of action potentials as there be no ionsdrettiracellular space. Stein and
Pearson showed that the extracellular medium could be made resistive using a €uelec-
trode that envelops the nerve [41]. Their theoretical apgindo explain theféect of augmented

resistance is described next.

4.2.1 The Theory of Augmenting Extracellular Resistanc@doease the Signals from

Axons

The theoretical model starts from a cylindrical axon in drreted extracellular space as shown
in Figure 4.2, where an unmyelinated axon of radius a is cedfin a cdf of radius b that

extends in the z-direction from 0 ta The axon can be modelled as a leaky cable such that the
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axonal membrane that separates the intracellular axom@lffum the extracellular space is as
combination of a distributed resistané®, (Qm) in parallel with a capacitance per unit length
sm, (F/m). The resistive current corresponds the ionic membrarectsthat were described in
the last chapter via the Nernst equations, and the capacitirent is a result of the membrane
acting as a dielectric between the two conductors [40]. Ms¢es is defined as having axial
symmetry such that potential is uniform in the transversedtiion. The intracellular space has a
resistance per unit length Bf and an external resistance per unit lerigtf44], and so the total
current inside the axoh and outside the axoR must be proportional to the potential gradients
to satisfy Ohm'’s law. If the potential inside the axopj&z, t) and the potential outside the axon

IS ge(z 1) then this relationship is written as,

dgi D

b7 liR (4.2)
Ope _

o leRe (4.3)

where the axon is defined to be extending in the z-directiOn48]. To satisfy Kirchhf’s law

the current per unit length through the membrane is then,

e o)

= ——=—— 4.4
0z 0z (4.4)

Im

where the outward flowing current is positive. Intuitivetycan be seen from Equation 4.3
for a longitudinal current, the resistivity of the extracellular mediunffects the size of the
extracellular potential. For the unrestricted cagg © 0) and remembering that the trans-
membrane potential is defined ¥g = ¢; — e, Substituting Equation 4.2 into Equation 4.4 the
current through the membrane can be written as,

doi o 1Py

im:S‘mE‘i‘R—m—E% (4.5)

which relates the membrane current to the intra-axonalnpiale Stein and Pearson showed
that for a recording electrode positioned in the extratallapace ar = z,, the longitudinal

currentle in the extracellular space (note there is also longitudinatent flowing outside of
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Fig. 4.2:Diagram to show an axon in the restricted extracellular spghat extends from 0 th. The
space is restricted by afwf radius b.
[41]

the restriction) gives an extracellular voltage recordex}, af,

Ze|

1
ouz) =940 - 5 [ 102 (4.6)
e
0
whereGg is the conductance of the extracellular medium that is dirqaroportional to the
cross-sectional area and conductivity of the medium in thieo,, and is inversely proportional
to the length of the dtiwhere,

_ n(b? — )

Ge = L = R;1 (4-7)

Again, Stein and Pearson assumed that the extracelluldrdan be modelled as a distributed
resistance where radial voltage drops are neglected. $hiswgption was shown to be valid as

long as the expression,
2 2 b 2
(b= —a‘)In (5) < 2L (4.8)

is satisfied, assuring that the transverse conductancedhk tatger than the longitudinal con-
ductance. SimilarlyG; is the conductance inside the ax@ & ifi:R.‘l). Stein and Pearson

argued that the extracellular current in the restrictedsgan be related to the trans-membrane
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current by integrating Equation 4.4 over z.

le = fimdz' +y (4.9)

wherey is a constant of integration. By substituting equation 418 iequation 4.6 the trans-
membrane current can be related to the extracellular patentz. The constant of integration
can be evaluated by applying equation 4.6 at the bounddribe @xtracellular restriction and
equilibrating, as the potential is the same at0 andz = L. Thus, the extracellular potential in

the cuf can be expressed as,

0u2) = Gi jl{fide’}dz’ ; chse jl{fimdz”}dz’ ; (1— E)¢e(0)+ Egoe(L) (4.10)

Finally, the membrane current can be written in terms of gkean the trans-membrane potential

and the potential in the extracellular space by substigufiquation 4.2 into Equation 4.4 to get,

_ _ &pi

_az(Vm"“Pe)
in=-Ggg = G—a

-G (4.11)

Substituting this expression into Equation 4.10 yieldsdkieacellular potential inside the u

as a function of z as,

0o(?) = Gecii 5 [(1 - E)Vm(O) — V(@) + Evm(L)] ; (1 - E)goe(O) + ool (4.12)

If a recording electrode is placed at the mid-point of thalaestriction g = %zzd) and mea-

suring potential relative to a reference electrode planeaifiuid outside the dti ¢+, then the

measured potential will be,

G Vm(0) - 2Vm(%) + V(L) + ©e(0) + (L) s

Ge + G 2 2 (4.13)

¢rec = Pe(Zel) — o5 =

Stein and Pearson argued that for experimental recordinatgins the voltages associated with
the reference electrode and at the two positions at the eabbifahe cuf would be insignificant

as they are in contact with a large volume of unrestrictediamed This cancels the last two
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terms and the recorded potential can be written as,

G AV,
Ge + Gi 2

$REC = (4.14)

whereA?V,, is the second dierence of the membrane potential, which depends on thehefgt
the cuf and the conduction velocity of the action potential insige ¢uf, v.. For the recording

set-up described, this can be expressed as,

A, Vm(t+2) Vin(t - )
> = > - Vn(t) + > (4.15)
Where,
_ Vn(z+K)-Vn(@) . 0Vn
AV = K =M 5z (4.16)

and it is presumed that for a propagating action poten@akliing in the positive z-direction

with a velocity ofv. the spatial and time derivatives depend on each other as,

O0Vm 10Vn
_m_ _—-Z'm 4.17
0z ve Ot ( )

as shown by Hodgkin and Huxley. From Equation 4.14 and 4.&aritbe seen that the ampli-
tude of the recorded potential depends on two factors;l¥itke relative cross-sectional areas
and conductivities of the extracellular and intracellutaedia are accounted for by tlg,%'f
term; Secondly, the secondfidirence equation that depends on the length of tifieand the
conduction velocity as;i. If L is small then the recorded potential will closely resemhke t
derivative of the trans-membrane potential, as can be seequation 4.16. Stein and Pearson
further showed for large values bfand for the condition thad < b (both are true for most
recording situations) the peak amplitude of the recordgdadibecomes independentlofind

is roughly equivalent to,

382073/

= 4.18
¥REC 220% ( )
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thus for largel and for the situation where the radius of thdéfda fixed, the peak amplitude
varies as the square of the radius of the axon inside the ehafhis expression shows that
restricting the extracellular space amplifies the signéhwigain that is dependent on the ge-
ometry and relative resistivity’s of the intracellular aextracellular spaces. This phenomenon
is therefore referred to as axonal amplification.

Marks and Loeb applied the same theory to include myelinaxedhs [40] and they noted
that when the length of the restrictivefEus of the same size as the internodal distange (
30Qum for a regenerated axon) the longitudinal position of theasodtects the waveform
of the potential recorded at the midpoint of theffcuHowever, if the length of the ¢liis at
least four times longer than the internodal length then taeeform is unfected. This should
be regarded as minimum length of the extracellularly-tedispace and the axonal amplifier
should be at least 1.2 mm long. The conductance’s of thecelitdar fluid and extracellular
fluid can be estimated from the literature@as =0.91 $m [46] andoe =0.5 Sm [47] which

substituted into Equation 4.18 gives,

2.7a%V,
$PREC ¥ % (4.19)

For an axon of 2m-diameter in a channel of 36diameter (Area of channels1000um?), for
a|Vnl = 30 mV (peak amplitude) the corresponding recorded potemtiald be 250V, which

would be well above the noise level of most recording eleteso

4.2.2 Modelling of a Micro-Channel as Axonal Amplifier

To gain a fuller understanding of the benefits of axonal aficplion a team from the Cambridge
Centre for Brain repair used finite element analysis teal@sdo investigate the extracellular
signals that can be recorded when altering the size of tha ard relative channel cross-
sectional area for both myelinated and unmyelinated [Xl¢rdler to supplement the theoretical
approach from Stein and Pearson and Marks and Loeb thegestliis study are also discussed
briefly. The model used axisymmetric geometry shown in Fagu8 swept through 36@o give
the structure of the axon in the channel. As can be seen, tiels and the axon inside it were
both assumed to be isotropic cylinders of a controlled diame

The unmyelinated axon model consisted of an interior spaide the axon and extracellu-
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Fig. 4.3:Simulation geometry of FEM analysis by Fitzgerald in 2008pT2D axisymmetric unmyeli-
nated axon. Middle; In the analysis the 2D model is swept 88€r to give the 3D structure.
Bottom; Myelin segments added to accommodate myelinatedsax the model
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Fig. 4.4:Modelled AP for zm diameter unmyelinated axon (Left), anqub@diameter myelinated axon
(Right) in an unrestricted space.

[11]
lar space modelled as volume conductors with a resistivity,@ndo- (in the direction parallel
to the membrane) respectively, separated by the axon meefidg. Unlike the Stein and Pear-
son model the current was not restricted to longitudingh@and the extracellular space had a
finite transverse resistivity that was approximately smes that of the longitudinal resistivity.
For myelinated axons aftierent geometry was used to account for inter-nodal spacing.

The modelled action potentials for both myelinated and welimgited axons are shown in
Figure 4.4, comprising of both the sodium and potassium ectasces given below each volt-
age curve. Itis clear to see that the external potentialgd@&minuscule with respect to inter-
nal potential change for both unmyelinated and myelinaxet gas expected in the unrestricted
extracellular space. This figure demonstrates the fund&hemblem in trying to record from
individual axons in the peripheral nervous system, as therpial on the extracellular surface

changes little over the course of the ‘activity’.
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Fig. 4.5:Modelled AP for 1@m diameter myelinated axon as it approaches the channe), @iogh at the
midway point of the 100@m? channel (Below).

Extracellular Amplification in the Channel

Figure 4.5 shows the AP of a 10n diameter myelinated axon as it approaches a 1060
channel and at the mid-point of the channel. Again in theghr@anel space the potential on
the exterior of the membrane is extremely small comparetidgartterior potential during the
action potential. When the axon is confined, potential onink&le surface of the membrane
falls from ~35mV to~20mV and the exterior potential becomes triphasic, withspldicement
from the horizontal of around 10mV in both the positive andate/e peaks.

Figure 4.5 shows the benefit of confining the axon in a chanhelrgvthe microchannels
provides amplification to the extracellular potential ahd signal has positive and negative

maxima in the order o£10mV for the myelinated axon.
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[11]

Varying Channel Length, Area and Axon Diameter

The study also investigated thé&ext of varying the channel area, the axon diameter and the
variation of channel length on the ability to record extiadar potential and the results are
briefly discussed below. Figure 4.6 shows tHieet of varying the channel’s cross-sectional
area (channel leng#i cm) that encloses the axon to highlight the proportiopdgtween
increasing extracellular space and decreasing amplditatiarying the axon diameter with
respect to a constant channel width (channel leagitbm) produces the samdfect. This
suggests that for in vivo applications the recordings walldominated by larger axons, as the
amplification factor is not universal for all axons of vanyithickness’s.

Figure 4.6 also shows that increasing channel length (eHamea-1000um) gives a similar
increase in the ability to record action potentials. Howgthee curve appears to straighten out
as the length of the channel begins to extend over 10 mm, stiggdehat there may be a
saturation point where the increasing the length of chanwoeld not lead to a notable increase
in the signal recorded.

This study reinforces the theoretical platform for the dasdf a regenerative implant by
utilising insulating channels as axonal amplifiers. To twemn optimal interface the channel
should have a cross-sectional area that is similar to thdteofixon that is being targeted and
the channel should at least be 10 mm long. Anythii@® mm could provide an additional
bonus up to the saturation point.

However, it is impractical for most regenerative applioas to arbitrarily increase the dis-

tance through which the axon regenerates as the physiofaipe @xon changes. It has been
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suggested that neurite regeneration cannot be supporéedaoge distances-@cm) in a poly-
meric interface without adding supporting growth factarstsas Schwann cells[17][48]. No
growth factors were used or considered in the evolution@fttiral peripheral nerve interface,
and so the maximum length of the interface had to be reducamidiagly.

Comparing the work from Stein and Pearson with that of Fitalgeshows much agreement.
In Figure 4.6 Fitzgerald’s modelling suggests that an urimgted axon of 2um diameter in
a channel with a cross-sectional area of 106¢ gives an extracellular potential 64004V,
compared to 25@V from Stein and Pearson from the same geometry.

It may not be suitable to compare the studies directly as simased on a finite element
analysis that allows transverse currents to flow in the egthalar space, where the other is de-
pendent on the axial symmetry of the uniform transverseniateo estimate the amplification.
For the Fitzgerald model the transverse potential is nogsearily uniform in the extracellular
space as the current is allowed to spread.

Despite these discrepancies, it has been well establishmEth studies that confining axons
in micro-channels provides substantial amplification ® éxtracellular signal, increasing the
ability to record from the PNS. In the following chaptersioé thesis it will be shown how these
theoretical models have directed the fabrication of a matrannel array that can be implanted

into the PNS to record extracellular signals.



5. METHODS OF FABRICATING AND TESTING POLYIMIDE DEVICES

This section of the thesis provides a brief outline of thecpssing methods that have been
used to fabricate and test the neural interfaces presentdusi thesis. For fabrication the
chapter describes: the handling and cleaning methodsabneé#tion of polyimide layers, the
methods used to deposit thin metal films, the photolithdgiaprocedures used to define the
metallized layers, and the use of plasma etching to cleasaimples. These methods are based
on techniques that have been established in the fabricattimicrotechnologies for decades and
have become essential in the fabrication of the SPNI. Foller fdescription of the fabrication
processes that are outlined in this chapter there are $é&amias on the subject, including [49,
50].

The final section of the chapter will focus on the methods tieate been used to test
the neural interfaces, including the use of an impedancéyserato characterise the elec-
trodgelectrolyte interface and an Instron Microtester, to datee the ability of the polyimide

device to withstand longitudinal tensile loading.

5.1 Methods used to fabricate polyimide devices

5.1.1 The Silicon Wafer

All fabrication procedures discussed herein begin withG0}Xkilicon wafer that has been pre-
treated with a 250 nm oxidised surface layer, which is alsmknas the ‘handle’ or ‘carrier’
or simply ‘wafer’. Handle wafers are used in microfabrioatprocesses as theffer good re-
sistance to chemical processes and thermal stability gletnng at elevated temperatures; the
SPNI is fabricated on a 4” diameter handle wafer. The suréddbe handle wafer is cleaned
by rinsing the surface with acetone to remove any organitacomants, before being further
rinsed with isoproponol (IPA) to remove the contaminateetaise, which is then blown dry

using N.. The wafer is then dehydrated by elevating the temperafulteeovafer using a hot-
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plate to around 15C. This evaporates any water molecules that have condensethe wafer

surface from water vapour in the surrounding environment.

5.1.2 Spin Coating Polyimide Resins and photoresist

To fabricate thin, homogeneous layers of polyimide a resideposited onto the centre of the
handle wafer and spun. The film thickness decreases as #rs@sqguare root of the spin speed
which can then be altered to define a certain range of film ti@sk that can be achieved. For
low spin speeds or particularly thick layersa0Qum) the time required to achieve a final constant
film thickness increases. The final film thickness is not onfyraction of viscosity and spin
speed but also on the amount of resist that is dispensed loatsubstrate. The polyimide is
dissolved in a solvent to make the resin and during the fisstdeconds of spin coating the
solvent concentration falls quickly and then saturate®tbas the value determined by the
resist film thickness. The amount of solvent in the film can ln¢her reduced at elevated
temperatures during a ‘softbake’. The relationship betwie resulting film thickness and
spin speed used is called the ‘spin-profile’, and is geneealhilable from the suppliers of the
material[51, 52, 53].

This process is also used for photoresist, a light sensitiaerial that is used to construct
a patterned coating on a surface. The coating is usuallycarddihe surface to protect certain
parts of the films during chemical wet etching. The two phe$asts used in the thesis are S1813
(Microposit, Shipley) and SPR-220-7 (Megaposit, Shipley)

The method of spinning does not always produce perfectlyfiflats, as areas that are
slightly thicker than the desired thickness can form on #émgghery of the wafer. These regions
generally occur when applying thick layers of photoresiat] are referred to as ‘edge-beads’.
The formation of an edge-bead can be detrimental to thedatioon of the overall device, as it
can reduce the resolution of the photolithographic praassvill be discussed later. Methods
have been developed to remove edge-beads, including usghgre to strip the thicker area of
the wafer, or having extra photolithographic steps thateradicate them, but the most desir-
able method of avoiding edge-beads is to optimise the spatittg methods, by increasing the

amount of time that the wafer is spun or increasing the spiedp
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Methods to determine the film thickness

The thickness’s of all films discussed in the following clept are measured using a Dektak
surface profiler (Bruker Corp), unless otherwise statede 3ystem operates by dragging a
low-force stylus across the surface of the sample, and mgadf any variation in the step
height. According to the operators manual the system carsuneatep-heights in the range
of 200-655000A[54], although surface abnormalities ceusethe fabrication process, such as
contaminants from a poorly developed substrate, and thgesbiathe stylus itself, would be
expected to dominate for very thin films. As a result, any fithet are less than Q/, such as
the metallization layers, are always stated as approxin&tsilarly, the very thick polyimide
layers used to make the insulating walls of the micro-chenrwuld not be measured using the
Dektak, as they are out of the measurement range. Insteactemater was used on these very
thick films. It should be noted that any variation in the ambionditions of the cleanroom, or
the amount of resjinesist deposited onto the film prior to spinning may causeriatian in the
film thickness. To minimise these conditions, the fabrmafrocess was kept as consistent as

possible.

Soft baking of Polyimide resins and photoresist

Soft baking is a process of hardening the spun resin by eaipgrsome of the solvent at
elevated temperature to enable the photolithographicsses, by turning the liquid photoresist
or polyimide into a semi-cured state that can be handlediyeasi

For both photosensitive and non-photosensitive polyinhgesbft bake was performed on
a hotplate using a slow temperature ramp of@890°C at 3C per minute. The slow baking
step was used so not to cause defects, via bubble formawothé&very thick polyimide layers,
used to fabricate the micro-channel walls in chapters 6d718n a softbake was performed by
ramping between 0°® per minute between 3G and 70C, and then at’IC per minute up to
100°C where it was held for 10 minutes.

For S1813, the thinner photoresist discussed in chaptersl& ano soft bake ramp was
used. Instead the sample was placed on a hotplate that hagteeeated to 12C and held
for 6 minutes. For the thicker photoresist, SPR-220-7 dised in chapters 7, a ‘drop-down’

softbake was used where the sample was placed on a hotp&d&Catand held for 2 minutes.
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Light Exposure

D eveloper removes unwe ult d material

—M

Fig. 5.1:1llustration of the photolithographic process, a) film igdsited onto wafer, b) areas of the
film are exposed to light, whilst everything else remainsxposed, c) developer removes the
unwanted material.

After this the sample was transferred onto a second hotptel20C, and held for 6 minutes.
The ‘drop-down’ procedure stops deformations in thick faydter the softbake samples were

left on the bench for at least 20 minutes to allow them to cool.

5.1.3 Photolithography

Photolithography is the process of changing the chemioattire of a material by exposing in
to light. It is used to pattern the deposited film by changimgadhemical structure of an exposed
area, making it more or less soluble to chemical developtsreby, the regions that become
more soluble will be etched away, or ‘developed’, by introdg the film to an appropriate de-
veloper. A ‘photomask’ is used to block the exposure of lightreate a pattern which can then
be defined in the developers. After development, only theetsegions remain, as illustrated
in Figure 5.1. The illustration represents a negative plitttographic process, where the ex-
posed region remains after the development. The photatsensolyimides used in this thesis
(Durimide 7505 and 7020, Fuijifilm) are both ‘negative’ mabrand the photo-mask has to be
designed accordingly. The photoresists used in this tlaesipositive’-photomaterials.

For the work presented in this thesis the PSPI and photbaesidoth exposed using UV
light in the wavelength range of 380-400 nm (i-line), usinGanon mask aligner. The PSPI
is developed using the ancillaries HTR-D2 and RER-600, aedific method for development
has been optimised, that will be discussed later. For theopbsists, either MF-319 or MF-26A

from Shipley is used.
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Fig. 5.2:Polaron Thermal Evaporator

5.1.4 Fabrication of Thin Metal Features

To fabricate the thin metal layers that eventually form tleeteodes, tracks and connection pads
of the neural interfaces, thermal evaporation is used.Htgrthe sample that is to be coated with
the metal films is placed upside down in a vacuum chamber. &beum chamber is pumped
down to<1x105 mbar before the metal films can be evaporated. To evapdratmétal, a
current is passed through a source containing the matewairyg it to heat up and sublime. As
there is no air in the chamber the mean free path of the subimesal particles is high, allowing
them to reach the surface of the sample. They cool on theceuidadeposit a pure metal film the
thickness of which depends on the amount of current thatdsqehthrough the source and the
amount of time of evaporation; where higher currents anddoevaporations result in thicker
films. For the metallization discussed in chapters 6 and Thiienal evaporation is performed
in a Polaron thermal evaporator (Quorum Technologies,digcued), as shown in Figure 5.2.
To fabricate the metal films for the neural devices, an adindsiyer of chrome is evaporated
first followed by a gold layer. To evaporate the chrome, aanrof 50A is passed through a
tungsten rod that is coated with pure chrome, for 30 secorusadhesion layer is followed by
the gold for which a current of 22A is passed through an alararncible, with pure gold pellets
inside, for 1 minute. This results in metallized layers tis~80nm and~200nm of chrome
and gold respectively. The adhesion layer is necessaryldsiges not adhere to polyimide
particularly well. Chrome is not biocompatible, so in figulevelopment of the neural interface

this should perhaps be exchanged with titanium.
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5.1.5 Etching and other surface treatments

To pattern the metallized layers chemical wet etching canidesl where the metal layer is
attacked by chemical that is introduced to the surface. ®atera metallized pattern, some
areas of the metal are protected by a layer of photoresish#dsabeen defined into the desired
pattern using photolithography. The unprotected areasesmeved by the etchant whilst the
protected areas remain. After this, the photoresist ip@dd from the surface to reveal the
metallized pattern.

For the neural interfaces developed in chapters 6 and 7 thalination is coated in layer
of either S1813 or SPR-220-7 photoresist that is definedth®#celectrodes, connection pads
and tracks that connect the two. To etch the gold, the erdirgte is immersed in a potassium
iodide solution, typically for 40 seconds and then rinsethwleionised water. For the chrome
layer, the sample is immersed for 15 seconds, to etch theotegted chrome layer away, and

again the sample is rinsed with deionised water.

Oxygen Plasma Etching and UVO Cleaning

Oxygen plasma etching (OPE) uses plasma of ionised particlbombard the surface of the
sample to etch away unwanted material. OPE is not diredtaordhacts isotropically at the sam-
ple surface, in a similar way to a chemical etchant. To perf@PE, the sample is transferred
into a vacuum chamber and pumped down to an appropriateupeesafter the chamber has
been evacuated oxygen is allowed to flow into the chambertwikithen ionised by applying
a large potential between a cathode and an anode. The lamg@ipbcauses any free electrons
in the oxygen gas to accelerate towards the anode, whiclesaoflisions to occur between the
fast-moving ‘hot’ electrons and the slow moving ‘cold’ oxgrgmolecules. These collisions can
ionize the oxygen molecules to cause a cascé@etdo create the plasma.

OPE is used to clean the samples by removing organic mattéraipters 6 and 7 and OPE
is also used to ‘de-scum’ any polyimide residue that is remgion the electrode surfaces after
processing. For this treatment, the sample is loaded irgdoéirel etcher and pumped down
to a pressure of1lmbar(according to the manufacturer’'s manual[55], nangitevas made to
measure the pressure inside the chamber), the sample wasdlto pump down for three

minutes prior to the etching. The oxygen plasma was formedadiowed to etch the sample
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The baking process of the curing of the polyimide devices
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Fig. 5.3: An illustration of the curing temperatures used to hardebidle polyimide devices.

for a period of 10 minutes. After the etching the barrel etchas vented and the sample was
removed. The oxygen plasma etcher was the Femto model fremeDElectronics.

Another method of cleaning the samples was employed in eh&@ptwhere a Jelight UVO
cleaner was utilised. Again this system can be used to reamyerganic surface contaminants
such as oil or photoresists. The UVO cleaning method is agseoisitized oxidation process
in which the organic contaminants are excited/andlissociated by the absorption of short-
wavelength, ultra-violet radiation. The resulting protducf the excitation react with atomic
oxygen, that is formed simultaneously through the absomnpif UV, to form simpler molecules
that can are readily removed from the surface. By combiregé two surface treatments it

was hoped that the electrodes would be free of any contarsinan

5.1.6 Curing of the polyimide structures

To cure the polyimide structures, a hardbake was performadonvection oven, in an oxygen-
free environment, according to diagram shown in Figure Bt final baking step cured the PI-
2611 at 350C for 60 minutes. The dual-step baking was designed to geednvection oven
enough time to achieve the oxygen-free environment, befieéemperature rose above 2G0

If oxygen had been present above 20@he P1-2611 layers would have burned, which seriously
impacts on material properties, making it unsuitable foriraplant. Baking the samples in
this way drives of any remaining solvent in the polyimidedessand imidizes them into the
final structures. Without performing the final cure, the pmoligle structures are not as durable

and are potentially more susceptible to up-take of watettloeracontaminants, which may be
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Laurier M9

Fig. 5.4:Laurier M9 Flip-Chip bonder
[56]

detrimental in the chronic performance of the implant.

5.1.7 Flip-Chip Bonding

A flip chip bonder is bonding tool that is designed to perforaldccompression, thermal-
compression, adhesive cures and reflows solder bonding M$4tevices of various substrates.
In chapter 10 a flip-chip bonder (Laurier-M9,BESI) is usedhigestigate the adhesive bonding
of polyimide films. The bonder is able to apply a significaregsure (up to the equivalent of a
50 kg mass) over the entire surface of the wafer, and heataimpdrature of up-to 50Q, in a
system that is programmable to optimise the curing and Imgnpliessure ramps. To partially
cure the polyimide without burning the material in the atptuere, the temperature of the plates

was restricted to 20C for these experiments. The flip-chip bonder is shown in 4.

5.2 Methods used to test polyimide devices

5.2.1 Electrochemical Impedance spectroscopy

As discussed in a previous chapter, bioelectric potential® axons are carried in an elec-
trolytic media as ionic currents. For neural recording, itthh@c currents are transduced into
electronic signals at the electrode by a capacitive cogpéind by a charge transfer reac-

tions. Electrochemical impedance spectroscopy (EIS) kas sed to characterize the elec-
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trodgelectrolyte interface for many micro-fabricated elecasd

The impedance of the electrode determines the electrodity &b record neural signals
and EIS is performed by measuring the electrical impedandephase angle obtained when
the electrode is excited by a sinusoidal voltage or curr@éatfind the impedance spectra, the
impedance is measured over a broad frequency range thaically between 10 H21 MHz.
Biological signals fall typically in the lower frequencymge « 10kHz) where as predominantly
higher frequency phenomena includes leakage capacitdribe electronic components. For
voltage excitation, the source is typically less than 50 BY] |

Many, if not all, neural interfaces have been tested usimgestorm EIS, and so it can
serve as a useful comparison for the electrelgetrolyte characteristics of the neural interfaces
developed in chapter 6 and 7. The samples were investigaied BIS to check that the fabri-
cation process had been successful, and that the impedatieealectrodes was not too high
to recordstimulate neural signals.

All EIS measurements were performed using a two-electretigs, connected to a network
analyser (HP 9424, Hewlett Packard) in a saline solutiohwlza designed to match the salty
constituents of the human body, as shown in Figure 5.5. Tdity solution was made by
mixing 8.6 g of sodium chloride in one litre of deionised wat&he first electrode was the
micro-fabricated gold electrode of the neural interface i@ second electrode was a platinum
counter electrode, that had an electrode surface of 0.4 dmsiaA sinusoidal signal of 5 mV
was applied between the electrode, and the impedance mdgrihd the phase were measured
for a frequency range between 40 Hz and 1 MHz, unless othestéted.

To perform the EIS the devices were glued to a convention®d R@ade in house) and
wire bonded using 2pm diameter aluminium wire, as shown in Figure 5.6. The samjale
lowered into the saline solution and fixed in place using &adde clip. The section of the
device that was being investigated was allowed to sit jusibéhe surface of the saline, and it
was ensured that the saline did not reach the connectiongbdle SPNI. Each channel could
be investigated by connecting to the terminal of the impedamalyser, via a DIL socket that
was soldered to the conventional PCB, as shown in Figurelé .counter electrode was very
large compared to the micro-electrodes (actual areas wel@an? for the SPNI electrode

and~5x10’um? for the counter electrode), representing a negligible apee compared to
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Electrodes under test in electrolyte

Fig. 5.5:Experimental set-up used to measure electrode chardicigri$op; Positioning of SPNI and
counter electrode in electrolyte, Bottom; Electrodes unelst connected to Network Analyser
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Fig. 5.6: The SPNI was bonded to an additional PCB, to perform the EIS

the electrode under test. The network analyser was softea@rgolled by a custom-written
LabView (National Instruments) program written by Andréasmmbhold, to allow for ficient

data extraction.

Operation of Impedance Network Analyser

The impedance analyser operates through an auto-balametgge method which is illustrated
in Figure 5.7. Put simply, the complex impedance of the deuitder test (DUT) can be mea-
sured using the voltmeter and ammeter (to measure magmiheiighase) in response to a signal
generated at the signal source. In the auto balancing bnggleod, the test signal current flow-

ing though the DUT, J also flows through a ‘range’ resistor,;,Ro maintain a zero potential at
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(a) The simplest model for (b) Impedance measurement
impedance measurement using an operational amplifier

Fig. 5.7:Principle of Auto-Balancing bridge method-obtained froseumanual of impedance analyser
[58]

the ‘low’ terminal. The voltage at the low terminal is congtg monitored and balanced to zero

by a feedback loop controlled through an IV converter anelifil he impedance of the device

is then determined via a measurement of the voltage at tiet@igninal through Y and also at

the range resistor through Mand then applying the equation,

Vx

I

Z, = —R—— (5.1)

as the value of the range resistor is known. This measuresysie¢m allows for a high ac-
curacy (0.08% of measured impedance) impedance measurewsra large frequency range
between 40-110MHz with an injected signal level of 5mv to 4 The analyser can mea-
sure impedances in the range of @rand 500M2 and the phase which will be between 0 and

-90°[58].

5.2.2 Tensile Strength Testing

The mechanical durability of neural interfaces is an im@atrconsideration in the design and
application, as the devices have to be capable of survianglng, implantation and movement
of the patient during its lifetime. Any mechanical weaknekthe neural device during these
phases would limit its ability to provide a stable recordgtignulation platform.

To test the overall mechanical strength of the device, @seffitensile tests were conducted
using an Instron Environmental Mechanical Analyser (lmst6848 MicroTester), that is able

to measure mechanical properties, such as tensile and eesiyg strengths, under conditions
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Instron Microtester

Pneumatic Grips

Fig. 5.8:The Instron Microtester.

of controlled temperature and humidity.

To test the polyimide interface, the two ends of the deviceeviiged onto the testing stage
by the grips shown in Figure 5.8, and pulled apart at a rate thth per second. The grip
were either pneumatically operated, or fixed manually uscrgws. The test was ended au-
tomatically when the measured rate of extension was 40%iday the same applied load,
indicating a physical break of some sort. The tests wereopadd using a 100N load cell and
2kN stage and were designed to be illustrative of the devagesall ability to withstand lon-
gitudinal mechanical stress. To allow for data extractiom hstron tester is synchronised to
software called ‘Bluehill 2’, that automatically calcwattthe load, strain, Young’s modulus and

tensile extension of the sample, giving some in-puttedaintbnditions.



6. THE DEVELOPMENT OF THE SPIRAL PERIPHERAL NERVE
INTERFACE

6.1 Introduction

The spiral peripheral nerve interface (SPNI) has been dpeel to record neural activity of
regenerated axons whilst utilising micro-channels as akamplifiers, introduced in chapter
four. The benefits of augmenting the extracellular intexfaave been outlined but it is neces-
sary to consider the biological aspects of the constrictimbuild a more complete model of
the physiological environment Lacour et al investigatesldbtimal channel cross-section and
density using in vitro cultures of the dorsal root ganglidmais[59] and the results from this
work will be introduced first.

The passive experiments of Lacour et al inspired an imptdatdevice that is capable of
providing a chronic recording array for use with technolaggigned to compensate for a loss
of motor function. The latter parts of the chapter preseatgtocess through which the first

recording micro-channel arrays was realised.

6.2 In Vitro study of axon outgrowth as a function of channel size, shade a

transparency

The first study by Lacour used 2D channel arrays of polyinkgedllin 2611(HD Microsys-
tems) and Photosensitive Durimide 7020 and 7505) to testffeetiveness of ‘artificial’ me-
chanical guidance of axon growth through micro-channetssBl root ganglions were seeded
on a plating area and neurites were allowed to extend towhedshannels as shown in Figure
6.1. From this study Lacour suggested that the best axopaltigrwould be achieved when
the width of the channel and the spacing between channela ta® of 1:1. This allows for

an dficient entry of axons into the channels and when the transpai& the device (the ratio
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Fig. 6.1:Left; Dorsal Root Ganglions cultured onto polyimide arrays have an oblique approach, strait
approach or turn away Right; Proportion of cultured neurites entering the 2D channels versus
channel array transparency for a) neonatal rats and b) adult rats.

[59]
between the channel width and the channel pitch) »&3% the number of fibers entering the

device was 80%, as shown in Figure 6.1.

6.2.1 3D Micro-channel structures

Polyimide micro-channels can support axon growth in the 2D plane but to achieve total encap-
sulation it is necessary to convert the planar micro-channels into a full 3D interface. Polyimide
is a highly flexible material and can be rolled along the length of the channels as in Figure 6.2.
This results in a mesh of parallel channels on concentric substrate layers that form a ‘swiss
roll’ spiral-type structure as shown in Figure 6.3. Once rolled the polyimde devices can be
inserted into silicone tubes, with an internal diameter of 1.5mm. The tube stops the polyimde
from unravelling and also allows easier handling during the surgical process. Lacour et al [60]
implanted this polyimide structure into the sciatic nerve of adult rats for 4 to 12 weeks and
evaluated the axon regeneration, vasculation and the biocompatibility of the PI.

All the devices tested were passive, without the metallization, and so the fabrication process
consisted of; Spinning a 2&@m thick layer Pl substrate layer onto a silicon carrier wafer and
curing to create a substrate before a furthep#Othick layer of Photosensitive PI (Durimide
7020) was spun, defined into the 2D channel structure using photolithography and cured. After
curing the devices were peeled from the wafer and cut into shape using scissors before being
rolled and inserted into the silicone tube as described. The channel dimensions wenex70

40 um and each channel was separated by a wall gimdQall PSPI that was 30m wide. The
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Fig. 6.2:The 2D channel array (Far Left) is rolled to give the 3D impl@iddle Left) which results in
‘Swiss roll' micro-channel arrangement as pictured (MaRlight). Once the device have been
rolled they are inserted into silicone tubing(Far Right)

[60]
channels were 6 mm long and the sciatic nerve was suturee t&iltbone tubing at a distance
of 3 mm from the channels. At four weeks and twelve weeks poptantation the devices
were ex-planted and any regenerated material in the de\aserwestigated.

Unfortunately, axon regeneration through the polymeridaewas low and in the devices
that had been in the animal for twelve weeks mainly connedissue and blood vessels had
occupied the available space. It was suggested that the4ti@nnel cross-section and trans-
parency may be too small to support regeneration. The temespy of the rolled device is lower
than the 2D planar equivalent array due to the substratesépatrates each concentric layer of
channels; as the calculation of transparency include$aliralls that enclose the space. For

channel width of 7Qum x 40um the transparency is 43%;

_Areaof Channel wit

~ Total Area of Device (W + S)(t + X)
_ 280Qu 2800

~ (10Qum)(65um) 6500

T =043

WhereT is the transparencyy is the width of the channekis the width of the wallt is the
height of wall andk is the substrate thickness. At this transparency it wouledpected that the
maximum proportion of neurons to enter the channels is o@y @6 from Figure 6.1, which
is not ideal for a regenerative application. Furthermohne, study also investigated silicone
implants with channel dimension 1Q@6n x 100um (Transparency0.49) that showed good

axon regeneration and vasculation. All regenerated axens surrounded by fibrous tissue that
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in some cases filled up to half of the channel space, howebaditeen clearly demonstrated
that the arrays of channels with a cross-section of@@@ 100um could support regenerating
axons. Blood vessels were found to grow through channels Gprtm in length, vital to supply

oxygen and nutrients to the regenerating tissue[60]. Thigsstudy showed that not only was
the transparency important for neurites entering the oblabut the diameter of the channel

should be large enough to support regenerated fibers in dreh

6.3 The Spiral Peripheral Nerve Interface

The passive devices had shown that polyimide channels cugdgdort nerve regeneration in
vitro and in vivo. From the theoretical work it had been sigigd that a micro-channel that is
of a similar size to the regenerated axon would give the nmogtification, and a micro-channel
of up to 1 cm should be considered. The method of rolling tHgipade structure into the 3D
polymeric micro-channel interface was a realistic methbaahieving axonal amplification
but, although regeneration is possible without growthdes;tthe polyimide implants that had
a channel cross-section of 70 x 4fn? showed relatively poor regeneration compared to a
silicone implant that had a channel of L@@ diameter.

Building on the theoretical predictions and the invesimabf nerve regeneration in the
micro-channel array, an implant has been designed with ddduakelectrodes that are capable
of recording activity form the regenerated tissue. SamianBerah designed and fabricated the
implant using computer assisted design software and pgesdbat were discussed in Chapter

4.

6.3.1 Design

To improve the regeneration of the axons the micro-chaninleopolyimide scéold size was
increased to 100m square channels, made from polyimide walls on top of a flexablyimide
substrate. Making the channels larger increases the @earsgy, allowing more regenerative
media to enter the device. Once inside the SPNI, electrod®a@ded into the channels can
detect nerve signals from the regenerated tissue. Theaest are coupled to connection
pads via tracks that extend down the length of the device thattexternal connections could

be made through a zero-insertion force connector, or byciijréixing external wiring with a
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Fig. 6.3:Left; Schematic of Spiral Peripheral Nerve interface wibarding capability, Right; Scanning
Electron Microscope image of micro-channel array
conductive epoxy.

A channel of 100 x 10@m has a cross-sectional area of 100@®, which is the equivalent
of a circle with a radius of 5am. From the theory of Stein and Pearson (Equation 4.19) it can
be suggested that an unmyelinated axon ghtradius in a channel of 56m-radius with a
peak trans-membrane potential of 30 mV would be expected/éagrecorded potential of 25
uV for an electrode placed at the mid-point of the channelhéf ¢lectrode has an impedance
of 1 MQ at 1000 Hz recording with a bandwidth of 10 kHz, Equation 4ifgests that this
potential would be x2.5 above the noise floor and should berdable. Thus a 100 x 1Q@m
channel should be suitable to provide an adequate amountoofahamplification to record

from the regenerated fibers.

Electrode Size and Placement

During the study of the passive devices it was found thatdlgerk closer to the centre of the
spiral supported more axon regeneration than the outerdayee inner rolls of the device cor-
respond to channels that are near to the end of the deviceelreling and thus the electrodes
were placed as close as possible to this region. As such|abiagles were designed to be on
the third roll of the device.

Each electrode was designed to be in the middle of its desdrméaiannel, with one electrode
per channel, as the theoretical predictions indicatedttfeabmplifying éfects of the channels

was maximised at the centre. To reduce the amount of crdsbdtween the recording sites,
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Fig. 6.4:Electrodes defined onto each gold track

the electrodes were not designed to be in neighbouring @sirend were instead designed to
be situated in every 4th channel with a g@®spacing between recording sites when the device
is unrolled. The electrodes were designed to be 490x 30 um. Positioning the electrodes
on the inside rolls of the spiral causes them to experienae rstoain than they would in the
outer rolls, as the radius of curvature is smaller and seetieemore bending in the thin-film
metal layer. The strain is an important factor to considahaperformance of the device, as
too much strain can cause fracture and failure of the metat.I& his will be discussed in detail

in the next chapter, however it should be noted that very fewoss have failed in the studies
reported so far. Both Benmerah and Lacour calculated tleasubstrate needed to be around
25um-thick to ensure that the stress on the wiring was minimj&6d60]. It will be shown in

the next chapter that this substrate thickness was cadcliatorrectly.

6.3.2 Fabrication of SPNI

The SPNI was fabricated by Samia Benmerah according to theeps flow as illustrated in

Figure 6.5.

e a: A 4“silicon wafer was cleaned with acetone and IPA and 8akel50C for 5 mins .

e b-c: The substrate layer was formed by depositing a A& %f PI-2611, curing at 35C
in N, before depositing a second layer of 12r6 of PI-2611 and curing again. This gave

a 25um substrate layer.

e d: 5 nm of chrome and 300 nm of gold were deposited by thernsgd@ation. To define

the metal layer into connection pads and the wiring that eotsnto the electrode, the
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Fig. 6.5: The process of flow of SPNI fabrication
[10]

metallization was patterned using a@ layer of S1813 and a wet etch.

e: To passivate the electrodes the patterned metal layeemaepsulated with a pm
layer of PSPI (Durimide 7505, Fuijifilm), and defined using taithography. The elec-
trodes and the connection pads were left open to form an3& 100um electrode site
and a 40Qum x 1 mm pad to allow for neural recording and connection, sgar€ 6.4

and Figure 6.6.

f: To make the channel layer, a 0@ PSPI layer was spun and baked atG.per minute
between 20C and 90C, and held for 30 minutes. This was defined using photolitaog

phy to give the channels shown in Figure 6.7

After curing, the samples were removed from the carrier dseets by peeling the sub-
strate layers from the silicon wafer. The individual degiegere cut out using scissors
to form the connection region, the region that carries trenokls, and a narrow ‘neck’
region that connects the two. The ‘neck’ of the device wasehdo be narrower that the

other parts to allow for an easier insertion into the siledunbe.

g: To roll the device into the spiral configuration, the endlué device was clamped
into a pair of tweezers that were connected to a hand operataiihg mechanism. The
tweezers were gently turned to form a tight spiral in the dioa perpendicular to the
channels and the rolled device was inserted into a silicalpe that leads the nerve stump

into the micro-channel array. This is shown in Figure 6.8.
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Electrode Site
.

=

Tracks to Electrodes __~

Fig. 6.6:Left: Connection pads surrounded by insulating Durimid@5/5the width of each pads is
40Qum. Right: Electrode sites insulated by durimide 7505, theaie 10Qm x 3Qum

Channel Walls

Fig. 6.7:Thick layer of PSPI defined into channels that are f0vide with 5¢:m wide insulating
walls. Electrode sites are left open to allow the electrazalpling to the regenerated media
After rolling, the polyimide implants were 4 mm in length atigk rolled micro-channels
had a total diameter of 1.5 mm, which is determined by theridi@mneter of the silicone tube.
The SPNI containee170 micro-channels in the array of which 20 micro-channelsained

electrodes.

6.3.3 In Vivo Performance of Implants

To investigate the electrophysiology and the histologyhef tissue that regenerated through
the array, the SPNI device was implanted to the sectionediscierve of a rat [13]. Before
implantation, the hole at the centre of the implant was ddaksing a plastic plug to encourage
the nerve to regenerate in the area of the electrodes rdtherin the empty space. A total
of 6 devices were implanted and left for 3 months. The studg atvestigated the use of a
similar micro-channel array made of silicone (PDMS) thad B4 micro-channels of 130m
diameter all contained within the same size 1.5 mm-dianslieone tube. The performance
of the silicone array serves as a useful comparison to tHerpegince of the polyimide device.

To implant the devices the micro-channel arrays were filléth vgotonic saline and the
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Fig. 6.8:The fabricated SPNI array, Top Left: Rolled SPNI in silicaiée, Top Right: SEM of the
rolled channel, Bottom Left and Right: Microscopy of rolledannels, channels are 100
square and separated byb@ insulating walls. The sample has been evaporated withtgold
allow for easier inspection. (Received through personalraanication with Samia Benmerah)

[13]

nerve stumps were fixed into the silicone tubing at eitheradride implant with nylon sutures.

The region containing the connection pads was led out tliralhg muscular layer, and was

positioned just beneath the surface of the skin. The wourslalesed and the animals were

allowed to recover.

After 3 months, animals were re-anaesthetised and the sksnowened to expose the con-
nector pads of the SPNI. To make electrical connections #lc& bf the pads were glued to a
metal bar, positioned just above the wound. The bar gave amézdd support to the connec-
tor pads and electrical contact was made using a needle as shd-igure 6.9. The reference

electrode for the electrophysiology was a needle insentiedine hind-limb of the anaesthetized

animal [13].

Impedance analysis of SPNI in vivo

To investigate the continuity of the thin-film gold on theleal substrate and any degradation
of the electrode sites, the impedance at 1 kHz of each of trede2irodes in each device was
measured (total of 120 electrodes). At the end of the imptaont four electrodes were open-
circuit, suggesting that they had failed completely. Theeaaances of the 116 functioning

electrodes at the end of the implantation are shown in Figut®. Most of the electrodes



6. The Development of the Spiral Peripheral Nerve Interface 70

Fig. 6.9:Experimental set up used to couple the SPNI to externalrel@cs[Received through personal
communication with Dr J. Fitzgerald]

(= 75%) had an impedance up to 2.8Mnd within this group the impedances were normally

distributed with a mean 1.24 0[13]. The remaining electrodes had higher impedances that

suggested electrode degradation/and microfabrication defects. Unfortunately no impedance

spectra were presented for the samples before implant@tieristribution reflects the ability

of the SPNI to withstand the combinefiiexts of the rolling process and subsequent three month

exposure to the physiological environment. The distridoutioes not provide information about

the variation of impedance for filerent electrodes within each device so it is not possible to

evaluate how the impedance of electrodes varied relatittesio position within the array.

Stimulation

To investigate the ability of the SPNI to stimulate EMG resg®s, current stimulus pulses were
applied to each functioning electrode in each device. Th&BEs simultaneously recorded in
the tibialis anterior (t.a.) and at the gastrocenemiust{ge3 using the set-up shown in Figure
6.11; the concentric electrodes were connected to a DC aenplith filters set at 300 Hz (high
pass) and 3 kHz (low pass).

Muscle activity was elicited in 5 out of 6 animals; EMG respes in the t.a. were seen in
stimulation of 32% of functioning electrodes and more thae ba. motor unit was activated in
28 of these channels; EMG responses in the gastroc. wevaitactiby 41% of electrodes with
multiple motor units being stimulated in 24 channels. Fg6rll shows EMG changes with

increasing stimulus current in a channel which activatati ha. and gastroc. motor units. For
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Fig. 6.10:Impedance of electrodes at 1 kHz, after being implanted fop8ths in the rat sciatic nerve.
[13]

this study the firing of a motor unit is defined as the firing of aton axon and all the muscle

fibers that it activates. [erent motor units can be distinguished by their patternsfigy in

the EMG recordings.

The stimulus current required to activate an EMG responserelatively low. However,
when compared to the silicone arrays the stimulus curreats geveral times larger. The mean
stimulus current for the polyimide array was 26, compared to 4.29A for the silicone
device. The silicone devices had larger micro-channelgesighg that the stimulus current
should be higher than the SPNI. However the silicone dewvacksealed micro-channels, which
could not be guaranteed in the SPNI and the increase of timellstion current could be due
to imperfect sealing between layers of the roll. This candensn Figure 6.8, where there are
visible gaps between the tops of the channels and the ‘ratiigh is the back of the substrate
of the adjacent roll. The gaps can reduce axonal amplificdtjoallowing stimulation current
to spill out of the channel.

The study also showed that the imperfect sealing of the allanvas great enough to gen-
erate cross-talk between electrodes. The investigatiggesied that the same EMG response

could be generated from adjacent channels.



6. The Development of the Spiral Peripheral Nerve Interface 72

Connilction ell\é?;??olge
pads
Edge of skin ‘_(\ }‘:7 Ao ta. gastroc.
incision —— % “ e 2pA ———
Musclej \ et 20pA e
o whor— 234 A —
V” g e oy A ® A S—
§ ; § . hon~— o5 LA ® L-v\[\,_
g | i |>> g b% EMG E - mS» '\»J\["\~ Tk e

Fig. 6.11:Left: Experimental set-up used to investigate the EMG raspdrom stimulation through
the SPNI implant, Right: The EMG response evoked in the gasind the t. a through the
stimulation of one innervated channel, arrow represengetonf stimulus.

[13]
Recording in the SPNI

To investigate the ability of the SPNI to record from the mgated tissue inside the channel
action potentials were generated in the foot of the rat byyampgp signal current pulses of 1-10
mA through needle electrodes. The stimulating electroda® w&pplied to nerves distal to the
implant, while recording from the electrode in the chanfiéle study focused on channels that
had generated clear EMG responses which were likely to cordgenerated tissue. The study
recorded potentials in 8 channels, demonstrating thattipéaint could interface to axons that
were connected to distal sensory nerves.

A typical example is shown in Figure 6.12, which shows anydarbje compound action po-
tential between the arrows, followed several millisecoadisr by a smaller signal at the block
star. Fitzgerald et al argued that by computing the distémee the stimulating electrodes to
the SPNI implant, and the time from onset of stimulus to rdcay the signals, the conduction
velocities of the recorded APs could be estimated. In gérleeaconduction velocity of an
axon is proportional to fiber diameter and from this relaskp the study suggested that the
largest fibers in the implant had a diameter of arounduin9 Myelinated axons have a faster

conduction velocity than unmyelinated axons, so it was ssatgyl that the recorded EMG may
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Fig. 6.12:Detection of evoked signals from axons that had been stienlildistally to the implant. The
recording shows thatfi@erent action potentials can be recorded from the regemketaisue
inside the SPNI.

[13]

be suggesting that both types of axon had regenerated atonihlant where the larger, faster

signal is a myelinated axon and the smaller, slower sigrahignmyelinated axon. This anal-

ysis may be flawed however as Stein and Pearson showed thatridaction velocity of the
axon inside an axonal amplifier is reduced, when comparedtidtg in an unrestricted space.

Instead, Stein and Pearson argued that a better estimdte faber diameter could be made by

relating the size of recorded signal to the geometry of te&iation and the conductivities of

the extracellular and intracellular regions [41]. Usingugtion 4.19 it may be suggested that
for a 50uV recording the maximum fiber diameter is instegslum. However, this estimate is
based on a perfectly sealed channel, which cannot be geathfdr this study.

Alternatively, the response indicated by a black star mayelsted to a reflex action that
is triggered by the compound action potential, but this watsdiscussed in the original study.

At this stage Figure 6.12 can only be used to highlight thatSPNI is capable of recording

activity from regenerated axons and more work is requirecetate this activity to specific

axongfunctions.

Histology of Regenerated Tissue

A histological investigation of tissue was not possibledesthe implant as it could not be

sectioned without damaging its contents. However, theystvas able to investigate the nerve
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that emerged immediately distal to the array which conthgr@ups of myelinated axons that
were separated by connective tissue [13], which is showrigorE 6.13. The total number
of regenerated myelinated axons in the distal nerve hadgerahl1317 to 9380 with a mean
of 6244. The silicone-type micro-channel array had far tegenerated axons (range of 1517
to 2734 with a mean 2059) when compared to the SPNI, desmt&ENI having smaller,
longer channels. The improved regeneration of the SPNiyefachannels may be explained in
terms of device transparency, as discussed previouslyhEailicone implant85% contained

regenerated axons with a mean of 99 axons per channel.

170- (10Qum)?

T f SPNt ~ 96% A
ransparency of S 7502 96% (6.1)

. 2
Transparency of Silicone Device ZA;T (7;(53?;()?) ~ 70% (6.2)

The above calculations show the relative transparencyeoS®NI and silicone devices respec-
tively. The SPNI has a densely packed array of channels tisaalfi of the available space in
the tube (inserting the device into the tube causes the tubwdll slightly to accommodate the
array.) The SPNI was designed in this way to try to guararttaethe micro-channels were
tightly sealed. The slight swelling can be observed in Fegdrl3, where the radius of the
structure after implantation is clearly greater than Z&0(the radius of the tube). This image
was taken after implantation, so there may be some disceggmetween this and the radius of
the structure before implantation. The transparency dégpbaogely on the radius of the tube,
if the radius of the tube increases by pfh due to swelling, Equation 6.1 suggests that the
transparency of the SPNI interface goes dowrs&d%.

The histology of the tissue was investigated further usimgercomputed tomography. In
the study, whole SPNI implants containing regeneratedeisgere treated with osmium tetrox-
ide, making myelin-containing tissue radio-dense, seear€i®.13. In the resulting image the
regenerated nerve tissue is dark, the channel walls ancetiieef the implant is grey, and the
empty channels are white. Blood vessels appear as sma#l dbiis within the dark regenerated
tissue in several of the channels, although the resolufitm®imaging technique was not high
enough to see individual axons [13]. This technique sugglbiat~ 70% of the SPNI channels

contained myelinated regenerated tissue, which correlsptor: 50 axons per channel.
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Blood Vessels

Fig. 6.13:Left: Bundles of axons, connective tissue(CT) and bloodses§V) that have regenerated
through the SPNI (ba50um) Right: Micro-comuted tomography of SPNI to show vascula-
tion through the array (baf 50Qum).

[13]

6.4 Summary of this Chapter

This work provided a useful benchmark in the developmenhef3PNI, proving that;
e The array supported regenerated axons and the vasculagoled to sustain them.
e The array was able to record action potentials from the regeéed media.
e The SPNI was able stimulate activity in the t.a. and the gastr

Stimulation of the proximal sciatic nerve generated EMGsallly in the SPNI, demonstrating
that regenerated axons inside the array had interfaced saleunits. Action potentials were
recorded inside the channels in the SPNI by stimulating tinetis nerve distally, recordings
of robust action potentials of various sizes and latencieevaken, indicating that the micro-
channels provide ghicient amplification to allow extracellular recording fronmange of axon
diameters. The study estimated that the recorded signdisriginated from a myelinated axon
of 1.9um

The histology showed that the SPNI had more regeneratedsdkan the silicone implant,
and the 100m square channel supported axon regeneration well whena@apo the earlier
passive experiments. The sections of nerve just distaktaiibro-channel array showed groups

of axons fusing into a single nerve and micro-computed taagayy suggested regenerated
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neural tissue within the channel. This technology is stiler development and will be of more
use in assessing tissue within future generations of inaplan

The silicone devices showed a mean stimulus threshold 8fi4A2 however for the SPNI
stimulus current requirements were significantly highed a minority of motor fibers were
activated by current injected into more than one channelbadrly due to imperfections in
channel sealing.

The SPNI showed good durability, with 97% of the electrodesiging the manufacturing
process and remained functional after 3 months implama#dthough only 3% failed, a fur-
ther 20% of channels exhibited impedances suggesting disagrt degradation. The origin of
this degradation is not known, however it may be relatededibcompatibility of the array. As
discussed, the SPNI devices used were not optimised foolmpatibility, as they contained the
chrome adhesion layer for the electrodes. However, desgpgéack of optimisation the nerves
appeared to be physiologically robust.

This work suggested that the SPNI was a good first model fromshwéin interface could
be developed. it was encouraging that significant regeioerabuld be supported through the
micro-channel, from which axonal signal could be record&ais architecture couldfter the
means to develop a peripheral nerve interface capable oiding suficient resolution for
the most complex applications. However, the method of natigg the device to the external
electronics required to perform signal processing waslhighsatisfactory. The integration
needs to supply a durable and stable coupling to each afiecsionultaneously, which could
not be achieved with the current device.

Before the study, it was suggested that a zero-insertiare{@tF) connector could be used
to make the connections. The ZIF connector works througlaspahg mechanism where the
connection area of the SPNI is inserted into the mouth of tkewihich is then closed to form
a connection to the SPNI via pins on the inside surface. Taspdcks shut so that the SPNI
should be fixed in place. However, once this technology had bested it was determined that
it was not suitable for the requirements of the implants astasping mechanism wasn't stable
enough for chronic applications; The SPNI was too thin andld/slip out during movement.
By glueing the back of the SPNI to a piece of silicon wafer ityrba possible to create a mani-

fold onto which the ZIF connector could clasp correctly. ®oarlier work suggested that this
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may provide a workable solution, but this has been usurpetirogre durable interconnection
technology called ‘Microflex’. This new method of integragithe SPNI is the focus of the next
chapter of the thesis.

Finally, to achieve the same level of performance as theosi# implant, the SPNI needs to
have completely sealed channels. As discussed, the robéahicro-channel array needs to be
closed via an appropriate fabrication step, in additiorhtgrevious steps of the device. This

sealing of the channel layer is dealt with in the scope ofttiesis.



7. IMPROVEMENT OF THE CONNECTION OF THE SPIRAL
PERIPHERAL NERVE INTERFACE

7.1 Introduction

Establishing a durable and practical connection to extexieztronics has been a long term
concern in the development of the SPNI. Many standard iaterection methods such as the
use of solder, silver epoxy and ultrasonic bonding are nibalske for applications inside the
human body due to biocompatibility problems and degradatiothe coupling as a result of
biological fluids in the PNS [61, 12]. This section of the tlsgwesents an updated fabrication
process of the SPNI allowing for an easier integration temel electronics via ball-bonding
to printed circuit boards. This ‘Microflex’ technology [62}eates electrical coupling by the
thermosonic bonding of a gold ball (or ‘bump’) through théstnate of the implant to a gold
surface underneath. The gold-gold bond is biocompatibte durable in the physiological
environment and has been successfully incorporated ih&r oerve interfaces [63, 64].

During the development of the latest SPNI design it was fahatito achieve a reliable ball
bond the photosensitive polyimide (PSPI) substrate layeulsl be no thicker than 2@n. On
the other hand, the gold layer should be on the neutral platieestructure during rolling, to
avoid stress on the thin film. Earlier studies of the SPNI imectly suggested that to achieve a
neutral plane at the gold-layer a substrate qifA&hick should be used. However, by utilising
the elastic theory of bending this calculation will be redsn this chapter.

To investigate the ability to vary the substrate thickneik the interconnection technology
the new SPNI was designed to have a@6thick, first substrate layer that would support the
connecting area. On top of this a8 thick layer was defined that did not cover the connecting
area. This creates a A®-high step that the gold tracks must cross before they #meawolled
section of the device. It was found that it was possible tontaén the electrical continuity in

the thermally evaporated gold tracks.
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Finally, whilst it is necessary to use PSPI as a substratfitoemtly make connection holes
for ball bonding and define the overall footprint of the SPREPI adheres very well to the
silicon carrier wafer, so it was not possible to peel the devimechanically. Thus a suitable
sacrificial material needed to be chosen that was compatiitheother fabrication processes
of original SPNI design. Poly-methyl-methacrylate (PMMAs found to be suitable as it has
been demonstrated to be a compatible sacrificial materialpalyimide and it can be used with
standard clean-room processes [65], with some specialdarasions. The updated design of

the SPNI that include the Microflex interconnections is shawFigure 7.7.

7.2 Interconnection techniques for neural implants

The interconnection technique used for the in vivo invedtan of the SPNI was not satisfactory
and an alternative interconnection technique is needdekifievice is to be developed into a
long-term neural interface, with reliable and durable tiorc The increasing miniaturization
of biomedical devices has led to interest in interconnectechniques for micro-fabricated
devices with stringent conditions imposed; all materiasdato be biocompatible, lightweight
to avoid stress on the delicate tissues, flexible enoughttest@ind prolonged implantation, and
have small dimensions for successful implantation.

Due to the size restrictions faced when aiming for an intégnao chip sized packages (or
bare die), the interconnection techniques tend to focusliwasonic bonding (referred to as
‘wedgegwire-bonding)’, flip-chip technology or related methodsisldifficult to create repeat-
able, consistent bonds on this scale without resortingeedhechnologies. Ultrasonic wedge
bonding is less desirable due to the possibility of the wiceshing each other after implan-
tation and the lack of a durable bonding technique to polymaterials. These problems can
be reduced if the package is hermetically sealed to creatergebto the physiological envi-
ronment. However, the choice of material for the sealingois-trivial as silicone, for example,
can create small defects that cause mechanical stress edb@nds during curing, potentially
causing failure [66].

As an alternative to these methods a new assembling teadmigsiinvented specifically for
integration of flexible interconnections to microelecimahips called Microflex interconnec-

tion technology (MFI). This technology has been succelsfaiplemented in many devices
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Fig. 7.1:Process flow to create flexible polyimide devices that are compatible with MFI technology
[62]

similar to the SPNI.

7.2.1 Microflex Interconnection Technology (MFI)

In 1998 Beutal, Stieglitz, and Meyer developed Microflex technology to create a long-term,
biocompatible coupling between a flexible neuroelectric interface and electronics for commu-
nication to the external world [67]. The fabrication of guib-thick flexible polyimide ribbon

cable, shown in Figure 7.1, was described that could be coupled to a CMOS package or other
external electronics via MFI. Briefly, a 4” silicon wafer was coated withum+thick layer of
polyimide (PI1-2611) and cured on top of which metal layers were deposited to create intercon-
nection tracks and connection pads, which are then insulated with a further layer of PI. Via
holes were made through the PI layers by reactive ion etching and the devices were mechani-
cally removed from the support wafer before MFI was performed. To couple the flexible cable
to external electronics the MFI technology was adapted from traditional wire-bonding where a
metal ball is thermosonically bonded to a pad made of suitable material, and then coupled to
another pad via a wedge bond and loop of connected wire. Several combinations of ball and pad
material are possible and the only determinants on which metals can be chosen are the ability
of the two materials to form a welded bond for electrically reliable interconnections. Reference
[68] is a review of wirebonding technology.

The standard ball-wedge bonding using gold wire is performed in the following steps;
e The gold ball is formed on the end of the gold wire by a ‘flanfé-electrode

e The first ‘ball bond’ is made on the desired connection pads (source pad) by pressing the

gold ball into the pad with pressure and thermosonic force
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Fig. 7.2:lllustration of the MFI technique to connect a flexible ribbon to a substrate material
[62]

e The second bond connects to a destination pad
e The bonding-tool is lifted and the wire is separated from wedge bond

Stieglitz et al adopted the traditional technology by bondingaar®8liameter gold wire, threaded
through a small neck bonding-tool, through the PI substrate to make connections to aluminium
bond pads [12]. This eliminated the second (wedge) bond, and used the first gold ball bond as a
‘micro-rivet’ between the two components that need to be connected, illustrated in Figure 7.2.
In general, one component is the IC and the other component is the flexible device that has a via
hole though which to rivet. After the gold ball bond is performed, the wire is broken to leave a
rivet that connects the two components as seen in Figure 7.2.

The MFI technology was incorporated into the fabrication of polyimide-based neural inter-
faces of diterent designs (a sieve electrode and f electrode) [69], fabricated using thin PI
as the substrate material and are shown in Figure 7.4. The technique for making a single bond
is illustrated Figure 7.3 where via-holes were designed to be slightly smaller than the ball bond
to fix polyimide substrate after bonding, however making it too small causes the ball-bond to
fail [62]. To make the connection in [62] the via hole had been riveted withyen38iameter

gold ball, made using 2Bn gold wire. For these studies the substrate thickness varies between
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Fig. 7.3:0Overview of the ball bonding MFI technique and an SEM of a misaligned gold ball bond on a
ribbon cable interconnection pad
[62]

Fig. 7.4:Flexible neural devices fabricated in Pl and integrated with MFI technology
[69]

10-15um. The via holes of the Pl were aligned tou30 wide CMOS bond pads that were
separated by 7fn, suggesting that very fine pitches are possible with this technology. By
measuring the contact resistance before and after thermal and mechanical stress [62][67] it was
shown that MFI technology is robust, after stressing the connection no bond failures were ob-
served. These devices showed that MFI was a suitable connection technique for neural devices
fabricated using Pl and more recently this technology has been incorporated into laser patterned
electrode arrays of silicone and platinum foil, bonded to alumina substrates [70] [64]. Ceramic
was chosen as a carrier material as it can be used as a platform for electronics and wireless data

transfer systems [71]..
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Fig. 7.5:Laser patterned electrode arrays incorporating MFI technology, Left: Long term micro-EcoG
electrode bonded to alumina, Right: Laser printed electrodes bonded to ceramic PCB
[64, 63]

Fig. 7.6:Comparison of the relative strengths of interconnection technologies for neural implants. Left;
Examples of bending technigues used to conduct the tensile experiments, Right; Results of the
tensile experiment.

[70]

It has been reported that the maximum stress that the bonds could withstand is less than gap
welding and soldering, as shown in Figure 7.6, however it should be noted that MFI was not
the main source for failure as the stress concentration on the substrate material around the hole
caused fatigue. By increasing the ratio of substrate material area to area of the via hole this
problem could be reduced. Similarly, increasing the number of bonds reduces the amount of
stress that each hole is subjected to. This lead to a connection scheme as illustrated in Figure 7.5.
Microflex has also been shown to work in a long-term in vivo study with subdurally implanted
Micro-EcoG electrodes [64], incorporating the MFI technology bonded to ceramic PCBs. The
connected region was encapsulated with silicone to protect the bonds and provide strain relief,
which was necessary as the device was implanted into a freely moving animal. Because of the

silicone the MFI connections were not expected to degrade during the implantation, which was
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Fig. 7.7:Updated design of the SPNI including a connection regioh ithaompatible with Microflex
technology.

confirmed by performing impedance spectroscopy pre-, dud post-implantation. After 18

weeks there was no systematic degradation as the impedaptectyode interface remained

constant.

7.3 Integration of MFI into SPNI fabrication process

To incorporate the Microflex technology into the SPNI it wasided to fabricate the substrate
layer using the PSPI (Durimide 7020, Fujifilm), previousbed for the 100m-thick channel

layer. By doing so, via-holes for the micro-rivets could @kricated using the photolithographic
techniques, negating the need for the reactive-ion etghiagess that was used by Steiglitz et

al. The remainder of this chapter describes how this aim wheeed.

7.3.1 The Sacrificial Layer

The SPNI is fabricated onto a silicon wafer as it is inert te fAbrication process and easy
to use with the clean room technology. Unfortunately, PSfleaes very well to the silicon
wafer due to the inclusion of an adhesion promoter (a megtetermonomer) in the polyimide
precursor, and so the previous method of releasing the Sitli(ig) at the end of the process

can no longer be used. A sacrificial layer must be used to ersstie release of the processed



7. Improvement of the Connection of the Spiral PeripheralvBénterface 85

devices.

The ability to release micro-fabricated structures has lslressed widely in the recent
literature as it is a common problem in micro-machining &ations and the main methods to
remove a sacrificial material are heating, chemical wetieg;ldissolution and or dry etching.

As such, a wide variety of sacrificial materials are avadahtluding metals, semiconductors
and insulators. The most commonly used processes are Wetigand dissolution in an appro-
priate solvent, which are heavilyftlision dependent; Structures that have a larger surface area
to surface boundary ratio will take a longer amount of timeclease, as the solvéchemical

etches away the sacrificial material from the edges first.

7.3.2 Use of PMMA Sacrificial Layer

Kim et al [65], have used PMMA as sacrificial material with RIthe fabrication of flexible
biosensors using al1.2 um layer of PMMA to support a 1.am polyimide layer. Thus the
PMMA process is compatible with the polyimide in generalt this study does not relate to
the use of photosensitive polyimide, which has subsequargldpment stages using specific
ancillaries.

Poly-methyl-methacrylate is a high resolution, organiotphesist that is used as a sacrificial
material in many micro-fabrication applications to produlow-stress, thin layers via standard

clean room processes [72]. The organic structure of PMMA@ in Figure 7.8. Specifically,

—_ C|H3 .

Monomer

Fig. 7.8:Chemical structure of Methyl Methacrylate monomer, whgpaolymerised into PMMA

PMMA has found use as a sacrificial material in the produadicsuspended MEMS structures
where sub-micron layers are fabricated onto Si wafers,@hibtographically developed, and
etched away using a dry etch process with an oxygen plasma fewiew of the possible uses

of PMMA the reference [73] is recommended.
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Johnstone, Foulds and Parameswaran also describe a mdthenh@ PMMA as a self-
sacrificial layer for micro-machining and highlight impamt characteristics that need to be
considered for the successful integration into the SPNtgss [74].

Firstly, UV exposed PMMA is porous, which makes it good fovelepment as it increases
the etch rate, but could be potentially problematic duringng steps of the SPNI. At room
temperature the exposed PMMA will shrink over time, a preaeiich is accelerated for higher
temperatures. This can cause cracks in sacrificial lay¢mntlag harm any further fabrication.
To counteract thisféect, the PMMA should not be baked at elevated temperaturescess of
150°C during the fabrication of the SPNI.

Secondly, the PMMA can produce volatile gasses during U\bexpe which, when trapped
under a barrier such as a PSPI layer, can cause blisteriegtdeb form. This process is
dependent on the total UV exposure and temperature histdhesample but a there is not a
complete understanding yet. The study suggests that amygostieps performed after the initial
bake of the PMMA should be stepped to reduce ffieot of the blistering, which fits well with
the fabrication of the SPNI.

Lastly, the study reported that most failures occurred assa bf adhesion between the
PMMA layer and the carrier material, most likely caused bgaption of IPA, water or both.
The absorption can cause swelling which leads to stressleetthe layer interfaces. To reduce
the risk of absorption the amount of IPA and water used duitvegdevelopment of the SPNI
should be reduced, and acetone should be avoided altogetiigis can etch PMMA. To avoid
the use of acetone alternative cleaning methods have beanyed including the combination
of short oxygen plasma and UVO surface treatment.

Most of the reported studies use very thitim) sacrificial layers of PMMA which can be
etched very quickly using the described techniques. To rnitakeacrificial layer of the SPNI
more resilient a thicker layer of PMMA was required. Thusayer of 3im thick PMMA was

used in all investigations.

Investigation of PMMA

PMMA (PMMA-A9, MicroChem) was spun on wafers at 1500 rpm aa#tdd at 18€C for 10

minutes. Diferent thicknesses of PSPI, ranging from 5 to 50 microns, wpus, developed
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Klllicke and Soffa Ball Bonder / Y
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Fig. 7.9: The Kulicke and Sfia gold ball bonder in the EECE clean room

using photolithographic techniques and cured on the PMMAralrhe PMMA sacrificial layer
was found to perform well during the development proceduaed did not cause any defect in
the usual PSPI structures.

After curing, the PSPI had curled slightly around the edgeggesting a de-lamination from
the PMMA (possibly caused by the shrinking of the porous PMBt/Alevated temperatures,
discussed earlier), but overall the structure appearedve bured normally. To release the
samples, the wafer was immersed in a mixture of MIBK and IPA edtio of 3:1, and left for
at least 24 hours. The samples were then carefully peeledtine carrier wafers using blunt
tweezers and a razor blade, whilst wetting the samples WAh |

This release mechanism produced well defined PSPI strgobficiferent thickness and it
was decided thayan sacrificial layers of PMMA were suitable for further use.tAs method to
produce photosensitive substrate layers was establisivad then possible to start investigating

the use of Microflex with the SPNI.

7.3.3 Initial tests of Microflex
Varying the Thickness of the SPNI

The original studies of MFI reported that it was possible takmreliable connections using
a 10-1%m thick layer of Polyimide[62]. As photosensitive polyireignay produce dierent
results it was necessary to investigate which thicknes$éfiltould be reliably bonded.

PSPI of varying thickness were spun and defined as before.sdingles were cured and
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Fig. 7.10:Bonded samples used to test the hole width and substratendsis. Each alumina piece is
0.5cm wide
then released, before being bonded to the alumina. Miged-bionds were made according to
the process flow in Figure 7.2, as previously discussedgudinm gold wire and a bonded
through the polyimide to the alumina PCB underneath usingllebbnder shown in Figure 7.9
(Kulicke and Sdfa, Model 4522). The size of the balls could be varied usingntlaghine,
but for consistency the ball was keptab0um-diameter at the base, as was recommend by
the supplier of the wire bonder. It would have been possiblede a smaller diameter of
bond, to mimic the earlier studies, however the shape of ¢meling capillary may not have
been appropriate to fabricate reproducible bonds usingitiedler diameter bond (again from
consultations with the supplier of the machine).

It was found that for PSPI layers thicker than®0it was very dificult to make reliable ball
bonds as the ball could not reach the alumina underneatbghrthe connection hole. PSPI
layers thinner than 20m could be bonded to the alumina without muclfidulty, although
the overall size of the connection hole didiext the reliability of the bonding process. This is
consistent with the earlier studies of MFI technology. Epéas of samples bonded using the

Microflex technology in these initial investigations ar@aim in Figure 7.10.

Size of the via holes that are compatible with MFI

Once the reliable thickness of the PSPI had been realisaddisk& was used to investigate the
effect of varying the size of the hole for the ball bonding. Hakesging from 3@m to 7Qum

were defined into the PSPI layer and each hole was bonded tisngame bonding force,
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Fig. 7.11:Different sized holes used to test the Microflex technology

bonding time and size of ball. The size of the ball was deteechiby microscopy, shown in
Figure 7.28. It was found that holes smaller thap®Ssquare were more félicult to develop,

as the solvent used cannot etch out the mateffactvely. This can be seen as the darker
areas inside the squares in the Figure 7.11, where the dandés undeveloped PSPI. If there
is undeveloped PSPI in the connection hole it will make it endifficult to bond, and for this
reason it was found that holes greater thaprbGsquare, in general, gave the most reliable
bonds, with the fewest bonds failing during the rivetinggass. This is possibly also due to
the size of the ball bond used, which was kept &0um-diameter. To successfully incorporate
the Microflex technology into the SPNI fabrication the PSkistrate should be no thicker than
20um with micro rivet holes between 50-/Z(, and the PSPI layer should be fully cured before

it is coupled to the alumina board.

Testing that the Microflex connections were Electricallyn@octive

A strip of photosensitive polyimide was fabricated, on tépvbich a single band of metalliza-
tion comprising of thermally evaporated chrome and goldaeimed. This gold strip, on top of
the PSPI, acted as a bridge in order to test that the Micrafkexdonnections were conductive.
Connectivity through the Microflex connection via the gaidmswas tested using a multimeter
with probes in contact with the gold on the alumina. Seveaah@es were tested using this
method and all samples proved to have successful couplmgyththe Microflex connections.
No attempts were made to measure the resistivity of the Met@onnection, as this was not

the main objective of the project and this data has been teghetsewhere [12].
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a) No Strain
Metal Plane

Neutral Plane

b) Metal under tensile extension

Metal Plane

/—\ Neutral Plane

c) Metal under tensile compression
Metal Plane

\Q__—I/’/ Neutral Plane

Fig. 7.12:lllustration of dfect of bending the polyimide substrate on the metal layeN@}ktrain, b)
Tensile Extension of the metallization, c) tensile comgias of the metallization

7.4 Stress in the Metal Layer due to Bending

It has been demonstrated that MFI could be successfully@mehted for cured PSPI substrates
thinner than 20m. The range of substrate thickness that is compatible WRiKISs limited as
the metallization is required to be on the neutral plane efstinucture; during the rolling of the
device into the micro-channel array the gold tracks expegeeither tension or compression,
relative to the neutral plane of the device, as shown in [eigut2. If the wiring experiences
tensioricompression beyond its fracture limit then it will break. eTgold tracks need to be
durable enough to survive the rolling into the micro-chdrareay without diminishing the
ability to record neural signals.

To reduce the strain on the wiring plane the gold layer shbeldlesigned to be on, or as
close as possible to, the neutral plane of the device soitbamétal layer experiences a minimal
amount of stress.

To calculate the amount of strain on the gold layer due tangthe elastic theory of bending

is applied, for which several assumptions about the polyensitructure have to be made;

e The SPNI has constant, prismatic cross-section that is gemepusly flexible in the

direction of bending
¢ It has a constant modulus of elasticity for compression andibn
e Itis linearly elastic within the range of stresses beingeecd

Clearly, these assumptions do not reflect true bending ircoimeposite polyimide structure,
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Fig. 7.13:Rectangular cross-section before and after bending, ABastutral plane, CD is a plane
extending through the cross-section at a distance y frortralqplane. AB’ and CD’ are the
planes through the section after bending, wheiangle that characterises the length of the
arc.

however, to build a theoretical prediction and to betterarathnd the mechanics of the micro-
channel array these assumptions are necessary.

For a rectangular section (shown in Figure 7.13) the neptaale (AB) passes through the
centroid where both the top and bottom surface of the seatierequidistant. As the structure
bends, a curve develops and the @@’ is elongated by a distance &/D’ — CD. As by
definition the neutral plane is not deforma®B’ — AB = 0.

A transverse load on the rectangular object causes bendigigaavn in Figure 7.13, where
the curve acts to distribute the load evenly across thetstreiand the length of the neutral axis

can be related to its radius of curvature by,

AB=AB =r6 (7.1)

Wherer, represents that radial distance to the neutral axis fracéntre of the circle that
includes the arc frond' to B’. The layer that extends froi@ to D is a distancey from the
neutral axis, thus the radius of curvature for the arc f@no D’ is given byr +y. The length

of the arc can be written as,

C'D’ = (r +y)¥ (7.2)

The arc fromC’ to D’ is longer than the neutral axis l§9. This extra length causes strak) (
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Bending of substrate

(Ween walls

No Bending of
metallized layer

Fig. 7.14:Diagram of an alternative model of bending, only metall@atin the regions between the
walls is bent.

which can be written as,

_CD-CD_CD-AB_(r+yf-rf _y
B CD B AB ro T

€

(7.3)

Thus the magnitude of the strain is proportional to the distefrom the neutral plang)(

7.4.1 The Neutral Plane of the SPNI

It is logical to assume that the micro-channel structureaidrig a direct impact on the distri-
bution of the bending forces throughout the SPNI. If it isussed that the regions of substrate
carrying the thick channel walls do not bend then the onlyorethat is under strain is between
the walls. This is illustrated in Figure 7.14. This assurmmpis valid as the very thick polyimide
regions are much more rigid than the flexible thin regiong, gmthe thin regions are expected
to bend. To calculate the neutral axis of the composite &ira¢he parallel axis method is used,
where the centroid of each areg, I¢$ calculated relative to the reference axis and multiplie
by its area, A as illustrated in Figure 7.15. The distance of the neuttisl fnom the reference
axis is then found by summing the contribution of each sediud dividing by the total area of
the structure [75];
2 NiA;
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Fig. 7.15:Left: lllustration of the parallel axis method to calculateutral plane of composite structure,
Right: Diagram of the cross-section of a region of the SPNirochannel array with relevant
notations (Not to Scale)

Calculating the relative position of the centroid of eacbtaagle is easy, as it falls at the
mid-point that bisects each area. Similarly, the area oheactangle can be calculated by
multiplying its length by its height. If the metallizatios only bent between the walls of
the device then the position of the neutral axis depends enhilckness of the substrate and

passivation only. Applying Equation 7.4 to the SPNI showikigure 7.15 shows that neutral

plane is at,

($)s- L) +(hs+ P)hp- L) _ hs+hy

Neut Pl =
eutral Plane (hovh) L >

(7.5)

wherehs andh, are the height of the substrate and the passivation laypectsely and L
is length of the section between the channel walls; |s — 1,,. The metal layer itself is not
included in the calculation as it is at least one order of ntage thinner than the polyimide
layers and thus is not expected to influence the positioneh#utral plane. This assumption
is used in other similar models [76]. For the SPNI sampled uséhe in vivo study this would
equate to a neutral plane @ﬂ“”;ﬂ‘ = 15um, resulting in the metallization layer beingafl
away from the optimal distance. Importantly though, as tAdlBwvas rolled with the channels
on the inside, the metallization layer was above the nepteale with respect to the direction
of bending to give tensile compression.

To calculate the equivalent strain that would be expectederrolled structure for varying
substrate thickness Equation 7.3 can be used, where thesrafdturvature of the deformation

is determined by the position of the film within the roll. Ugia radius of curvature of 7nn,
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Outside Roll-Radius~750 microns

Inner Roll 1-Radius~600 microns

Inner Roll 2-Radius~450 microns

Inner Roll 3-Radius~300 microns

Fig. 7.16:Distribution of rolls within the SPNI, radial distances dsas radius of curvature for strain
calculations, each roll is assumed to be 150 microns apart

Relationship between position of neutral plane and substrate
thickness for alternative bending model
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Fig. 7.17:Position of neutral plane against substrate thicknesso &eain is at the point were the sub-
strate thickness equals the passivation thickness (whiftked at mm-thick), as indicated by
the red arrow.

60Qum, 45Q:m and 30@m for the outer roll and inside rolls respectively, as ilhaseéd in Fig-

ure 7.16. The rolls on the very inside of the device have nalmtion and can be neglected

from the study. Equation 7.3 shows that the strain in anyeplarequal to the distance to the
neutral plane divided by the radius of curvature and so ttaioaship between the strain for
each roll of the SPNI and the substrate thickness can belasddu The &ect of varying the
substrate thickness on the position of the neutral plandtendquivalent strain in the structure
are both plotted in Figure 7.17 and Figure 7.18 respectivAly a 5um passivation layer is
usually used with the SPNI and this value has been fixed fotwbeplots. The figures suggest

that the metallization is under no strain when the substhat&ness is equal to the thickness
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Strain on Gold Layer for the New Bending Model
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Fig. 7.18:Compressive strain in the SPNI forfiirent substrate thickness for the new model of bending,
where the passivation layer is fixed auB. The strain experienced by the SPNI samples in
previous studies is highlighted in the red box.

of the passivation layer, as would be expected, and for tiggnat SPNI the strain experienced

was between 1-4%. Again, the gold layer was under tensilepcession rather than tensile

extension. The plots suggest that increasing the subghiateness increases the amount of
compression the gold film is subjected to during rolling. 1€atly there is no known limit for
the substrate thickness, and for that reason any thickhasstgreater than or equal to the pas-
sivation layer thickness should be expected to perform.webubstrate thickness that is less
than the passivation layer thickness would result in teresitension, which is envisaged to be
more problematic. A thicker substrate may make the SPNI mmaehanically robust, but this
requires further investigation. Furthermore, the modstases that the substrate is much more
flexible than the channel walls, but as the substrate thekieincreased this assumption be-
comes less valid, suggesting that the bending model sheuleMised for very thick substrates.

As this thesis focuses on relatively thin substrates thelingnmodel presented is adequate.

7.4.2 The Bending Model of Lacour and Benmerah

In an attempt to calculate the position of the neutral pléwesoriginal studies of Benmerah and
Lacour misapplied beam theory to the SPNI by assuming thadutd be modelled as a ‘T-

beam’ structure and then calculating the neutral planehlfemtrong axis of bending. In these
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Fig. 7.19:lllustration of SPNI used by Benmerah to incorrectly cadtalthe neutral plane of the device.
[10]

studies both Lacour and Benmerah state that for the golégracbe on the neutral plane the

substrate thickness should beu@bthick; derived from a formula to calculate the neutral plan

that is quoted as,

pbh+ 0.5pk? + 0.5sk?
pb+ sh

(7.6)

Yneutral =

to calculate the necessary substrate thickness; wherehpamd s represent the length of the
cross section, the height of the substrate, the height ofnthdating channel wall, and the
width of the wall respectively. This calculation is basedlogir diagram shown in Figure 7.19.
It appears that Benmerah and Lacour both misunderstoodethéiry theory as, although it
is true that the neutral-axis of a T-beam like that shown guFe 7.19 can be calculated by
Equation 7.4, the bending axis is not the one that is showmemight in their diagram. The
diagram on the right of Figure 7.19 suggests that the berakigis perpendicular to the page,
however for Equation 7.4 to be applicable on a T-beam stradtie correct bending axis is
perpendicular to the beam, which could be drawn as a lineishlabrizontal and parallel to
the page. Furthermore, if the parallel axis method(Equatid) is applied to Figure 7.19 the

neutral plane of the T-beam structure is calculated as;

> NiA. _ pb(h+0.5b) + sh(0.5h) _ pbh+ 0.5pk” + 0.5s?
SA pb+ sh B pb+ sh

(7.7)

Yneutral =

This result is diferent to Equation 7.6, which is quoted directly from Benrhesad Lacour’s

work [77, 10], as the last term in the numerator i890¢ rather than ®sk?. This further
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suggests that Benmerah and Lacour’s original work was flawed

7.4.3 Failure Rates in Previous Studies

Despite these previously undiscovered problems with tiggrna modelling two reports have
suggested that at least 80%[77] and 97%[13] of SPNI’s the¢ lpmeviously been fabricated
survived rolling. No failures of gold tracks have been régdrdue to rolling directly. This
suggests that the SPNI gold layer that is under tensile cesspon is durable although the
mechanisms that allow the gold tracks to endure tensile cesspn are not yet understood.
This may impact design decisions in the evolution of theyaasfor gold layers thicker than
100 nm it has been reported that the maximum applied extessiain before a failure is as low
as~1%[78]. This study is not totally analogous to the SPNI asslastomers used were not as

stiff as the polyimide and the films under stress were not encapdulaany way.

7.4.4 The Fabrication of a Dual-Substrate

In the development of the SPNI it was decided to investigagestrain on the wiring and to
increase the range of possible designs by tailoring thetaibghickness. A thicker substrate
may allow for a more durable interface, for example. As hanbdiscussed, the maximum
thickness of the SPNI substrate that is compatible with tierdflex technology is 20m.

However, a total substrate thickness greater thamP0ould be fabricated using a dual
substrate. If the first Durimide layex20um) is treated as a base, a second Durimide layer can
be spun directly onto the base and defined so that it does met tite connection region and
only extends through the regions that needs to be rolled drieiates a step over which the thin
gold tracks must be electrically conductive, which is ithased in Figure 7.24.

It was found that a~20um step between the two regions could be fabricated that was re
atively gently sloped, see Figure 7.20, suggesting thaiutccbe dfectively covered with the
thin-gold film during the evaporation process. Althougtrthal evaporation of thin metal films
can generally be thought of as a ‘line of sight’ process, passible to thermally evaporate
onto steps given the right conditions. Step coverage is dyaaderstood phenomena in mi-
crofabrication, especially for thin film evaporation, bubas been suggested that for a vertical

sidewall, the thickness of the thin-film on the side will80% of the thickness on the bottom
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Fig. 7.20:Left: Step between the connection area and the wiring artdieeafevice, Right: SEM to show
that the step is sloped (Black spots on the SEM image are dirt)
surface [50].

As the step is sloped it is reasonable to suspect that theswdt be improved so that the
thickness of the thin-films will be more equal, but it was nosgible to verify this assumption.
Indeed, after evaporation it could be seen that there wasmadowing’ at the step using a
microscope; the layer appeared homogeneous without arovered regions of the substrate.

Although a step o&20um is possible, steps thicker than this have not been invastig As
will be outlined, it was decided that the fabrication of tHieN8 would not be possible with a

step>20um.

Patterning the step

To pattern the thin-gold film the previous chapter descritheduse of a thin layer of S1813
positive photo-resist. It was found that S1813 photo-teg#s too thin to coat both substrate
layers with a homogeneous layer. This was because the S18a8l wool at the bottom of
the step during spin-coating causing short-circuits actios gold tracks that extended over the
stepped region, as seen in Figure 7.21. It was found thaptioing could not be eliminated
by varying the exposure time, spinning profile or the bakengpp.

Megaposit SPR-220-7 is a much thicker photo-resist thaséslun fabrication processes
that require prolonged exposure to reactive ion etchinig.dossible to spin and develop photo-
resist layers up-to 36n, with good uniformity in a single coating [79].

Thicker photoresist can cause contact with the photomasseagally with the topology
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Fig. 7.21:Failed S1813 patterning of step, Top: S1813 failed durireywhet etch process, Bottom:
Pooled S1813 causes a short across the pads.

Fig. 7.22:Thicker SPR-220-7 could not be developed satisfactorilye tb the reduction in photo-
lithographic resolution caused by the step height.

of steps, causing the UV exposure to be non-uniform. Thisrednce the reproducibility of
well-defined features and for the SPNI this was problemdgiading to thinner tracks after
development and short circuit being developed over thersgpn, examples of these phenom-
ena are shown in Figure 7.22 and 7.23. For the examples shtwckar layer of SPR-220-7
photo-resist was used, which led to the problems shown.

It was found that if the SPR-220-7 photo-resist was too tltickould be very dificult to
develop and some pooling was noticed as with the S1813. &imilf SPR-220-7 was too thin
it would not adequately cover the step.

[t]

An alternative approach to the fabrication of the step wasstigated which involved spin-
ning the stress-relief layer first, on top of which theu20is deposited which could then be
defined into the connection region, see Figure 7.24. Thifdoofier benefits in the ability to

pattern the step as the cavity in the corner would be reducédre thin metal film would be
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Fig. 7.23:Problems caused by the gap between the photomask and sistiofep Right and Top Left;
Undeveloped photoresist at the step, Bottom Middle; Ptessitort circuit after wet etching,
the connection pads are 400 wide with a spacing of 1g6m.

deposited over a continuous layer. However, this methadwsdy afected the ability to define

the holes for the micro-rivet, as the gap scattered the U\bsxqe, causing the holes to be

blocked after development. Some samples were made usegltbrnative setup, but all were
abandoned due to a blocking of the holes for connection.

By adjusting the fabrication processes and using the daiekness of SPR-220 the prob-
lem with first process, spinning the layer for MFI first, wereecome. An example of a fully
developed step with the continuous gold tracks is showngnréi 7.25. At 10-1pm-thick, the
photoresist layer could be spun and developed over theeawithout dificulty. To speed up
the development procedure, and to avoid prolonged expasuhe SPR-220-7 developer, the
photoresist was developed using a spray technique weraitfaes was continuously washed
with the developer, through a thin nozzle. This stopped M&IR sacrificial layer from being
severely etched during the development process.

To the author’s knowledge, this is a unique application dRSR20-7 photo-resist as the abil-
ity to pattern non-isotropic surfaces in this way has nonbeported. Although the processing
conditions to develop the step need to be carefully tailotleid represents a breakthrough in

the development of the SPNI.
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Fig. 7.24:Two possible processes to create the step, Process 1: Titseifistrate is the 20n PSPI layer
for MFI technology, followed by an 18n layer to support the wiring during rolling. Process
2: The first substrate is the @& PSPI layer, followed by the 2@n layer. It may be expected
that the second process gives a continuous step, as shown
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Fig. 7.25:Fully developed connection region that covers the step.

7.5 Updated Fabrication Process

Given these considerations, the device was fabricated-diocpto the process flow illustrated

in Figure 7.26.

a-b: A 47 silicon wafer was cleaned using Acetone and IPA aeblydrated at 15 for

5 minutes, before ai@n-thick layer of PMMA was spun and baked at 180for 10

minutes.

c: A layer of PSPI (Durimide 7020, Fujifilm) was then spun, es@d and developed to define
the overall footprint of the device and the via holes for tl#i-bonded connections. To
prevent a premature release, the amount of developer userbdaced by using a spray

technique, through a thin nozzle.

d: The region that supports the tracks is the second PSP |&ge the dual-layer devices

presented in this thesis a second layer qiri8s used. The substrate layers were placed
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Fig. 7.26:The updated fabrication process of the SPNI

in the oxygen plasma barrel etcher for 10 minutes to ‘de-samyremaining PSPI from

the connection windows and to activate the surface of thetsatle to aid adhesion to the

subsequent metal layers.

e: A thin Chrome adhesion layex80nm) was thermally evaporated onto the substrate fol-
lowed by a layer of Gold£200nm) to provide the metal for the integrated electronfcs o
the recording interface. The gold was structured into cotioe pads, electrode sites and

the wiring that connects the two via the photolithograpiet etch process, as described.

f. Electrode tracks were encapsulated withigmblayer of PSPI (Durimide 7505, Fujifilm),
baked and exposed in the same way as the other PSPI layergroH& opening were
30um x 10Qum, and the connection pads were 460x 1mm. The passivation layer was

then de-scummed for 10 minutes and also cleaned in the UVé&heteto remove any

organic matter from the electrode surfaces.

g: A 10Qum PSPI layer was spun and baked and the layer was allowed tdocadleast 30

minutes before exposure. After the final layer had been deeel the wafer was again
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I 3 =

Fig. 7.27:Method of releasing the SPNI samples, after immersion in Ki#8d IPA

de-scummed and UVO cleaned. The processed wafer was cuxg@tr850C for 1 hour
in a convection oven and is left for atleast 5 hours to coobtom temperature before the

sample could be released from the carrier wafer.

h: To release the device the samples were submerged in MIBK{Hiso-butyl Ketone):IPA
at a ratio of 3:1 and left for at least 24 hours. Using IPA anazr blade, see Figure 7.27
the samples are peeled from the wafer and cleaned usingiacatd IPA. The device was
then rolled into the spiral configuration. The end of the dewas clamped into a pair
of tweezers that were connected to a hand operated rotatchanism. The tweezers
were gently turned to form a tight spiral in the directiongesrdicular to the channels
and the rolled device was inserted into a silicone tube. Tkenexternal connections to
the electrodes the samples were ball bonded through theohdlee connection pads to
alumina printed circuit boards underneath (ESL Europa)gib micron gold wire and

a manual ball bonder (Kulicke and &, Model 4522).

7.5.1 Problems during Curing

Most applications of polyimide in neural interfaces empdoguring step before the metalliza-
tion layer is introduced to the structure [62, 80, 22]. Altlgb the reason for this curing step
is not discussed in detail it is most likely necessary to cedstress and stop the devices from
wrinkling after release from the carrier. Unfortunatelyedo the PMMA sacrificial layer it was

not possible to perform this curing step until the end of trecpss after the metallization had
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Rolled Device

Fig. 7.28:Fully bonded SPNI device; Top, Microscopy of ball bond, Bott Fully bonded device

already been defined.

Unfortunately, carrying out the curing step at this stageadiuse problems with the SPNI
that need to be addressed in the future development of thelneterface. The polyimide
is cured at a temperature above the glass transition of PMMAC), which means that
during curing the polyimide can de-laminate. Then, due ® shrinking of the polyimide
layers during the curing (solvent is outgassed and the padlg imidizes), the connection pads
become significantly narrower than they were designed t&-behermore, at the step, the gold
layer can be cracked and fractured by the shrinking, as sioWwigure 7.29.

This dfect does not occur uniformly across the wafer as deviceseiréhntre of the wafer
showed less or no damage after curing than those on the ewkitie device. Furthermore,

this shrinking during the curing caused the outside regminsach device to be misaligned
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Fig. 7.29:Problems caused during curing

for ball bonding, making it dficult to characterize these devices electrically. Thesblpnos
significantly reduced the yield of the SPNI as out of 8 samfites could be fabricated on a
single wafer, in general only four devices would survive tieing process. Furthermore, in
each ‘successful’ sample oni10 of the available electrodes could be coupled to via MHAI bal
bonding. If a thicker second substrate layer had been usegdssible that this could have

caused more failures.

Single layer samples

As a result, it was decided to fabricate some SPNI sampleéshttha single layer substrate,
to determine whether these problems of alignment and galigrdaduring curing would be
repeated, and to also determine whether the thin-gold filmdcgurvive the compression asso-
ciated with rolling.

To fabricate these samples, the PMMA was spun and bakedf@® pollowed by a 20m
substrate layer of PSPI, that was exposed and developedas.b€he second substrate layer
was omitted and the rest of the fabrication process was kepgame. After curing, the single
layer samples did show some signs of misalignment, due tiokshg, but there were no obvious
fractures in the gold layers.

For both types of samples, each electrode pad that coulddmeedl was connected using
at least 6 bonds to provide both an electrical coupling aneéehanical support for the device,

see Figure 7.28.
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7.6 Summary of this Chapter

To implement the novel interconnection technique requaratgnificant amount of work. It is
possible to fabricate SPNI devices that are compatible Mifh using the fabrication methods
that have been discussed.

The use of PMMA is a novel application of a sacrificial techu@gand although care is
needed to ensure that the samples do not delaminate, isegyisea reliable method to fabricate
photosensitive polyimide as a substrate for neural inteda Again, this needs careful consid-
eration in terms of design, as the polyimide cannot be fulised until the final step, meaning
that shrinking of the polyimide layers may cause failurepeeially in the thin film gold layer.

It was found that a substrate thickness belowrB@ould be bonded without filiculty, with
avia hole between 60-7@n. The substrate thickness influences the strain on the téialiim
during rolling. Using the elastic theory of bending a begdinodel has been described that
accounts for the geometry of the SPNI and suggests that ttedliretion of the original SPNI
was under tensile compression during rolling, which mayehaowed it to be bent without
causing a fracture. To minimise the strain the new modeliptedhat a substrate thickness
that is an equal thickness to the passivation layer is reduit has further been shown that the
original model of bending in the SPNI was flawed as the neattisl was incorrectly calculated
for the wrong axis of bending.

In order to be compatible with MFI there is a limited range obstrate thickness that is
possible for the SPNI, and so methods of fabrication have leestigated to increase this
range by incorporating a dual substrate design. Implemernhis design represented a sig-
nificant challenge using the photolithographic techniqage# required the ability to pattern a
step with continuous wiring. This was overcome using a tigkhotoresist layer. The dual
substrate layer, although possibleffsted significant problems during curing. The yield of the
process was reduced by mechanical problems caused byigigrimfikhe polyimide structures,
which caused misalignment and fracturing of the metallratf the step. Roughly half of the
samples survived the curing. For the single layer sampkesetproblems were reduced, where
no samples showing any fracturing despite some misalighmen

The performance of the SPNI depends on the quality of thedatiion processes that have

been presented, however until now no attempts have beentmpdedict the performance that
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should be expected from these electrodes. The next chamsernis a theoretical model to
predict the electrochemical performance of the devicestdiabe used to evaluate the in vitro

testing.



8. THEORETICAL MODELLING OF THE ELECTROCHEMISTRY OF
THE SPNI ELECTRODE FOR IMPEDANCE SPECTROSCOPY

This chapter develops a theoretical model of the electrotgface that can be used to assess
of the quality of SPNI fabrication and to evaluate the impemaspectra presented in the next
chapter. This modelling is based on a widely accepted irg&apon of the thin-film metal elec-
trodeg’saline interface that was described by Kovacs in 1994 [2@]s Thapter will show how
the interface can be modelled as resistive and capaciteegrhena, working in parallel, whose
behaviour can be modelled for a range of frequencies of egplotential, using Microsoft Ex-
cel. This model can then be used to show what the expectedlampe and phase spectra of
the SPNI should be. These results significantly improve Hiktyato assess the quality of the
SPNI fabrication process, and give insight into whethereaiithe processing steps needs to

be reviewed.

8.1 Modelling The Electrog&aline Interface

As stated earlier in chapter three, to record electricaViégin the body requires an interface
between the metal electrode and the ionic electrolyte tvabsnds the neural tissue. The in-
terface between these the metal and the electrolyte isretdemical. This is also true for
impedance spectroscopy, so to predict the performanceedbBNI electrode requires an un-
derstanding of this electrochemical interface. The eteles discussed in this thesis have gold
active sites and as a result this chapter will discuss tleistelchemical interface between a
thin-film gold electrode and saline.

The electrochemical phenomena that dictate the impedaectra of the electrode interface
can be depicted as a parallel circuit known as Randle’s mtuslis shown in Figure 8.1. The
model consists of; the interfacial capacitadgethe charge transfer resistariRe the Warburg

impedancé&,, and the solution resistan&g. By computing the ffect of each component across
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SPNI Interface __ Saline.
ElectrOde g] | | -

R\

Fig. 8.1:Diagram to show electrical components that make the gdlatisa interface
[20]

a broad frequency range, the total impedance spectra afiidaice can be predicted.

8.1.1 Interfacial Capacitance

Before the metal electrode is placed in the ionic electeodglution, the metal and the solution
are electro-neutral. When the metal is in the solution fleeteons are attracted to the positive
ions in the solution and thus travel to the electrode surfalee electric field generated by
surface charges of the metal then begins to impact the elgigtrwhere disassociated ions in
the solution are attracted to the surface charges, varigmgh concentration from a maximum
at the electrode surface to a bulk concentration in the regteosolution. As a result of the
charged metal surface, polar water dipoles orient theraselnd determine the closest approach
of the charged ions in the solution at a distance which is knag/the outer Helmholtz plane
(OHP) as illustrated in Figure 8.2.

For a typical interface the outer Helmholtz plane has a tiesk of around a few angstroms,
and so the potential flerence between ions and the metal surface drop over a veliydima
tance. Helmholtz developed an initial theory to descriteedpatial charge distribution at the
interface as a simple capacitor by assuming that the chaogsdare confined at the OHP, with
an equal and oppositdfect in the metal. The space in between acts as a dielectritherzh-
pacitancesy per unit area is then determined by the dielectric perniytof the space between
the water molecules and the electrogeand the distance of the OHP from the metal electrode,

donp in the parallel plate capacitor formula,



8. Theoretical Modelling of the Electrochemistry of the SENctrode for Impedance Spectroscopy 110

donp! Lp

an

& sSle
< > <

O> €0EsA

O
® ©
Water .

SH

dOHP

OMg% O,\‘? ‘ o = que” /o

O Solution
@)

Metal Surface

v

Pm

SH SG
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Multiplying the above expression by the area of the ele@mgigies the total Helmholtz ca-
pacitance for the interface. A value for the Helmholtz cépace can be calculated by taking
the dielectric constant of water as 79.4 and an Outer Helinlpddne distance of 5A(which
were both chosen to represent physiological saline aE#80]. These approximates yield a
Helmholtz capacitance of per unit surface area of 14d?Fwhich is often useful as a design
guide, although both the relative permittivity adgyp can change this approximate consider-
ably, which will be discussed further as model is made morepdex.

The Helmholtz model was flawed as it neglected the role ofrg@teon capacitance and
negated the movement of ions in the solution, where mobils iensure that charge is not
concentrated entirely at the OHP but insteatudies into the solution, thus lowering the actual

capacitance of the interface. In 1910 to 1913, Gouy and Chapinanged the simplified model
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to account for mobile ions at the interface that are depanalethermal factors as well as the
electrical forces already described.

The result of this updated model, labelled as the G-C modeigs an ion cloud near the
interface where thermal and electricéliexts are equilibrated in a time-averaged ionic distribu-
tion. Thus the total charge is maintained by extending tlaegshlayer into the bulk electrolyte

so that the potential distribution can be considered to bexannential decay of the form;

e(X) = SDOGXP(—L—);) (8.2)
Lo = ,/fgf\flg (8.3)

Whereyy is the potential at the electrodejs the distance from the electrode, drglis the

Debye length (measured in meters). The Debye length clesizes the spatial decay of poten-
tial and can be viewed as the characteristic thickness dditfigse layer. Also included is the
Boltzmann constark,, the temperatur&, the charge of the electra® the bulk concentration
of the solutionNp, which is given by the concentration of the ions (fyanultiplied by Ava-
gadro’s numberl,). For the saline solutioNy = Na-[NaCl = 6.02x10%3-0.147 = 8.9x 10?2

Alternatively, for saline the Debye length can be calcuatsing,
Lp = 0.304x 109 - [NaCl (8.4)

which gives a value of 82x 1071°m [81, 82]. Thus the G-C capacitance spreadd.5 further
into the solution than the Helmholtz hydration sheath, dufé¢ mobile ions.

The diferential capacitance per unit are@nif) can be calculated by using Gauss’s law on
the region near the electrode to give;

_ €06t o opf 2820
SG = L Cosy(Zka) (8.5)

Where the cofficient (ELO—;') is the capacitance per unit area of two plates separatediisyaance
Lo and the &ects of mobile charges are represented as the hyperboiiecos

For a potential at the electrode of 5 mV (used in the experiaienvestigations shown
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later) the G-C capacitance at the electrode is 0,/8% Fwhich is approximately two thirds of
the Helmholtz capacitance.

However, the G-C model does not give a finite plateau for dégraze with increasing po-
tential, as observed in real systems due to the presence QP acting as a dielectric. Thus,
the Stern model is used to combine the G-C model with that dihHeltz to rectify this prob-
lem. This gives a layer of bound ions at the OHP with fiudie ion cloud beyond it. For this

case, the total interfacial capacitance is a series cornibimaf both models;

1 1 1
el (8.6)
Sl SH SG

Whereg, is the interfacial capacitance per unit areg,is the Helmholtz capacitance and
sc IS the G-C capacitance due to théfdse cloud as described earlier. This model describes a
linear potential drop between the electrode and the OHIBWel by a near exponential decay
from the OHP out into the éluse solution.

This interfacial capacitance per unit area can be written as

1 1\

which gives a value of 0.54/f?. A 1 micron square patch of electrode (Ardax 1072 m)

will therefore have a capacitance of 0.54 pF.

8.1.2 Overpotential and Charge-Transfer Resistance

The capacitance at the interface does not describe the efgatrical picture as in general, when
a metal is added to an electrolyte spontaneous Faradattorgsacan occur where electrons are
transferred across the boundary. These reactions evigntaath equilibrium whereby the
currents due to electron transfer flowing to and from the tree® equal, resulting in no net
current flow across the interface. For the SPNI electrodgetspontaneous reactions are more
likely to be caused by impurities as it is highly unlikely tHéaradaic reactions occur at the
gold surface. This is because in most electrolytes goldgsses very weak chemical adsorbing

properties and is often thought not to allow Faradaic behayfor this reason it isseen as the
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ideal metal for the investigation of solid electrode bebavi[83, 84].

A DC potential applied across the SPNI interface may allowaeaéaic current to flow,
however, given the right conditions. Thus it is necessappttsider the resistive path in parallel
to the capacitive path for the interface, which is highly Hioear with the applied potential. The
flow of current through the metal-electrolyte interfaceuiegs the net movement of charge in
the response to an electric field, which can be considerdueadificulty to place or remove a
charge from the electrode. An applied voltage pushes tleefate away from the equilibrium

(¢o) and the potential dierence that results is called the overpotential,

n=¢—¢o (8.8)

The overpotential is thought to be a sum of three procegsespresents charge transfer across
the double layeryqy represents diusion of reactants to and from the electrogerepresents

chemical reactions at the electrode surface.

n=1m+1q+17 (8.9)

Thus, a potential in excess of the equilibrium will drive gjatransfer, dfusion and chemical
reactions. In general, for the operation of an electrode tieaequilibrium position the charge
transfer overpotential tends to dominate the overall cui@ad as the applied potential is pushed
further from equilibrium the dfusion of reactants would become a more limiting factor. In
biological applications the overpotentials associateti wiemical reactions are negligible and
for noble electrodes it would not be expected to reachfasion limited case as there would be
relatively few charge transfers. Thus, for the modellingkwanly the overpotential associated
with direct charge transfer is considered.

The exchange current densifly of the interface is used to quantify this behaviour and
depends on the material of the electrode and the compositihie solution.J, is often experi-
mentally assessed by measuring the charge transfer ressdeound the equilibrium potential
of the electrode in the electrolyte of interest.

If the current is small with regards tly then the electrode will not shift significantly from the

equilibrium and will behave linearly but as the current biees a similar magnitude or abo¥g
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non-linearities become more prevalent and the chargefénaresistance fallsfbexponentially
with applied voltage. If the potential is close to the edurilim then the Butler-Volmer equation

can be used to calculate the resulting current density J¢im?ps

J=J [exp{%} - exp{ _’??l_eh}] (8.10)

WhereJ, is the exchange current density as descrizéglthe valence of the ion involved in the
charge transfer, anglsymmetry term that accounts for the energy barridiedence associated
with oxidation and reduction reactions. The Butler-Volneguation describes an exchange
current that has a fraction that assists ionizatpn)(and a fraction that retards discharge ((1-
Bny)) [85]. Therefores determines the symmetry in the I-V characteristics; wheth beactions
proceed at the same raggas 0.5. From Equation 8.10 it can be seen that any small change
n can have a large impact in the current dendignd the electrode material has a significant
impact on the amount of current that flows in response to ahemppotential due to thefiect
of the exchange current density. At high voltages electotbal reactions at the interface are
more likely, thus it is desirable to limit the experimentabdysis to as close to the equilibrium
as possible. For stimulation, an electrode with a highehamge current density is desirable.
To determine a theoretical value for the resistance thagansgn parallel to the capacitance
at the interface, it is useful to examine the r; relationship via a small-signal analysis where a
low-field approximation is taken to represent a neural r@icgy. The charge transfer resistance,
R: under low-field conditions and with non-rectifying systegn=£ 0.5) can be calculated by
first rewriting the current density in hyperbolic form, tagithe derivative with respect tp and

finding the inverse. This gives,

o kT 26 -
R = il fze[cosr(zka )] (8.11)

in Qcn?. For the approximate the charge transfer resistance camitterwin a linear form as:

_ kel

= A2
Joze (8.12)



8. Theoretical Modelling of the Electrochemistry of the SN ctrode for Impedance Spectroscopy 115

and the resulting current is satisfying ohm'’s law,

ne _ Jozen
== =— 8.13
R- kT (8.13)
The limit for this approximation to be valid is assumed to be,
zep 1
T < z (8.14)

to keep the error due to approximation below 1%[18]. Thigesponds to an overpotential
of around 50mV, up to which one can assume linearity. Thigeaof validity is suitable for
neural recording as spike amplitudes are normally belosttiveshold. This also complies with
impedance spectroscopy where all evaluations are pertbain® mV.

In 1975 Wise and Angell experimentally assessed the exehemgent density of drawn-
wire, metal electrodes in saline, held at a fixed dc potemékdltive to a saturated calomel
electrode, and the results of their experimental analysiskown in Figure 8.3 [85]. It can be
seen that gold had the smallest exchange current out oeath#tals investigated, reflecting the
fact that gold is the noblest metal. For gold it can be seetttigeexchange current density was
determined to be: 2x 10°° A/cn? in the experimentally relevant potential rang}é < 50mV).
This gives a charge transfer resistance for gold.29% 10’ Q/c?. From this result Wise and
Angell suggested that noble metals operating at a low velsdguld not be expected to pass an
appreciable current [85].

This value determined by Wise and Angell is largely in agreetwith the experimental
work of Frommbhold, who performed impedance analysis on gtddtrodes in saline using the
same methods described in chapter 5. Frommbhold found tkattibrge transfer resistance
of a thermally-evaporated gold microelectrode of 0.283 anea was 0.81C° Q [18]. Thus,
from these two studies, a 1 micron squared patch of electadde expected to have a charge
transfer resistance of 1 x 10'® Q, which is very large, again reflecting the fact that gold is a
noble metal [85, 86, 83, 84].

The experimental work of Wise and Angell, and later Fromrdhdid not attempt to assign
the chemical processes that resulted in the measured eyeharrents to any specific reactions,

for example no attempt was made to classify the amount obl#isd oxygen in the saline nor
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Fig. 8.3:DC behaviour of metal electrodes in saline. The electrodzs i the form of drawn wires and
were referenced to a saturated calomel electrode.
[85]
to investigate whatféect the amount of dissolved oxygen has on the exchange turfée
experimental results presented above should thereforedreas representative of a gold elec-
trode operating in relevant experimental conditions. @yabltammetry could allow detailed
investigation of the Faradaic reactions at the gold-safitesface under d.c. conditions, but this

has not been investigated in this study.

8.1.3 Warburg Impedance

For most electrodelectrolyte interfaces the charge transfer resistancerduges the resistive
branch of the electrode impedance. However, this situati@mges when the current density
(AC or DC) is so large that the reactants canné@iudie from the bulk material and the increased
chemical reaction rate depletes the local reactants qqastoncentration gradient from the
electrode to the bulk solution. As a result the current dgnsilimited by the difusion rate of
reactants to the interface, which results in fiudiion overpotential.

For time-varying signals with higher frequencies it is viiocbnsidering the case of a si-
nusoid forcing function acting on the ions at the interfagesinusoidal, spatial variation of
ions develops rather than a linear gradation, with a higbecentration of ions at the OHP and
falling off into the solution. As the frequency of the excitation is @ased it becomes more
difficult for ions to follow the field, dampening th&ect of the spatial variation. Thefects of

the diffuse ion cloud become less significant and for an ever incrgds2quency the ions are
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not able to follow the field at all. This leads to ndfdsional impedance and in 1899 Warburg
proposed a model for this frequency dependeffudional impedance for a unit are@-(m?)

that is made a resistiv&() and capacitive term,) that can be written as,

1
=Ky — 8.15
Ry NG (8.15)
1
Sw = E (8.16)

that act in parallel to each other and in series with the aam@nsfer resistancek,, is the

Warburg constant that can be written as,

KT
_ 7,
Ky = 107 e (8.17)

where D is the dfusion constant for the ions in the solution4@x 10-° m/s?). For a 1 micron
patch of electrode operating a 1 Hz, the Warburg impedantieeis 274 x 10°Q. As stated,
the Warburg impedance is traditionally represented as @cwtion of a parallel capacitance
and resistance, however it has more recently been showththato circuit elements are better
represented by a single circuit element with a constantepbiasts [20].

It has been shown above that the Warburg impedance is mudlesthat the charge trans-
fer resistance, and so the measured impedance of an SPNelgokiode is not expected to
be dfected by the Warburg impedance, as the impedance of thediam@drent branch will
be dominated by the charge transfer resistance. HoweveMMrburg impedance has been

included in the model for completeness.

8.1.4 The Solution Resistance

For a flat electrode, as the current spreads out into theigoliitexperiences a solution re-
sistance that depends on the shape of the electrode andsiktvity of the solution. The
resistivity is determined by the number of ions present &edeémperature of the solution. For

a rectangular electrode, the solution resistance is giyen b

In4
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wherep is the resistivity of saline which at 25:0.7 Qm[26] andl andw are the length and

width of the electrode respectively.

8.2 Calculating the Resulting Impedance and Phase spectra

The impedance of a resistatd) and a capacitoiZ.) can be written as,
Zz=R Z =— (8.19)

whereR andg are the resistance and the capacitance of the componentsaamtiv are the
imaginary unit { = V-1) and the angular frequency of the ac impulse respectiveiy.then
possible to calculate the total impedance of the interfgosaliculating the resulting impedance
of each component and working through whether the comperagatin parallel or in series.
Following this methodology the impedance of the capacitiveent branch can be written

as,

7, =L (8.20)

Jwg

and the impedance of the Faradaic current bra@gh ¢an be written as an addition of the

charge transfer and the Warburg impedance,
Zr =R +Ry (8.21)
Adding these current branches in parallel gives an impezlahthe electrode interfac&g as
Ze = (i + i)_l (8.22)

and substituting the components of the interface that haseiqusly been outlined into the

above expression gives,

[(Ry+R)A -7+ (R)A+7+y)]+ [ [(R)A-7) - (R+R)A+7+7)]

e =
: (L-7y)2+ (1+71+7)?

(8.23)
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wherer = wRyg) andy = wRg,. For the above equationg, is the capacitance of the double
layer, R is the charge transfer resistance of the interf&zas the Warburg resistance ands
the angular frequency of the potential impulse. Finallyiad the solution resistanc&d) in

series with the interfacial impedance gives a total impedant,

Z =7 +Rs (8.24)

and again substituting the components of the interfacesgive

[(Ry+R)1-9)+(R)L+7+y)]+[(R)(1-7) - (R+Ry)(1L+7+7)]

‘= =72+ @+ 7477

+Rs (8.25)

The magnitude and phase of the impedance can be calculaadically if the equation is

separated into the real and imaginary parts,

% [Z] — [(RW + R[)(l - ’)/) + (R[)(l +7+ ’)/)]
(1-72+1+7+y)7?
[(R)1-7) - (R+R)A+7+7)]

+ R (8.26)

314 = (1—9)2+(L+71+7y)> (8.27)
and magnitude and phase can be evaluated as,
1Z] = \/9% [Z]? + 3 [Z]? (8.28)
B J(Z]
Arg(Z] = arctar( R [Z]) (8.29)

Once the real and imaginary parts have been separatedagyd@ evaluate these functions for
a frequency spectrum. Using a spreadsheet program likel Empedance and phase spectra
can be plotted that serve as a theoretical prediction oftperanental results.

For a gold electrodes in saline the values for the constasdd to build the models are
outlined in Table 8.1. After computing these values, theesponding impedance and phase
spectra can be calculated by applyin@elient values of frequency. The experimental testing is
restricted to measuring the electrochemical behaviouh®irterface between 40 Hz - 1 MHz
and as a result the modelling work presented is restrictétisoange.

The modelled impedance and phase spectra of a planar gotdoele of the equivalent size
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Property, Units Value Reference

Exchange Current Density of Gold/#* | 2x10™° [86]
lonic Strength of Saline, mal 0.0815 -
Signal Strengthi), V 5x10°° -
Temperature of Experiment, K 298 -
Dielectric Constant of Solution 79.4 -
Electron Charge, C 1.6x10°1° -

Valence of NaCl (z) 1

Boltzmann Constant, JK 1.38x10°% -
Concentration of NaCl, mgl 0.147 -
Permittivity of Free Space,/fm 8.85x10°*? -

Resistivity of Saline at 25 QOm 0.72 [26]

Tab. 8.1:Values and units for the Physical phenomena used to builchtitel of a gold electrochemistry
in saline.

of the SPNI, a lum? electrode and ax10° um? electrode are shown in Figure 8.4. As can
be seen, the relationship between the area of the electratiha corresponding impedance is
inversely proportional and for all areas the capacitivenpineena of the interface dominates.
As the frequency is increased the total impedance fall$ thdiinterface is dominated by the
solution resistance. Larger electrode reach the soluésistance at a lower frequency. For an
electrode of the equivalent size of the SPNI, the magnitidbheimpedance ranges between
5 MQ and 1000Q2 between 40 Hz and 1 MHz. The impedance spectrum begins teapiat
at around 100 kHz, which corresponds to the frequency atiwthie solution resistance starts
to become dominant. This is also seen in the phase specthe ghéase goes towards for

increasing frequency above 100 kHz.

8.2.1 Interfacial Capacitance Modelled using Constans@dement

In general, the interfacial impedance of electrodes (imped of the top current branch in
Figure 8.1) cannot be modelled with a pure capacitor, evémeimbsence of the resistive branch
current [87]. Instead, the interfacial capacitance of teeteode has a ‘dispersive’ nature that is
frequency dependent and can best be modelled using a copstae element (CPE). By using
the CPE to model the dispersive capacitance of the doubée, lthe interfacial impedance can

be written as,

Zepe(w) = (8.30)

si(jw)"
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Modelled Impedance Spectra of Planar Gold Electrodes
between 40 - 1 MHz

1E+10 =
S
] ~
1 ~
1E+9 - e
E LS
E g+ - Sso
o 3 D I
£ BT Sso
i E LS
‘2 ] ~-< Sso
& 1E+6 - So s
s E < -,
Q LS
g 1E+5 - e
= LS
=] ] LS
153 1 » -~
g' 1E+4 - -
| LS
— Gl S
“w
+3 - -
1E+3 Seaeo
1E+2 R — - :
1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Frequency, Hz
e eArea=1 micon™2 == eArea=SPNI sized electrode Area=1E6 micron”2

Modelled Phase Spectra of Planar Gold Electrodes between

40 -1 MHz
-100
--noo----0oo.oaoo.itll..':::o.....
80 - Sea, e,
. %
. ‘.
5 -60 " .
e 7 % .
on . .
1) ° .
a 1 . °
$ -40 "
o L]
_: L]
A '.
20 - '..
0]
1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Frequency, Hz
e o e Area=1 micron"2 ¢ ¢ ¢ Area=SPNI sized electrode Area=1E6 micron”2

Fig. 8.4:The modelled Impedance and Phase spectra of a planar gottbeie for three surface areas; 1
um?, the area of an SPNI electrode (30@®°) and x10° um?.



8. Theoretical Modelling of the Electrochemistry of the SENctrode for Impedance Spectroscopy 122

SPNI Interface: Including Constant Phase Element  Saline

Electrode

_ 1
(G- jo)™

ZCPE

R\

Fig. 8.5:Diagram to show electrical components that make the gdldien interface including the
constant phase element
[20]
andn is a constant between 1 and 0 that determines the ‘idealoEg interfacerf = 1=pure
capacitor)[18]. A model of the gold-saline interface thatludes the dispersive interfacial
capacitance is shown in Figure 8.5.

The dispersive capacitance is thought to model slow presa$st involves; the formation
of chemical bonds of some species to the electrode surfdsmfation) or the rearrangement
of atomic structures on the electrodes surfaces. Capadispersion has been shown to be
related to surface roughness and as a planar electrode vanb®made perfectly smooth in
the microscopic range (describing features from 10 nm to@pit is important to consider it
for the impedance spectroscopy model [87].

By using the expressions,

()" = exp{%} (8.31)
nr nr . . (N
exp{?} = [cos(?) + jsm(?)] (8.32)
the impedance of the constant phase element can be written as

1
Zc = 8.33
) = oy [eos(Z) + ()] (8:33)
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Which can be used to model the impedance of the interfacet@epin Figure 8.5 as,

,_ RERIpRR) (os(E)-sn(E)]

(g| W"(R + Ry) cos(%) + 1)2 + (g w"(R + Ry) sin(%))2

where, ¢, is the capacitance of the double lay&,is the charge transfer resistance of the
interface,R, is the Warburg resistance; is the angular frequency of the potential impulse

and n is the dispersion factor. The real and imaginary pande separated out as,

(Ru+ R)(1+ Ry + R)s10" cos( %))
(s10"(R + Ry) cos(%) + 1)2 + (s10"(R + Ry) sin(%”))2
~(Ru + R)%s1w"sin(%)

(g w"(R + Ry) cos(%) + 1)2 + (gw”(R +Ru) sin(%”))2

R[Z] = +Rs  (8.35)

J[Z] = (8.36)

It should be noted that whem=1 the original expression for the impedance of the electrode
interface is returned (Equation 8.25), which is expectetthissepresents the purely capacitive
double layer. Adding the dispersive capacitance gives theesponding impedance and phase
spectra for a gold electrode of the size of the SPNI showngurei 8.6. As can be seen, the
dispersive capacitance increases the impedance of theoelednterface and results in a more
gradual decrease in impedance for increasing frequencylOB0 Hz the impedance of the
electrode for &1, 0.9, 0.8 and 0.7 are 94Xk 235 k2, 561 K2 and 1340 K2 respectively. In
the phase plot, fon<1 the behaviour shows a constant phase spectra that is imdieqteof the
applied frequency. As decreases the value of the constant phase line increasediagty. Fi-
nally, the impedance and phase spectra for the dispersNé&ectrodesri<1) do not indicate

that the impedance becomes dominated by the solutionaesest

Estimating the relative Dielectric Constaet,

One constant that does not get discussed in detail in the limzpeork of Kovacs and others
is the dfect of varying the dielectric constant, whichiexts the capacitance of the double layer.
Figure 8.7 shows thefiect of changing the magnitude gf(between values of 79.4, 40, 20, 10
and 5) on the relationship between the total impedance andrtfa of the electrode at 1 kHz.

As can be seen, decreasing the value of the dielectric aunsizreases the total impedance.
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Modelled Impedance Spectra of Dispersive Gold Electrodes
between 40 - 1 MHz
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The dielectric constant of water is 79.4 at'2but in the interface the electric field is varying
over such short distances (Angstroms) it is hard to justifif the potential field would be linear
and so the true value of the dielectric constant is hard terdene. In the interface Kovacs
suggests that the dielectric constant could be as low as|6 [20

By comparing the modelled impedance with values reporteéddriterature, as collated by
Fung et al in 2010 [88], it appears as though a dielectric teoi®f 79.4 may be most closely
matching the reported values. As shown in Fig 8.5, the gaddteddes have an impedance
around 0.5%10’ Q for an area of um? and an impedance of around*1@ for an area of £10*
um?, which is consistent with a dielectric constant of 79.4. ldwer, the modelled data here
is only considering a pure capacitor and the reported vahesbe influenced by surface in-
homogeneities. Also the collated data highlights the viameof measured impedance between
research groups, which makes ifftiult to draw concrete conclusions. As a result the dielectri
constant for this modelling work is kept at 79.4, as this gitee right order of magnitude for

the general relationship between increasing area and iamged

Varying the Charge Transfer Resistance

The model so far does not account for the possiitece of contaminants at the interface on the
charge transfer resistance, or thigeet of varying the oxygen partial pressure that could change
the rate of oxygen reductigoxidation. In the literature it suggests that the exchamgetion

of a noble metal with an electrolyte may bffeeted by impurities of an unstated origin [85,
84]. If these impurities increase the exchange currentityeoisthe electrode material then the
impedance of the interface may bezted, whereas a decrease in the exchange current density
would not dfect the impedance. To demonstrate this, the impedance ase gpectra of three
modelled electrodes that havedtdrent charge transfer resistance are shown in Figure 8i8. Th
figure therefore models a reduction in the charge tranststemce (caused by an increase in
the exchange current density). As can be seen, reducinghtirgetransfer resistance by310

Q does not fect on the impedance spectra, as it is still extensively dated by capacitive
phenomena. However, reducing the charge transfer resestan1@ Q does lead to a plateau

in the lower frequency behaviour as well as an increase iptiase behaviour of the interface.

However, it is hard to justify what would cause such a largangfe in the charge transfer
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Impedance of Electrode at 1kHz vs Area for different Dielectric Constants
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resistance. Thus it is fair to assume that the charge tnarefestance would have a minimal

impact on the measured impedance of the SPNI electrode.

The geometry of SPNI

So far the model has been for a planar electrode with no o#@mgtric considerations, how-
ever the SPNI is a complex micro-fabricated structure foiclvieach micro-channel has walls
and a roof. If the channel is completely sealed it may be expdtat the current between the
two electrodes in the impedance spectroscopy would beddéavel through the length of

the sealed channel which would have a corresponding resesta

R =

(8.37)

whereL,_. andA,_; are the length and area of the section micro-channel thredrgth the
current must travel and is the resistivity of the solution. For the SPNI, the eled&ds 2 mm
from the edge of the device and the micro-channel is 100 x.00This gives a corresponding
resistance of 1410° Q. As both ends of the device are open the current can traveligr
either opening, this give a solution resistanceRgf=1.4x10°/2 =7x10* Q. This resistance
would be expected to dominate the higher frequency behawbthe device and give much
higher impedance than the solution resistance of the flat 8ftrode.

If the sealing is incomplete, however, this resistance ballreduced and the impedance
at higher frequency would be expected to plateau at a vahsecko solution resistance of
the planar electrode, shown earlier in Figure 8.4, as theeotitvould not be confined to the
micro-channel and would be able to follow a more direct path.

The dtect of including the solution resistance of the sealed maétrannel on the impedance
and phase spectra is shown in figure 8.9 and 8.10, for botli&a¢ and dispersive interface re-
spectively. As expected, the impedance plateaus at thé@ohesistance at a lower frequency
than in the previous, flat models. In Figure 8.9 then¥’ electrode begins to plateau at very
high frequency, reflecting the need to measure impedanaeaohaege frequency range to in-
clude all the electrochemical phenomena. This behaviclgdhbe extremely noticeable when
analysing the experimental data taken from the fabricadetptes and may serve a useful indi-

cation as to whether the channels have been seéllectieely. Thus, the experimental testing
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Modelled Impedance Spectra of Planar Gold Electrodes of
Different Exchange Current Density between 40 - 1 MHz
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Fig. 8.8:The modelled Impedance and Phase spectra of a SPNI sizeelgotdbde for varying charge
transfer resistance. A large reduction in charge transfgistance reduces the lower frequency
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Modelled Impedance Spectra of Planar Gold Electrodes in a
Sealed Micro-Channel between 40 - 1 MHz

1E+10 - ~
~
~
~
~
1E+9 - S
@ ~
E ] \\
= ] ~
o ~
< 1E+8 \\
=] E| ~
1 ~
= ~
= 1 \\
& 1E+7 - So
= ! \\N
3
é 1E+6 - \\\ ~\\
2 S N‘n.
2 So
£ ~
(= N~
1E+5 - SN
1E+4 R T T e R
1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Frequency, Hz
== mArea=1 micon™2 == =Area=SPNI sized electrode Area=1E6 micron”2
Modelled Phase Spectra of Gold Electrodes in a Sealed
Micro-Channel between 40 - 1 MHz
-100
: ’:::::.............'...........
-80 - Ce, e,
[ ] L]
[ ] L]
L] [ ]
L] L]
[ ] L]
& -60 ° °
a ] .o .o
s 7 ... ...
g 40 ° °
< L]
= °
A .
L ]
20 - .o
L]
..
[ ]
[ ]
0 - ‘.......C")l',ll
1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Frequency, Hz
e o Area=] micron"2 e e Area=SPNI sized electrode Area=1E6 micron”2

Fig. 8.9:The modelled Impedance and phase spectra of a pure electfaliferent surface areas in-
cluding the added geometry of a sealed micro-channel. Ting 8lBctrode is modelled by the
brown dashed line.



8. Theoretical Modelling of the Electrochemistry of the SEMctrode for Impedance Spectroscopy 130

Modelled Impedance Spectra of Dispersive SPNI Electrode in
a Sealed Micro-Channel between 40 - 1 MHz
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should be able to detect if the channels are leaking.
This result completes the modelling of the SPNI electrodeirftpedance spectroscopy.
The next chapter presents the experimental results of thigrmmtesting to determine both the

impedance of the SPNI electrode and it's mechanical durabliliring tensile testing.



9. ELECTRICAL AND MECHANICAL TESTING OF THE MODIFIED
SPNI

9.1 Electrochemical Impedance Spectroscopy (EIS)

As a result of the problems that have been discussed so fpariitular the problems during
the final curing of the PSPI, the amount of in-vitro testingttbould be conducted on the SPNI
was limited. However, it was possible to perform electrauloal impedance spectroscopy on a
small number of samples to assess the quality of the elexgribht had survived the fabrication
process and determine whether the MFI had been successitdigporated into the SPNI. The
results presented are intended to validate some fabnicptimcesses that have been discussed,
whilst highlighting areas that need further investigation

The methods of obtaining impedance spectra and the readonsueh tests are important
in the development of a neural interface is introduced irptdrafive. To analyse the results
obtained from performing these tests a model of the eleetmoiiérface has been presented in
the previous chapter that can be used as a guide. ffaet® of varying the capacitive and
resistive elements of the interface and the area of theretiton the impedance and phase
spectra have been outlined. Furthermore, tfiece of introducing sealed micro-channels has
also been introduced. Thus, these modelled impedanceapect be used to assess the quality

of the SPNI fabrication process.

9.1.1 Incorporation of the Microflex Technology into the SPN

Typical impedance spectra for electrodes in a dual sulestraied SPNI is shown in Fig.9.1.

The electrodes measured correspond to connection pads mitldle of the device, as these
were the only pads that could be aligned correctly for MFe plot shows the typical impedance
of the electrodes measured as well as the spectra from thedtignd lowest impedance mea-

sured. The mean impedance at 1000 Hz for 10 electrodes afited SPNI was 747 R with a
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range of 280 R to 1.2 MQ, as shown. From the modelling work it can be said that thisiarho
of impedance is higher than what would be expected for a plaear gold electrode that had
a corresponding impedance 2100 k2 at 1000 Hz (as in Figure 8.4). Thus the impedance is
approximately seven times larger that would be expectethéoideal case. Similarly the phase
spectra varies greatly than what would be expected in tha hese, as the measured phase
at lower frequency (between 401000 Hz) is~-60°, whereas the modelling work suggested
that the lower frequency response would be dominated byapadaitive coupling with a phase
closer to -90. It has been well reported that electrodes cannot behawieakgapacitors due
to slow chemical processes that evolve at the interfaceedds a dispersive capacitance can
be used to represent the double layer of the electrode. TiHibavdiscussed further later in
this chapter. For the higher impedance measurement thaialige amount of scattering at low
frequency whereas for the typical electrode, whose behavsoreflective of the majority of
electrodes and close to the mean impedance measured,sihese scattering at low frequency.
For the lowest impedance measured, there is much lessrgogtt€he origin of the scatter is
unknown, but seems to be more prevalent for higher impedaleceodes. This requires further
investigation.

The three impedance spectra appear to be similar ugttda,efore deviating in the higher
frequency range. The lowest impedance electrode appepfatému at around 20Hz with an
impedance of 40 K, which may correspond to a solution resistance. However tyhical
electrode does not show an obvious plateau with increasatgiéncy, and has an impedance
of ~10* Q at 1& Hz. This behaviour is repeated in the higher impedancereldet

Looking at the phase spectra at higher frequency the thegrspshow very dierent be-
haviour. The lowest impedance electrode shows a graduaddse and peaks at <28t ~200
kQ before showing more capacitive behaviour at higher frequeBoth the typical electrodes
and the higher impedance electrode are relatively flat éapfencies up to #Hz, before show-
ing a tendency to a more resistive impedance by slowly rigintp 16 Hz. Above 16 Hz the
highest impedance electrode shows more capacitive balrdwadecreasing to towards -70

The behaviour of the lowest and highest impedance electmuale suggest that there are
other phenomena that ar@ecting the impedance spectroscopy that were not represemte

the earlier modelling. The behaviour shown would be coasistvith a leakage capacitance
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The Impedance Spectra of Dual Substrate, Rolled SPNI
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that starts to dominate at higher frequency, leading to seroapacitive phase. This leakage
capacitance could arise from the capacitive coupling betviee wires that connect the DUT
to the impedance analyser or from the passivated tracksed5BiNI, but this requires further
investigation.

Also included on the graph is a line to show the value of impedaat which the impedance
spectra would be expected to plateau if the micro-channglpeéfectly sealed. This value was
calculated in the previous chapter and as can be seen nome electrodes plateau at that line.

This result suggests that the micro-channels have not beéecty sealed.

Single layer SPNI

Single layer samples were also fabricated to assess wihtbigrer was any dlierence for the
impedance or phase spectra, as discussed in the previqueichas the fabrication processes
associated with adding the step are specifically challengjiit can be shown that single layer
samples fier as good an electrochemical interface as the dual subsaatples that would
argue against the use of the dual-layer substrates in fultthwelopment of the SPNI.

It should be noted that single layer samples were easiebt@éde than the dual layer sub-
strates, without many of the significant problems assogiaith the shrinking of the polyimide
layers during the curing step. Some misalignment was setinthe single layer sample, as
had been observed with the dual-layer samples, but the gpdat ivas not obviously degraded
after the final curing step. The impedance and phase spdanalied, single layer sample are
shown in Figure 9.2.

It was found that the mean impedance for the single layer @Ritrodes was 68k with
arange of 380K to 1.1 MQ (N=14), which were the only electrodes that could be aligned ont
the connection pads. No electrodes had failed as a resuieobtling. It should be noted that
the measured impedance is again higher than what would lee®dfor this electrode, based
on the modelling of a pure electrode, however, it is largelggreement with the earlier in vitro
and in vivo studies.

The impedance curves again follow roughly the same behgwidiere the typical electrode
and the highest impedance electrode both show lower fregusratter. The lowest impedance

electrode for this sample again showed less scatter at lbeguency and a plateau at®10
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The Impedance Spectra of an Single Layer, Rolled SPNI
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Fig. 9.2:Impedance and phase spectra of a Single substrate, rollt safmple. The horizontal line
represents the expected solution resistance of a sealadathdop; Magnitude of Impedance,

Bottom; Phase Spectra



9. Electrical and Mechanical Testing of the Modified SPNI 137

Hz. The phase plots are perhaps most revealing, with ak tbaenples appearing to have their
most resistive impedance at around® Hx, suggesting that the more dominant current at this
frequency is ohmic and may be related to the solution rasistaAfter this dip, the three curves
show more capacitive behaviour that again may be relatetetakage capacitance. This, along
with the other important features of the impedance spewitbhe discussed in the conclusion
to this chapter.

Again the dfect of sealing resistance would be expected to cause thalanpe spectra to
plateau at the line shown on the graph, and the experimesit@Mour of the sample suggests

that the micro-channels have not been sealed perfectly.

Comparison of Experimental Result to Theoretical Models

Comparing the impedance spectroscopy to the theoreticdélimg presented in the previous
chapter suggests that the typical electrodes for both tigdesand double layer sample have
a dispersive capacitance with an ‘idealnesshot0.8, as shown in Figure 9.3. Included in
the figure are the spectra of the typical electrode of bothsthgle and double layer SPNI,
as well as the modelled impedance and phase spectra of asivep8PNI electrode. It can
be seen that in the lower frequency range the impedancerapratch the theoretical model
with all the spectra following the same curve. For the modehe dispersive electrode in
the sealed channel the impedance spectra begins to platé&tidz, whereas the other three
curves continue to decrease. As the frequency increasexpieeimental results deviate from
the modelled impedance of the electrode without sealinge(lad as planar in the previous
chapter) and show a higher impedance than would be expefcéaghsealed channel. Again, at
lower frequency the phase spectra of the modelled and empetal results are well matched, all
beginning at around 70As the frequency increases the modelled phase of the selaleidode
shows a dominant solution resistance with a phase’ afbdve 18 Hz, whereas the planar
electrode stays at a constant phase across the frequemgyey Bwoth the single layer and double
layer spectra show high frequency behaviour that is rougbtyeen these two extremes. The
phase spectra of the single layer sample shows a similaegibaphe modelled spectra of the
sealed channel shifted along the frequency axis (before sapacitive phenomenom begins to

dominate for frequency1C® Hz).
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Fig. 9.3:Comparison of Impedance and Phase Spectra of SPNI with &tiesdrModelling. Both the

typical electrodes for the single layer and double layergamare included with the modelled
spectra of an SPNI electrode with a Dispersive capacitafce=0.8. Also included is the
dispersive SPNI electrode £0.8) in a sealed micro-channel with the corresponding &wmiut

resistance.
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These results may suggest that the micro-channels of theé &@Nonly partially sealed,
where the measured impedance and phase spectra for higheefrcy show behaviour that is
neither indicative of perfect sealing nor a totally plani@caode. From these spectra it would
be hoped that improving the sealing of the device would makebehaviour more like that
of the green dashed lines in Figure 9.3. These results stsgties there should be further

investigation into methods of sealing the micro-channel.

Impedance of SPNI with Failed Gold Layer

To serve as a comparison to the ‘successful’ impedancersgaesented, also included is the
impedance and phase spectra measured for a failed elecstomen in Figure 9.4. This result
was taken from an electrode that had obvious failure in thp stgion caused by shrinking
during curing, similar to the failed step shown in the pregichapter. To serve as a comparison,
and to gain more insight into the possible origin of the lggkeapacitance shown in Figure 9.1
and 9.2 itis interesting to consider what the impedance ureagent on a device with fractured
tracks looks like.

The results are potentially interesting as, although feqgdiency less than 1000kHz the
measured impedance is highly variable, it appears to shattlie failed metal layer begins
to show capacitive behaviour at higher frequencies, witbrg iigh corresponding impedance
(=10°Q for frequency>1000Hz). This is also hinted at in the phase spectra, whema#asured
phase begins to settle around *@® higher frequency, which is the phase of an ideal capacitor

The break in the metal layer may act as a capacitor to give unaglale impedance at higher
frequencies. However, the measured impedance is at thedinthe dynamic range of the

network analyser (50082), so this data should be treated with caution.

Estimating the Impedance of a Fracture

In the design of microstrip transmission lines for micro@aesonators and transmissions the
capacitance between two coplanar conductors has beenlethdels possible to use this work
to estimate the corresponding impedance of a fracture ithihenetal film.

As shown in Figure 9.5, the fracture is modelled as a brealhénvtire that has a gap

spacing of S, combined width of the wires of W and the lengtthefgap L. For this model the
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Fig. 9.5:1llustration of a fracture in the metallization of the SPNI

capacitance per unit length between the transmission knesan then be written as,

-1
(2l

where k and kis the variable that relates the gap spacing and the comhittd and can be

written as
S
k= S+2W (9-2)
k = V1-k?2 (9.3)

The % term is the ratio of the elliptical integrals that is used kaacterise the gap agd

and&, are the relative dielectric constant of substrate, whictDiarimide 7020 is 3.3, and the
permittivity of free space respectively. To calculate tbenplete elliptic integrals requires sig-
nificant endeavour, using a computational algorithm or tise. However, from the reference

[89] the ratio between the integrals can be estimated as,

K(K) 7
_ f k<O0. :
<) |n[2(1+ oy W)] or 0<k<0.707 (9.4)
Kk) _ In[21+ Vioa - Vio] for 0707<k<1 (9.5)

K(K) x

Once the capacitance per unit length has been found it ishp@dss find the total impedance

of the gap for diferent frequencies by multiplying by the length of the gap,nd aising the
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Tab. 9.1:lmpedance of dierent sized fractures in a gold track=(BO microns) at 1 and 10kHz

S(um) k Impedance of fracture at 1H2J | Impedance of fracture at 10kH2J
0.1 |5x10° 3x10° 3x10
1 5x107° 4x10° 4x10
10 | 5x10™ 5x10" 5x10
100 | 5x10°3 6x10" 6x10

Tab. 9.2:lmpedance of dierent sized fractures at the step400 microns at 1 and 10kHz

S(um) k Impedance of fracture at 1H2J | Impedance of fracture at 10kH2J

0.1 | 5x106 2x10" 2x10°

1 5x10°5 3x10' 3x1¢

10 | 5x104 4x10 4x10¢°

100 | 5x10°3 5x10+ 5x10°

expression,
1
Z| = — (9.6)

ws

wherew is the angular frequencyy = 27f. The impedance has been calculated for a gap
thickness of S0.1, 1, 10 and 100 microns respectively, for a fracture inttheks where the
combined metallization has a length o4/ cm and the results are tabulated in Tab.9.1. These
results suggest that the corresponding impedance of aifeaict a track is out of the dynamic
range of the impedance analyser across the frequency rangigure 9.4. The impedances
of a fracture at the step of the device, wheredDO microns, is tabulated in Tab.9.2. These
results suggest that the impedance of the fractures bet&el00 microns at the step may be
measurable for frequencied.0 kHz, but possibly not at lower frequency. This suggeststtie
impedance spectrum presented in Figure 9.4 may be a meastrehthe impedance a fracture
at the step between 0.1 and 100 microns wide. It can be seendhe of the fractures would
be measurable at 1000Hz, as the impedance would be 10 tirges. la

This is consistent with the impedance spectra presentedleves these calculations are
only estimations of the impedance across the step and theumeshimpedance may also be
affected by artefacts of the experimental apparatus, caustloables to the analyser or other
phenomena and as the impedances estimated are at the liwiiiabfis measurable caution is
advised. Without further investigation it can only be asedrthat very high impedances are

only evidence of a fracture and not a characterisation oflaeing between the wires.
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Furthermore, the result in Figure 9.4 suggests that a leagagacitance from the apparatus
is not dfecting the higher frequency impedance spectra of the ssitdemmples presented in
Fig 9.1 and 9.2. All tests were performed over the same frecpueange using the same ex-
perimental conditions, so any leakage capacitance froragtharatus should have been present
in all the results. As the open circuit and successful sasngit®w diferent higher frequency
behaviour, it may be suggested that higher frequency phenamre not driven by instrumental

artefacts. Again this requires further testing.

9.2 In Vitro Tensile Strength Testing

To ensure that the Microflex technology had not decreaseahéobanical strength of the SPNI
device a series of tensile tests were conducted using anirishvironmental Mechanical Anal-
yser (Instron 5848 MicroTester), that is able to measurehaugical properties such as tensile
and compressive strengths.

Similar tests have been performed on the Microflex connedtiadhe past and have sug-
gested that a Microflex connection is not as strong as a imaditsolder join[70]. As such it
was necessary to perform a small amount of tests to detemtiather this caused a noticeable
decrease in the durability of the ball bond connections.

During the initial testing, using the scheme outlined inptieafour, it was dificult to obtain
any satisfactory results. The pull tester can be operatéd aviwithout pneumatic gripping
tools to hold the sample during the test, but both methode wesblematic. If the pneumatic
tools were not used, where the grip tools were manually ldékeoosition on the stage using
adjustable screws, it was found that the SPNI sample woipdtsiough the grips during the
test. An example of slipping is shown in Figure 9.6. In theregke illustrated, it appears that
there is some loading on the sample (‘specimen 1’) beforslipping occurs, and in ‘specimen
2' no result could be inferred. Alternatively, if the pneuinarips were used, the SPNI and the
alumina were significantly damaged by the crushing forcetttegrips provide, ensuring that
the mechanical test could not be completed. Twelve sampdes teésted and all showed some
signs of slipping or damage caused from the grips.

A workable solution was found by gluing the alumina PCB to ecpiof sand paper using

super-glue, to provide a manifold onto which the Instronymatic grips could hold. A further
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Pull testing of SPNI-Slipping
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Fig. 9.6:An example of the result obtained from the pull tester as #mpte was slipping through the
grips

piece of sand-paper was glued to the front of the PCB (nothiogathe connected ball-bonds)

and the two pieces of sand-paper were glued together. Twloefupieces of sandpaper were

glued just below the neck of the SPNI.

To test the SPNI devices four unrolled, cured, single-lagenples were ball-bonded to the
alumina PCB, glued to the sand-paper in the method that leasdescribed before the Instron
machine was used to pull the two ends of the device apartjgingvboth a shear force at the
Microflex interface and a longitudinal force through the potithe SPNI. The test was designed
to see which part of the device was stronger, and to test wh#tk Microflex connections had
added weakness to the SPNI.

At the beginning of the test the ‘Bluehill program’ requirad input of the sample length to
give an accurate readout of the extension of the testedrapaciThis was kept constant value
of 1cm for samples 1, 2 and 4 and 0.5cm for sample 3. As suctothease was calibrated to
accurately give the total strain required to break the SBNWVell as demonstrating whether the
SPNI broke before the MFI interconnection could be stripfseth the board. The results are
shown in Figure 9.7. None of the device failed as a result @Mhicroflex technology, and all
samples failed at some point around the neck of the devicgh@an in Figure 9.8. This point
coincides with the point at which the connection pads taper the thinner connection region
and the point at which the thicker Durimide layer begins. measured strain and force applied

at the break as determined by the Bluehill software are showiab.9.3. The strain at which
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Fig. 9.7:Results of the pull testing on the bonded SPNI sample

Tab. 9.3:Measured Stain and Force applied at break, from Bluehiliv@ok

Sample| Strain at Failure % Force applied at break(N)
1 6 27
2 13 24
3 32 16
4 6 12

the samples broke is much less than the stated ability of tmé@ride, which is 73% [51].
Sample 3 was tested over a shorter distance and only incthedzhll bonded connection pads,
the tapered section of the device and around 2-3mm of thend#tk. This sample performed

better than the other samples, and had a higher strain ateb&ibg point.

9.3 Summary of this Chapter

This work has suggested that the Microflex technique is alsl@itconnection scheme for the
SPNI device. The first thing to note is the impedance could éasured successfully. The max-
imum number of electrodes that could be aligned in a duarlsgeple was around 10, but this
is still a larger number of electrodes than could be achievih some more established elec-
trode interfaces to the PNS. This suggests that the Micrafiexconnections are compatible
with the SPNI array.
The maximum and minimum impedances measured are includegltlght the variation in

electrode impedance that was measured in an individuallsaipere was no systematic varia-

tion of the impedance corresponding to the position of teetebde on the device. The variation
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Fig. 9.8:An example of an SPNI sample that has been pull tested toudéstn.

between electrodes is not ideal, as it suggests unpreditat the ability to recordstimulate
for each electrode.

Comparing the impedance spectra to the modelling work, it loa suggested that the
impedance of the SPNI electrode may be higher that would bdigied for a planar, pure
gold electrode of that size. There may be some contaminaticdhe surface of the electrodes
or a surface roughness that leads to a dispersive capaeitaacis causing this. Indeed, the
measured spectra seem to match the modelled spectra ofeagivgpelectrode with an ideal-
ness factor of 80.8. For a completely sealed micro-channel the solutioistasce is expected
to be~ 7x10% but all the electrodes measured achieved impedance Itnaerthis value. For
the single layer sample all three phase curves presentedehavaxima in the phase spectra
around 16 Hz, suggesting that this may be the point at which the salutgsistance is most
dominant, corresponding to an impedance=tf5x10* Q. This may further suggest that the
electrodes have not been completely sealed, as discuss8ezlprevious chapter. However, the
higher frequency behaviour also suggests that there is E@kage capacitance that i$exting
the spectra for frequencied 0°. At this time the origin of this leakage capacitance is unkmno
however it may be ruled out that is from the apparatus as tpedance and phase spectra of a
failed electrode did not show the same high frequency belbawas the successful electrodes.
Alternatively, the leakage capacitance could be from thesipated gold tracks that run along
the length of the device. As the frequency increases it magxpected that capacitive coupling
across the polyimide insulation between the gold layer &edsblution may befiecting the

results as capacitive current is able to flow from the gold the solution (and vice versa) from
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areas other than the exposed electrode surface. This tapaeshould be investigated in future
work.

If it is assumed that the electrode is not behaving as a pgearégracitor then it may be sug-
gested that the dispersive capacitance has a constantlareuf.8 as shown by the comparison
between the modelled and experimental work that are weltheak for lower frequencies. This
suggests that there is some surface roughness thediag the interface, and may explain
why the measured impedance is higher than would be expemtedderfect gold electrode of
the equivalent size. This is also backed up in the phaserspibett have a higher value than
would be expected across all electrodes.

For electrodes that have higher impedances, the results ttad there is generally more
scattering and a lower phase at lower frequency. The stagtiemot ideal, and perhaps suggests
a difficulty of the testing set up to accurately measure the impmtland the phase at lower
frequency. The modelling work predicted that for a pure gakttrode there would be very
little direct charge transfer with a phase of 236r lower frequencies, which is not present in
the experimental data. A dispersive capacitance, causedrfgce roughness or contamination
may be influencing the spectra.

The result of the single layer SPNI were also interestindgnag suggested that the samples
that included the step did not perform anyfdiently than the single layer samples. This is con-
sistent with the updated bending model, as both types of aRNéxpected to be under tensile
compression. Having estimated the capacitance and comdsy impedance of a fracture in
the thin metal film, it may be possible to rule out that any & #tectrodes tested had failed.
Adding these findings to that of SPNI fabricated on ar@Ssubstrate layer, which suggested
that 80% of electrodes survived the rolling for one study[and 97% for another[13], leads to
the conclusion that the fabrication method is suitable.

The 2010 study [77] compared the measured impedance fordltegt and unrolled devices,
which were remarkably similar, as shown in Figure 9.9, satggbthat the strain on the metal
layer did not &ect the impedance. The impedance values presented in @219 study and
this thesis are consistent, suggesting that the updateiddéibn process is at least as good as
previous ones. Furthermore, the previous studies did rmt sim increased solution resistance

for the rolled samples, although the spectra only went utdk.
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Fig. 9.9:The impedance spectra of both rolled and unrolled deviceZBum substrate

The variation seen across the samples could be a result ehlication of factors, includ-
ing variations of the completeness of the sealing of the SRidio-channel, an encapsulating
film that has developed on the electrodes or tfieats of surface roughness by the dispersive
capacitance. If any of the electrodes had not been develogegletely, so that the PSPI that
was used for the insulation or channel layer is partiallylwding the contact window, the total
electrode area is reduced which would increase the impedanc

To try to alleviate thesefiects, each SPNI goes through a consistent fabrication gsoce
and several ‘descums’ to ensure that the electrodes are bpeit cannot be guaranteed at
this stage that no contamination was present. The impedsrextroscopy suggests that the
updated SPNI device is at least as good as the previousgdteamples, although further work
is required to refine the process and to make perfectly seailed-channels. This should be a
priority in any future evaluation of the SPNI, as the relidyiand functionality of the interface
should not be compromised by any technological aspects.

The pull tests have demonstrated that the Microflex intereots are at least as strong as
the SPNI substrate layer. The force required to ‘break’ #mage was around 30N, with a
corresponding strain between-630%. This is not within the strain that should be achievable
with PSPI substrate. This suggests that there is an undgrtguse of failure that needs further
investigation.

In the previous SPNI experiments the neck of the device demlia significant point of
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weakness causing the polyimide layer to fracture [disaadéinrough personal communication
with Dr E. Tarte]. It was initially proposed that the this veass was due to the SPNI being
cut out manually using scissors from a full sheet of PI, asutised in a previous chapter. It
was thought that if the edges are not defined perfectly,st@s concentrate at the weak points,
causing a mechanical failure.

These tests suggest that the overall shape of the device enagMing a more fundamental
role in the ability to endure mechanical loading, as the weak of the substrate layer seems to
be present in the photosensitive substrate layer that dlinawe no defects associated with the
manual shaping.

The mechanical durability of neural interfaces is an im@atrtonsideration in the design as
the devices have to be capable of surviving handling, intptean and movement of the patient
during its lifetime. If there is any mechanical weaknessanmot be guaranteed to provide a
stable recordin@timulation platform. Any interface to the PNS would be extpd to survive
mechanical stress from many directions, especially duhiedghandling and implantation phase,
where the surgeon may have to manipulate the device ontova far cuf electrodes, or in
between fascicles. Similarly, for the SPNI implants thevedras to be carefully inserted into
the silicone tube which may cause a small amount of forceagétansversely to the neck of the
device. Because of these considerations any future testittee SPNI should include fatigue
testing to determine the durability.

The MFI technology is a well-established method of conmegatieural interfaces to external
electronics, and as a result it was not expected to introdngeignificant problems in terms of
reliability and ease of implementation. These tests haoe/stithat MFI is at least compatible
with the SPNI array, but further investigation should bedworted to establish failure rates and
to determine the cause of the variations seen across thelanpe spectra of the SPNI.

The next chapter introduces fabrication processes thaté baen developed to seal the

micro-channel structures.



10. IMPROVEMENT IN THE CHANNEL SEALING OF THE SPIRAL
PERIPHERAL NERVE INTERFACE

After it was found that Microflex technology could be sucéelg incorporated into the SPNI
process, it was necessary to tackle unreliable sealingeofrticro-channels as demonstrated
by the experimental data shown in the previous chapter, dsawén [13]. The next chapter
describes how this problem was addressed and outlineséhe aghin layer of PDMS to ‘seal’

the channels.

10.1 Introduction

One major flaw discovered in the SPNI design during the in @ity was that the micro-
channels were ‘open’. This stops the channel from compleetapsulating the regenerating
nerves reducing the local extracellular resistance, dssdiin chapter four. During the rolling
of the SPNI the top of the channels should be pressed aghmsiubstrate of the next spiral
layer. However, in vivo measurements in reference [13] dbageexperimental evidence pre-
sented earlier suggest that this was not entirely sucde3¢fa imperfect sealing is likely have
caused the stimulation current for the SPNI device to beiderably higher £20 uA) than a
completely sealed device made of PDM&I(uA) despite the PDMS channel having a larger
volume.

Itis reasonable to suggest that this increase in stimulusigumay also reduce the ability to
record from the regenerated material and it was found tleaetivas significant ‘cross-talk’ be-
tween neighbouring channels in the device. If a single edeetis able to activate both a muscle
and its antagonist then the ability to provide useful tedébgical assistance is diminished. To
reduce this, each electrode should interface to the regetetissue inside a specific channel.
If the stimulating current is able to spill out of the chanteelctivate axons in neighbouring

channels, the selectivity provided by the interface is cedu
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N Open Channels

Fig. 10.1:Schematic of how the sealing layer will work for the SPNI roichannels.

Thus it was desirable to investigate methods of sealing lia@mels that were compatible
with the other fabrication processes associated with thidl 3Bbth sealing layers of polyimide
and PDMS were investigated during this work, and in the emé# found that PDMS gave the

best results.

10.1.1 Methods of Sealing Micro-Channel Structures

Most inspiration for this type of work can be found in the fietidmicrofluidics where micro-
fabricated structures are designed to handle small qieentf fluids for drug delivery or for
biological analysis. There has been a recent drive toward-delivery systems and complex
chemical analysis of small quantities of fluids, using miicridic devices [90].

For the interest of this thesis only the ability to make sgabécro-channels using polyimide
and PDMS is considered as it is possible to integrate thesblfgpolymers into the microfab-
rication of the SPNI, which needs to be highly flexible to benpatible with the rolling. For
this, it was envisaged that the simplest way to generatedeaicro-channels was to bond an
additional layer of the insulating material onto the top loé open channel structure, by an
appropriate procedure, and rolling the channels as befdris.idea is illustrated in Fig. 10.1.

The bonding procedures that have been developed in MEMg&ilon are very dferent
for each material used, and have been carefully tailoredddyze the best results for each
application. Bonding in this way can generally be split ithoee categories that are most

common, they are;

1. The ‘Direct Bonding’ of two materials, typically SilicorPyrex and Quartz, that are

brought into contact, without any significant external ptee, and are annealed together
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using a curing step that is typically between 600 and 12(J01].

2. Alternatively, ‘Anodic Bonding'’ is based on the joininfiamaterial that contains electron
conductors and a material that has ion conductivity, theerrads are heated and voltage
is applied to pull the surfaces together where they fuses tHthnique is generally useful

for bonding samples that have intermittent layers of glagmbycrystalline silicon [92].

3. Finally, ‘Adhesion Bonding'’ is performed via an adhesioaterial flowing or deforming
at the interface to make a bond. After the bonding has takecepthe materials should
be suficiently hardened to maintain the bond, and is typically gened using organic

polymers.

For a review of the dferent bonding processes used in MEMs fabrication, thanpiatyy have

a direct translation into the sealing of the SPNI channeicstires, the references [93, 94] are
useful. And for adhesive bonding in particular, that mogtlis to the adopted processing
mechanism for the sealed SPNI, there is a review from Nikéduas [95].

The methods of bonding that were investigated for use in PHI%&re adhesive related,
bonding two polymeric materials together to provide a seathee micro-channel structures.
For this, the basic principle is that once the two materiadsteught into a dticiently close
contact, they will adhere. This adhesion is caused by theraeftion of at least one of the
material surfaces, which can happen via a process of ‘vggtiithe surface, plastic or elastic
deformation or dfusion of a solid material [95].

Most of the studies on adhesive bonding have focused on thitgof two wafers with an
intermediate adhesive layer. In the case where a polymeeid, the polymer adhesive deforms
to fit the surfaces to be bonded via a liquid (or semi-liquikage that is able to flow to match
the surface profile. This is the process of ‘wetting’, andesrsas being crucial for successful
adhesive bonding using polymers [95]. The more the adhgsilygner material is able to flow
the better the resulting bond quality will be as any unfillpdee on the surface can allow for the
migration of water molecules or gas bubbles between thedmbadrfaces, potentially causing
areas of weakness. Thus, it is reasonable to suggest thpolyraer adhesive must exist in a
liquid or semi-liquid state during the bonding process, trah must transform from this state

into a more solid state to achieve a lasting bond [95].
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M ATA e

Fig. 10.2:Process flow of sealing of polyimide channels developed by Metz
[22]

For polyimide, this semi-liquid state is when the material has not been fully cured and so it
is feasible to suggest that polyimide could be used in an adhesive bonding process. However, in
contrast to other bonding methods, the polyimide channels serve as both the bonding interface
and the structural support of the device. For this type of bonding, polyimide lamination has al-
ready been investigated by Stefan Metz [22], see Figure 10.1.1. In this lamination process, 5-20
um-thick layers of PSPI were spin coated onto silicon wafers, with a chyedaminium sacrifi-
cial layer, and channels were fabricated using photolithographic techniques. After the structures
had been shaped, the samples were cured a380d submerged in N-methyl-2-pyrrolidone
(NMP) to cause the polymide to swell (the necessity of this step was not discussed in the origi-
nal work but it most likely to be to improve adhesion of the sealing layer, as discussed later in
this chapter). A second layer of polyimide (5-38th-thick) was spun onto Mylar foiM, that
had been attached to a silicon carrier wafer with vacuum grease, and soft-baketGoAfér
the soft-bake, the wafer was flipped over and bought into contact with the swollen polyimide
channels and laminated. The second carrier wafer and the Mylar foil were removed and the top
layer of polyimide could be photolithographically structured. After this step, the final assembly
was cured again at 300 and the polyimide devices were removed from the carrier wafer by

anodic dissolution of the sacrificial aluminium layer.
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10.2 Methods developed to seal channels

10.2.1 Flip Chip Bonding of PI

To mimic this fabrication method, layers of polyimide (F842) and PSPI (Durimide 7020)
were spin coated onto silicon wafers, soft-baked and botalpether using a flip-chip bonder
(Laurier M9 ultra high precision bonder, BESI). The thickaef each polyimide layer, both
PSPI and PI, was kept at 20n as polyimide is flexible and durable at this thickness.

Several problem were discovered when attempting to utitiseprocedure. Although pos-
sible with some work it was €icult to align the two wafers before the bonding was performed
Thus, it was decided to bond the two sheets of Pl without aligmt, only ensuring that the two
wafers weren't overlapping, which could be achieved by rayitig the bonding process by
eye. Using this set-up, it was found that during the curinthefpolyimide sheets, out-gassing
solvent can create ‘voids’. The solvent out-gas causee largas of the polyimide surfaces not
to be bonded, which ultimately caused the bonds to fail. Vbiding has been reported in other
adhesive bonding processes, and can significantly weakdvotid [96].

This could be prevented by defining ‘venting’ tracks in thdypuide layers that would
allow the out-gassing to happen in a controlled mannergavgithe voids. However this would
require significant investigation and the necessity tonatige two wafers.

To reduce theféect of the voiding, it was decided to investigate ability tmd fully cured
Pl to a partially cured sheet of PIl. This may have led to a web&ad, due to only one of the
adhesive surfaces having the ‘wetting’ properties, disedarlier, but may also have reduced
the voiding. However, for this set-up it was found that thediiag forces required to create
durable bonds were very high, at the maximum operating pressf the bonder. Very high
bonding pressures were undesirable as these could pdifeddenage the final SPNI devices,
although this was not tested.

This is perhaps why Metz et al [22], first submerged the cudgimide structures in NMP
to cause them to swell. The bonding pressure is not desankdétz’s work, but it is assumed
that it would not be too great to damage the underlying palyenstructures. Since NMP can
be used to strip uncured polyimide, it was felt that it woutl likely to cause delamination

in the multi-layered SPNI. For these reasons the use of thenpide lamination technology,
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developed by Metz, was not pursued in favour offéedent approach.

10.3 Use of PDMS to seal the channels

An alternative to the lamination bonding procedure was alisced by spin-coating a thin
PDMS layer onto a carrier wafer that could then be releasddaaninated onto the polyimide
channels. The bonding method has been developed thaestihe fact that PDMS swells in
contact with IPA [97] [98], which can be applied between thwe tbonding surfaces. As the
IPA evaporates, the two surfaces are bought into contactrenBDMS shrinks, due to the out-
gassing of the IPA. An adhesive bond is formed between thestwfaces that is durable enough
to survive the rolling into the spiral configuration and ti@sequent insertion into the silicone
tube. After the SPNI has been inserted into the tube it wasiplesto confirm that the PDMS
layer has sealed the channels visually using a microscopériunately, it was not possible
to test whether the channels had been sealed ‘electricaliyng impedance spectroscopy or

otherwise.

10.3.1 Fabrication of thin PDMS layers

To achieve a reliable sealing of the channels between the ablthe SPNI it was decided
that a 10-2Qum-thick layer of PDMS would be appropriate, as this was etqubto dfer the
mechanical durability required. To fabricate an isotrdayer of this thickness it was necessary
to use a spin coating method. To find which spinning protoaalief give the desired thickness
of PDMS, several spin speeds were used during the fabncatiocess, and the subsequent
thickness of the layers generated was measured using thaekDskface profiler.

It is well known that uncured PDMS adheres very well to siti@nd glass wafers during
the curing process thus, as was the case with PSPI, a sustadiécial material was needed to
ensure a safe release of the thin PDMS layer. For this, PMM#&again the sacrificial material
of choice, as it could be spin coated into flat layers and tlissioat the end of the fabrication.
The mechanism for releasing the PDMS is slightlffetient than the PSPI, and a lot faster, as
in contact with IPA and MIBK solvent mixture, the PDMS swadlsusing a de-lamination, and
the release is made permanent by dissolution of the PMMA nne@¢h. This process takes a

few minutes, and the PDMS is released as a large flat sheetathdte safely manipulated with
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blunt tweezers.

To make the thin, flat PDMS layers;

1. A 3 um sacrificial layer of PMMA was deposited and baked on a 4taili wafer as

before

2. To make the PDMS, (Sylgard-184, DOW Chemicals) was mixét & curing agent
(Dimethyl, methylhydrogen siloxane) in a ratio 10:1 by weigrhe mixture was contin-

uously stirred for 3 minutes and allowed to stand for a furtheinutes

3. The PDMS was applied to the centre of each wafer and alldwsgread out so that it
covered at least 20% of the wafer surface. The PDMS was sga00gbm for 30 seconds
before ramping up to the final spin speed, which for the ihitkgestigations was between

1000-2400rpm, and held for 1 minute.

4. After spinning, the wafer was placed on a hot plate &C28nd ramped up to 10C at
16°C per minute. The wafer was further ramped toX5@t 25C per minute and held at
150°C for 10 minutes. The wafer was removed from the hotplate dodied to cool for

20 minutes before being released.

5. To release the sample, the wafer was placed in a mixturelBKNAnd IPA at a ratio of
3:1, where the PDMS could be seen to wrinkle as it swelled anthhinated from the

carrier.

6. After 5 minutes the PDMS was removed from the solvent méand placed on a clean
silicon wafer where it was allowed to dry. As the PDMS wasyfallired at this point, the

thin layer did not permanently adhere to the silicon wafer.

To measure the thickness of the PDMS layers generatedpssdf the PDMS were carefully
cleaved using a scalpel and placed on a glass slide. The IDekts used to measures the
distance between the top of PDMS and the glass slide undarreayive the step height. The
PDMS spin-coat profile is shown in Figure 10.3. The profilegasgis that to achieve a thickness
of 10-20um a spin speed of approximately 1800-2500rpm should be uaed000rpm the
sample was approximately gon thick, however this was at the maximum of the dynamic

range of the Dektak surface profiler, so this result shoulttdsted with caution.
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Variation of PDMS Layer thickness for different Spin speeds

PIMS Thickness (Microns)
&

800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Spin Speed during coating (rpm)

Fig. 10.3:Variation of PDMS thickness for ffierent spin coating speeds

10.3.2 Bonding to Polyimide

After it was confirmed that it was possible to make and reldkde thin PDMS layers the
next step in developing an appropriate sealing layer wasldping the adhesive bonding. It
was found that a bond could be made between the PDMS and cahgdhjgle channels by
implementing IPA as a bonding intermediate. As mentionddriee the PDMS swells as it
exposed to IPA with an approximate 5% weight gain reportecaf@eDMS sample soaked in
IPA for 10 minutes [97]. As the IPA evaporates, the swelliegarses with a5% weight change
after the solvent has been drivefi osing a hotplate in reference [97]. It was theorized that thi
swelling and contracting of the PDMS could lead to adhesetwben the two polymers, as a
result of the surface of the PDMS being made temporarily até¢- by the IPA. This is similar
to the process outlined in Kim et al’'s paper on the use of PDNISVAcro-contact Mould’
for patterning three-dimensional structures [99]. Thipgradiscusses the wetting of a PDMS
mould with a solvent and describes the liquid solvent asghable to fill the recessed regions
of the PDMS mould in order to minimize the ligyidpour interface area and maximise the
solidliquid interface. Kim et al suggest that as the elastomeomspliant it adheres to surface
of the polymer that they are moulding, forcing out the excadgent. In their study the mould
was allowed to remain on the surface of the ‘printed polyrfar5 minutes to allow the solvent
to dissipate, and then the stamp was peeled away.

The process developed for the sealing of the SPNI mimicsptioisedure, only omitting the

final peeling step. A small amount of IPA is applied to the jpoige channels using a pipette.
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Fig. 10.4:Left; Microscopy of the liquid IPA in the adhesion bondingpess, Right; A PDMS sealing
layer that has been cleaved. For both images, the channkd aral 50um wide and the
channels are 100 across.

Fig. 10.5:Comparison of channels sealed with PDMS(right) and undeztiannels (left). For both im-
ages the channel walls are pbfh wide and the channels are 100 across.

Once the IPA has been applied, the PDMS can be placed on togpagad out into a flat layer

using tweezers. Once the solvent has evaporated, the PDMSeadto polyimide as desired.

To test this, 10Qum-thick polyimide channels were fabricated onto a silicaafev using the

photolithographic techniques and cured.

PDMS was made spun onto a silicon wafer with an intermedatgfgial layer of PMMA.
10um thick layers were spin coated and the PDMS was baked arabegleising the described
methods. After the release the PDMS film was placed onto tid 8FRannels that had been
soaked with a small amount of IPA, flattened using tweezedsleit to bond for 5 minutes.
Fig.10.4 shows the distribution of the IPA during the bomgdprocess, as the IPA evaporates
it exits the channels leaving them bonded. Fig.10.5 sugdhat the channels are ufected
by the bonding process, as there is no noticealfferdince. It was found that it is easier if the
PDMS is applied on top of the channels as a large, flat sheetthiRoprocedure, many SPNI

devices were arranged on a silicon wafer, or in a Petri dist,IRA was spread out over the
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Fig. 10.6:A crease formed in the PDMS during bonding.

entire wafer. The PDMS was removed from the MIBK:IPA solvenwhich it had been released
and applied directly onto the SPNI channels. As the solveaesdot evaporate instantly, it is
possible to arrange the PDMS layer as necessary, ensuatigithflat and there are no creases,
before it is allowed to bond for at least 30 minutes. After 30utes the PDMS can be shaped
using a scalpel, and the sample can be rolled into the spirdiguration using the same method
as before. During these experiments, it was found thatitthick PDMS layers were hard to
manipulate, and some regions of the channels were not sedtede creases had formed in
the PDMS, an example of which is shown in Fig.10.6. For thésom, it was decided that 20
um-thick PDMS layers were used in further investigations.e@isadvantage of the thicker
layer is the increase in overall diameter of the spiral caméigon. In the conventional SPNI,
before sealing, the rolled section was inserted into assikctube that had an internal diameter
of 1.5mm. With a thick sealing layer, a larger diameter tubaacessary. For a sealing layer
of 20 um-thick PDMS, it was found that a silicone tube of an interdi@meter of 2mm was
adequate to give a tightly wound spiral, with good sealingheflayers. To test the ability to
bond and roll the 2@m-thick PDMS layer, the fabrication process was repeaték thie new
spin-profile (based on Figure 10.3) to produce the layer shiigure 10.7. The PDMS was
removed from the solvent and flattened out over passive SBRMpkes, that were fabricated
without electrodes and had been immersed with IPA. The ya&PNIs had been laid out on
an upturned petri-dish, as shown in Figure 10.7. The PDMSIafago bond, and the final

outline of the sealing layer was shaped using a scalpel.
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Fig. 10.7:Release and bonding of the PDMS layer, Left: Release of PDMBBK:IPA, Right: Sealing
of passive SPNI samples

The sample was carefully placed in the tweezers and rolled tise hand operated mecha-
nism. The rolled sample was inserted into a silicone tubaafternal diameter of 2mm. This
gave tightly spiralled channels, with a sealing layer, aswshin Figure 10.8.

It is logical to assume that the direction of rolling is imfaot for a successful sealing of
the SPNI channels. In the previous procedure for produdiagspiral, the SPNI was rolled so
that the channels were facing the inside of the device, abeaeen in Figure 10.1 and Figure
10.2. This configuration results in the top of the channeilsgslightly closer together than the
bottom of the channels, which may cause the PDMS to sag ietoltannel possibly occluding
it for any regeneration. As the channel needs to be as clgawsasible, rolling the devices the
other way, with the channels facing outwards, makes the abgise channels slightly further
apart than the bottom of the channels. This stretches the® BWbiding any sagging, as shown
in Figure 10.10. In can also be seen that the PDMS has seagublyimide channel by noting
how the PDMS appears to be pressed against the roll of stdo#tiat envelops it. The PDMS
appears to be compressed between the top of the channeksswd$trate of the channels on the
adjacentroll. At this point, this sealing layer has not bieeorporated into a full SPNI device.
To implement the sealing layer the main body of the SPNI,udiclg the substrate, channel
structures and gold electrodes and interconnectionsgdmifabricated in the same method as
used previously. After curing and release from the silicarrier wafer the SPNIs could be
placed on the surface of an upturned Petri dish, as shownrefens that are designed to be

connected to could be left on the outside of the dish, so lieasPDMS layer could be deposited
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Polyimide Substrate

Fig. 10.8:Sealing of the passive SPNIs, the PDMS layer can be seen walingacross the top of the
channel structure.

Sealing

Fig. 10.9:Sealing of the passive SPNI
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Overhang occluding the channels

Fig. 10.10:Extra PDMS can overhang and block the channels. This is rike$y caused by the manual
shaping of the PDMS layer.
into the middle of the dish, flattened and left to form the aieebond without covering the
area for the micro-rivets. The PDMS layer could then be cgttape, as described earlier.
Once the PDMS has bonded to the SPNI, the channel layer doaitdide rolled, with the
channels facing the outside, and inserted into the silitobe. The SPNI is then bonded to an

alumina PCB using the Microflex technique described in atragven.

10.4 Problems with this Fabrication Process

Although the images presented suggest a good sealing fdsRiN implant there are some
problems that need to be addressed if this fabrication ndeithto be developed further. As
the PDMS layer is structured by hand there is a lack of cordver the final dimensions of
the sealing layer and the excess PDMS can overhang andllgdst@ck the micro-channel,
as shown in Figure 10.10. To prevent this from happeningigiitioography could be used
to define the sealing layer prior to, or post, bonding to thanciels. However, it would be
difficult to spin-coat photoresist onto the uneven PDMS layer &fbnding, as the photo-resist
would tend to pool in the troughs of the surface, leading torsrduring the exposure. Also,
the photoresist layer would befficult to soft-bake on a hotplate, although it would be possibl
to bake the layer in a convection oven. Thus it would be dek&rto define the PDMS layer

first, before aligning over the channels. If the PDMS is mdagtgy narrower than the SPNI
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channels the risk of an overhang would be reduced.

Alternatively, the sealing layer could be shaped prior tading using a mould. PDMS is
conventionally moulded, even with very thin layers, as Tgeamng et al [100] have reported
the fabrication of both ultra-thin>(Lnm) and relatively thick4100 um) PDMS layers onto
a prepatterned mould of Teflon or photoresist via spin-ogatiAfter the spin coating, the
photoresist could be washed away using acetone to leavelthtSPstructures. If the mould
and the PDMS, were fabricated onto a sacrificial layer of PMNt#e PDMS could then be
released. Similarly, it has been reported that PDMS coul@dbecated using moulds made of
SU-8 [101]were it is possible to peel the moulded PDMS stmgcaway from the substrate.

Another consideration of this application is the stresseduo the channel structures after
rolling. Although no major defects have been found so fag eample shown in Fig.10.10
seems to suggest that the channel may be collapsing dueR®ME layer. In general PDMS is
more flexible than polyimide, however some stress mayfleetng the stability of the channel
in the sample shown. This would need to be tested by fabmigaind rolling more sealed
samples. If the PDMS layer is causing weakness in the chanmeihaps a thinner layer could
be used.

Finally, rolling the channels in the other direction willarhge the relative position of the
metallized layer to the neutral plane of the SPNI. In the joev studies it is thought that the
gold film was under tensile compression relative to the mépiane, whereas in the updated
design the wiring will be under tensile extension. This m#juience the ability of the device to
transfer the signals detected at the electrodes to thenaielectronics as the gold tracks may
fracture. All of these factors require further investigatbefore it can be stated with confidence

that the PDMS sealing layer is an improvement for the SPNicgev



11. CONCLUSIONS AND AREAS FOR FUTURE WORK

The main achievements presented in this thesis are the povetssing routes that have been
discovered for neural interfaces. These include; thetglii spin-coat layers of PMMA as
a suitable sacrificial material for photosensitive polydeiand thin layers of PDMS, the abil-
ity to utilise photosensitive polyimide as a substrate tdpe neural interfaces, the ability to
incorporate Microflex interconnections with the photostre polyimide substrate, the abil-
ity to pattern inhomogeneous surfaces (steps) using ptiaigkaphy and the ability to seal a
micro-channel array with a thin layer of PDMS.

These fabrication processes have been optimised to fabrceegenerative implant with
the intention of providing a chronic neural interface in NS of a nerve injured patient. The
thesis presents the processing routes that have beengatedtand shows which materials are
compatible and which fabrication processes are most deitab

The use of PMMA as a sacrificial material allowed the abildycteate neural interfaces
out of photosensitive polyimide in arffeient manner. Although PMMA has been used for
non-photosensitive polyimide it has not previously beemalestrated to be compatible with
photosensitive polyimide before this study. Although damequired and the amount of solvent
that can be used in the fabrication process is limited, #Basents a novel application of
PMMA.

After discovering that PMMA could be used to fabricate plsetusitive polyimide struc-
tures, it was possible to investigate the incorporation afrbflex technology into the fabrica-
tion of the regenerative implant. The thickness of the poigie and the size of the hole that is
compatible with this technology has been optimised, suahttie thickness of the polyimide
layer should not exceed 20m and the via hole should be a square with sides of length 50-70
um.

It was discovered that previous attempt to calculate thétipnsof the neutral plane of

the SPNI had been incorrect, and so it was necessary to applglastic theory of bending
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to estimate the strain on the thin gold film. An updated moaed heen described for the
bending of the SPNI structure for which the SPNI substratenig allowed to bend between
the rigid channel walls. This new model predicts that thgioal SPNI was experiencing 1-4%
of compressive strain. Thefects of compressive strain on the flexible electronics isyebt
known and further investigation is required.

Both single and dual-substrate samples were fabricatadribarporated Microflex inter-
connection technology and it was shown that the added subshickness was not necessarily
changing the electrode characteristics, as no noticeafitzehce between the impedance and
phase spectra could be observed. This is further evideateethsile compression is less prob-
lematic, as for the bending model described the electraatk$ron the thinner substrate are
subjected to 1-2.5% compressive strain in the roll, congper@-6% compressive strain for the
thicker substrate, from Figure 7.18. This suggests thatrtbehanism that allows for the gold
tracks to withstand 1% compressive strain allow further passive strain up to 6%, and the
limit of compressive strain has not yet been reached.

The amount of data presented for both types of SPNI is limifegithe complexity of the
fabrication process reduced the yield of the dual-sulestiaé to failure of the metallized layer
during curing. This diiculty in curing the SPNI leads to the suggestion that the maxa
thickness of the dual substratexisAQum, which limits future development of the SPNI using
this process.

A theoretical model of the electrochemical behaviour ofdgelectrodes in saline was pre-
sented so that the impedance spectroscopy could be usexkssdke quality of the fabrication
processes. This model was created by breaking down thegathygienomena of the electrode
interface into mathematical expressions that depend ogetbmetry of the electrode, the poten-
tial and frequency of the signal and the ionic strength ofsthietion (amongst other thermody-
namic factors). These physical phenomena were then ctdulaing values from the literature
and applied to generate impedance and phase spectra ovge &émuency range. The theoret-
ical model predicted that a planar, gold electrode of thevedgnt size of the SPNI should have
an impedance of 100 k at 1000 Hz. The model also suggested that for a completelgdea
micro-channel the solution resistance should be in th@regi~7x10* Q, compared to a solu-

tion resistance of1x10° Q for the non-sealed case. Thus, it was suggested that thelanpe
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spectroscopy could be used to test whether the micro-chahad been sealed. Based on this
prediction, it can be said that none of the electrodes detraied impedance spectra that would
be consistent with perfectly sealed micro-channels.

When comparing the measured impedance of the electrodestmtidelled spectra of a
dispersive interface &0.8) there was much agreement in the lower frequency rangeetr,
as the frequency increased the measured impedance sholadde that was consistent with
neither a perfectly sealed channel nor a planar electrolis. sStiggests that the micro-channel
may have been partially sealed, although this sealing hiagatdeen quantified. Furthermore,
the higher frequency behaviour may have beected by a leakage capacitance, the origin of
which has not yet been determined.

The impedance spectra of a ‘failed’ electrode is also inetlith highlight both the ability
of the impedance spectroscopy to detect fractures in thalraster and to show that there
was no instrumental artefacts in the measured impedandgharirequency for the successful
samples.

One failure of the experimental work is not to include impatEameasurements of the same
sample both before and after rolling. This would perhap$ibertost illuminating test as it may
be possible to show direct changes between the solutiostaesi’s of sealed and unsealed
channels. Unfortunately, due to the complexity of the fedition process this was not possible
for this study, but should be included in further investigas.

Nevertheless, experimental work presented in this thegjgests that the fabrication pro-
cess was flawed and needed revising in order to seal the deanhleis was addressed by
introducing a laminating layer of PDMS into the fabricatitwat seals the top of the channels.
This technique has not yet been tested electrically, buialiis the initial results were promis-
ing. However, in order to stop the PDMS layer from blocking thicro-channels the SPNI had
to be rolled in the opposite direction from previous studlgsing the new model of bending it
is suggested that this will cause the metal layer to expeei¢ansion (the magnitude of which
depends on the substrate thickness). This potentiallyi@mudtic in future designs of the SPNI
and should be investigated further.

Similarly, the lamination of the PDMS was not perfect as samaally the PDMS was able to

overhang the micro-channels which would block regenematidew fabrication models should
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be investigated to accurately shape the PDMS layer befmréaininated on the SPNI channels.
This may be possible using micro-moulding.

Mechanical testing was conducted to determine whether tloeolifex interconnections
were at least as strong as the substrate layer. Although itr@fiéx interconnection survived
the mechanical loading, the testing highlighted a possildakness in the SPNI design. The
narrow neck of the device was a common point of failure in thiier SPNI, the updated de-
vice did not survive more than 30% strain as would be expdotgablyimide. The testing only
loaded the SPNI in the longitudinal direction, whereas thalfheural interface would be ex-
pected to survive multiple modes of stress in many direstidinus it is advisable to investigate
methods of reducing the strain at the neck of the device, certeve the neck completely, in
the updated SPNI design. Further fatigue testing shouldebfenmed to test the durability of
the SPNI.

11.1 Future Experimental Testing

11.1.1 Assesing the Bending Model

To determine thefect of bending on the metallization and to determine a machbimit of
the strain that the gold can endure more SPNI samples sheutddae of varying thickness
and rolled in each direction. Electrochemical impedaneespscopy of each electrode would
then show whether the SPNI was viable for the given thickiaessrolling orientation. This
data could then be used to determine whether the SPNI withdded sealing would survive
the fabrication, and what adjustments need to be made.

A simpler test could be performed by changing the design efgbld layer so that each
electrode is shorted together, as shown in Figure 11.1. ®henuity of the gold layer could
then be assessed by testing for short circuits (using ametdr) between electrodes connected
in series, and any open circuits would suggest that the gglerlhad failed. By doing so it
may be possible to isolate which electrodes had failed daterthis to the amount to the strain
relative to its position within the array. Thus it may not exassary to create a range of SPNI
with different substrate thickness in order to tesiedent levels of strain. Similarly, the new

model predicts that if the substrate is of an equal thickneske passivation layer the strain
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Normal Electrodes

Direction of Increasing Stress in Rolled Structure

E\\k
Modified Electrodes

Fig. 11.1:Diagram of modified gold layer that could be used to test eactiing model

on the metallization is minimised. By creating a batch of &tNat satisfy this condition this
hypothesis can be tested. If it can be shown that the elattr&haviour does not change when

the direction of rolling is reversed then this will be an imamt result.

Assessing the Durability of the Interface

To assess the ability of the SPNI to withstand the physiclignvironment fatigue tests should
be performed. By submerging a sample in a salty environnmaddtdt a fixed temperature (phys-
iological conditions~40°) and monitoring the impedance of the electrodes over amdgte
period of time it may be possible to show whether there is aagrablation in the interface. As
the materials used can uptake water, swelling in the interfaay cause problems in the chan-
nel sealing that should be investigated. By using carefualrots, including testing samples
that have not been exposed to the physiological conditibrst)ould be possible to conclude
whether or not the SPNI has a reliable functionality overdermreded period of time. This could
be done on samples that both include the PDMS lamination and,do see if there is any
difference.

Other research groups also subject their implants to aatetéfatigue by submerging them
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in a salty environment held at a very high teny8(°) and monitoring their progress. By
repeating this type of approach the durability of the SPMi loa tested for extreme conditions.

This type of testing will be imperative if the SPNI is ever ggito reach a clinical application.

11.1.2 Assessing the Sealing of the SPNI

It is desirable to test the sealing of the channels beyondithal inspections that have been
presented so far. It may be possible to perform a T-Peel aesbrnpare the adhesion of the
PDMS to the top of the channel to other adhesive bonding tqaks. Ultimately however,
as long as the adhesion is durable enough to survive thagafito the spiral, this method of
testing may be inappropriate. Instead, work should be doriest whether the sealing layer
has improved the electrical performance of the device. Astdeen demonstrated in the theo-
retical modelling, a perfectly sealed channel should haverg large £ 7 x 10* Q) solution
resistance. Using the same protocol as has already beemdeated it should be possible to
detect whether the micro-channels have been seéllectigely.

To test the amount of crosstalk that exists between eleetrofl the sealed and unsealed
SPNI, impedance spectroscopy could be performed betwaghbwiring electrodes of both
sealed and unsealed implants. If there was a noticeableyehiarthe impedance spectra be-
tween neighbouring channels it suggest that the channdlbden sealed.

In this case the spectroscopy would be performed using a&teairode set up connected to
the network analyser in a saline solution, where the firsttedele would be one electrode of
the SPNI and the second would be a neighbouring electrodéheis is no reference electrode
and the micro-fabricated electrodes are of similar areigsnieasured impedance would not be
considered as an accurate measurement of the impedaneeroidto-fabricated electrodes, as
the result will be a combination of both impedances.

Using the two-electrode set-up in the sealed case, thentyragh would be forced to travel
along the length of one micro-channel, out of the micro-clghrarray and into the channel
that contains the second electrode under test. This woaliltle a solution resistance that is
approximately double that of a single micro-channel. lfré¢heas no sealing the current path

would not be blocked in this way and the resultant soluti@mstance would be much lower.
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Area for MFI

connections Neck of Device Channel region

~1lem wide

Channel region

Possible area for
MFI connections

~4mm

Fig. 11.2:Possible reduction in the width of the SPNI though incorporaof MFI

11.1.3 Translation of Fabrication Techniques into New hedbgy

A project has started that aims to translate these novekpsiag routes into an updated SPNI
device that will be integrated with signal processing iedite biological target. The miniatur-
ization dfered by the improvement in the connection regime, via thedfliex technology, has
lead to the ability to construct an implant that will; caguhe neural activity from the regen-
erated tissue, employ ftierential amplification to extract the important featureshaf signals
and perform analog multiplexing to provide a way extracting information through a single
cable. The use of MFI canfier a significant improvement in future designs of the SPNhas t
connection pads can be reduced in size and have a much fioby ipitreasing the amount of
connection pads that can be included in a given area. Bdferariplementation of the MFI
technology, the connection pads of the SPNI were #40vide with a pitch of 50Qum, which
resulted in 20 electrode pads occupying a width of 1 cm. UBIRg, it is envisaged that these
proportions can be brought down to an electrode pad th&t3®um, to incorporate a 70m via
hole with~40um of PSPI either side, to give a pitch©200um. These values are illustrative,
and have not yet been tested for the SPNI, but similar cororetgimes have previously been
reported[70]. This suggests that the connection area caedueed down to a total width of 4
mm, which would remove the need for a neck, which has beenrda pbsignificant weakness
in the progression of the SPNI. This is illustrated in Figlite2.

Once the adjustments had been made to the SPNI it shoulddiwegl easy to couple the

devices to the alumina PCB via MFI, whiclifers the ability to include signal processing at
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Fig. 11.3:Schematic of updated SPNI that is integrated to chip thatlest® perform signal processing
signal

the interface. To perform the signal processing, the SPNicdewill be mounted onto a chip
(RHA2216, Intan Technologies) via the alumina PCB. The emg the PCB will be integrated
so that a single home-made helical cable can be used to dhktimg anput to control the chip,
and carry out the processed information from the device. SBHNI will have 16 electrodes
that are coupled to the alumina PCB via Microflex technolayy.illustration of the design is
shown in Figure 11.3.

All the components of the interface, including the SPNI¢ctieal components, and helical
cable are designed to be integrated onto a PCB that is moantedhe surface of the chip. The
surface area of the chip is 8 x 8 mm square, and the PCB is 55 mf square so that it can
be mounted onto the chip without covering the connectiorsp@dschematic diagram of the
chip is shown in Figure 11.4.

The surface area of the PCB determines the maximum size ofection area that can is
available for the SPNI. For this project, the connectiomdits in a space that is 2600 square

(total surface area 67600Q:m?), to allow for all the other components that are necessary fo
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noan nAas nEn

Fig. 11.4:Schematic of the Intan RHA2216 chip, obtained from the company brochure
[102]

the chip and to allow space to incorporate the helical cable. The area of the connection region
on the original SPNI device was 1cm x 5 mm, which gives a total surface areal6f am?.
This kind of miniaturization can only be achieved using the fabrication methods that have been
developed in the thesis, and highlights the necessity of developing the Microflex technology for
the SPNI. The latest SPNI design, and how it will bonded onto the chip is shown in Figure 11.5.
The rolled tube is not shown, only a schematic of the connections is presented. The latest SPNI,
as well as the supporting electronics, will be encapsulated in silicone before implantation. This
will reduce the strain at the neck of the device to remove a possible mode of failure as well as
protect the Microflex interconnection from corrosion and short circuits..

The fabrication processes developed in this thesis are also being used to develop technology
to record electrical activity form the surface of a rat’s brain (EcoG) and to record elecrocardio-
graphs from zebrafish embryos for use in chemical-compound screening, examples of which
are shown in Figure 11.6. These applications show how the novel processing routes presented
in this thesis have value across a range of electrophysiological studies. The adaptability of the
photolithographic processes allow for a range of deigns that can be utilised in nféergrdi
applications. The devices shown comprise of thin-substrates of Durimide that were fabricated
on a sacrificial layer of PMMA, with thermally evaporated metallization and thin passivation
layers. Figure 11.6 shows how the EcoG electrodes are connected to a PCB via Microflex in-
terconnections, that would not have been possible before this study was conducted. This allows

for a high number of electrodes in a small area withoffidilty.
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ENNNNENEEEER

l_ /SEEEEEEEEEEEE

2.2mm

Fig. 11.5:The updated connection of the SPNIs onto the Intan chip, ther deatures are the passive
components (the three white block are resistors and theldbek is a decoupling capacitor)
the green sections are screen printed gold. The red sestite ichip, with the grey ground
plane. The black sections in the edges are the connectiengdie chip.



11. Conclusions and Areas for Future Work 174

in Polyimide : P 26 Gold
: Recording
—y Electrodes

Microflex |
interconnections

$=200pm

Connection to
External
Electronics

Fig. 11.6:Technology that has directly led from the novel processimgias discussed in this thesis.
The top two images are microscopy of an array of electrodetsatte designed to fit around a
zebrafish embryo in order to record electrophysiologictiviig from the surface of the skin.
The top right picture shows how the array is able to bend wisiginportant as the arrays have
fingers that are designed to conform to the surface of theysamiihe bottom image shows an
electrode array that has been designed to record from tFecswf a rat’s brain.
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A. PHOTO-LITHOGRAPHY MASK DESIGNS

A.1 SPNI Devices 1: Used in Earlier In Vivo Studies

Width at connection Pads: 1 cm
SPNI Length: 4 cm

SPNI width at channels: 4 mm
SPNI channel Width: 1Q@n
Electrode Wiring Width: 3@:m
Electrode Dimension: 30m x 100um

Connection pad: 400m x 1000um

A.2 SPNI: Incorporating Microflex Technology

Width at connection Pads: 1 cm
SPNI Length: 4 cm

SPNI width at channels: 4 mm
SPNI channel Width: 1Q@n
Electrode Wiring Width: 3@:m
Electrode Dimension: 30m x 100um
Connection pad: 400m x 1000um

Via hole for microflex interconnection: range from 3541 square



A. Photo-lithography mask designs 177

(TN

Fig. A.1: Photomasks for the original SPNI device, Designed by EdwWarte and Samia Benmerah.
Yellow section used to pattern photoresist for electroBas used to pattern passivation layer,
Red used to pattern channel layer

A.3 SPNI: Latest Design

e Width at connection Pads: 2.7 mm

e SPNI Length: 4 cm

e SPNI width at channels: 4 mm

e SPNI channel Width: 1Qom

e Electrode Wiring Width: 3@:m

e Electrode Dimension: 30m x 100um

¢ Via hole for microflex interconnection: ntn square

e Connection pad: 150m x 1000um
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Fig. A.2: Photomasks for the updated SPNI device incorporating MEkidhed with help from Samia
Benmerah. Brown used to pattern first substrate layer, greed to pattern second substrate
layer, yellow section used to pattern photoresist for ebelds, pink used to pattern passivation
layer, red used to pattern channel layer
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Fig. A.3: Photomasks for the latest SPNI design, Brown used to pditstrsubstrate layer, green used
to pattern second substrate layer, yellow section usedtterpghotoresist for electrodes, pink
used to pattern passivation layer, red used to pattern ehéayer




B. PUBLICATION PLAN

Publised: Richard Barrett, Samia Benmerah, Andreas Frastdrdnd Edward Tarte;
"Spiral Peripheral Nerve Interface: Updated fabricatioocpss of the regenerative im-

plant”, 35th Annual Int. Conf. of IEEE EMBS, July 2013
In Preparation: A paper that describes the method of setdimmgricrochannel array

In Preparation: A paper to describe the results of implaomadf the latest SPNI design

including the signal processing

In Preparation: A paper that describes the zebrafish rewpaliray, to be finalised once

ECG has been recorded.

In Preparation: A paper that describes the EcoG recordiray,a0 be finalised after in

vivo testing has been performed.
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