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ABSTRACT

The thesis describes novel processing routes that have beendeveloped to fabricate neural in-

terfaces. A process has been investigated that uses microfabrication techniques to fabricate a

multi-channel regenerative implant that can record nerve impulses in the peripheral nervous

system (PNS), called the Spiral Peripheral Nerve Interface(SPNI). It is shown both theoret-

ically and experimentally that the implant improves the ability to record signals in the PNS

via micro-channels that act as axonal amplifiers. New processing routes are introduced to cre-

ate robust interconnections from the SPNI to external electronics via ‘Microflex’ technology.

To incorporate the new interconnection technology the SPNIhad to be modified. During this

modification the strain in the device was given specific consideration, for which a new bending

model is presented. Modelling is used to show that electrochemical impedance spectroscopy

can be used to assess the quality of the fabrication process.Electrochemical and mechanical

tests show that the interconnection technology is suitablefor a neural interfaces but the fabrica-

tion of perfectly sealed micro-channels was not evident. Thus, the SPNI was further improved

by the introduction of a silicone sealing layer in the construction 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 have been developed to enhance the record-

ing capabilities of a neural interface. In the following introduction the overall objectives and

themes of the thesis are described, the specific fabricationmethods that have been developed

are briefly introduced, and the neural applications in whichthese novel processes can be used

are outlined.

1.1 Motivation

One of the major challenges of modern science is to understand the fundamental principles and

operation of the nervous system. Neural interfaces have been developed in the form of devices

that are able to extract information from the nervous systemas electrical signals that encode the

activity of the brain, and other neural systems. The centraland peripheral nervous system can be

analysed via electrodes that record their electrical impulses, giving insight into their behaviour.

This kind of interface is important for basic neuro-physiological research and has enor-

mous potential for clinical applications, where a ‘neuro-prosthesis’ is intended to restore or

support paths of the neuromuscular or neurosensory system by stimulating muscle or neural

tissue electrically. This idea has already been used in the development of cochlear and retinal

prostheses [1] [2].

Similarly, the same neural interfaces can be used as recording devices to measure electrical

activity from neural pathways. Experiments have shown thatelectrical activity recorded in a

patient’s motor cortex can be decoded to represent the movement of the patient’s limbs [3] [4].

Most applications of this technology is aimed at people withsevere impediments, helping them

to achieve a better quality of life. As such, significant scientific investment has been made to

develop a reliable and practical recording and stimulatinginterface to nerves. There are many

excellent reviews that cover the basics of neural-prosthetics [5] and neural interfaces in general
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[6] that are recommended when developing an interest in thisfield.

Neural interfaces are seen as realistic technology throughwhich damaged functions of the

nervous system could be replaced, by creating a bi-directional communication system with

functioning neural tissue. A neural interface that is capable of replacing lost function com-

pletely has not yet been developed, but electronic devices for neural interfacing are advancing

as new technology becomes available. The earliest neural interfaces were bare metal wires

but they have since developed into complex microfabricatedarrays that are capable of commu-

nicating with the nervous system through hundreds of ‘active sites’ [7]. Further advances in

neural interfaces are driving them to have more active sites[8], with a better integration into

the human body and to be robust for many years [6]. As such, newdevices are under constant

development, with better designs and fabrication processes being introduced to overcome the

challenges outlined above.

This thesis introduces technology intended to improve the ability to record from small pop-

ulations of axons in the peripheral nervous system and the fabrication routes investigated to

increase the durability of that interface. Methods of predicting and testing the performance of

these neural interfaces will also be outlined to assess the quality of the fabrication processes.

Experimental work will show that the fundamental technology introduced in this thesis is sound

but requires improvement.

1.1.1 Overview of the Thesis

To understand how neural interfaces work, the thesis introduces the anatomy of the nervous

system first. In chapter two this is broken into two parts, where the central nervous system that

includes the brain and the spinal cord is briefly introduced,followed by a description of the

peripheral nervous system. The thesis discusses how these biological systems are arranged and

how their electrical behaviour is propagated between neurons via action potentials, that derive

from the physiology of the cell membrane of the nerves.

In extreme cases of neural degeneration caused by disease orinjury a patient may have very

little or no control of their skeletal muscles and so requiresignificant technology to regain any

independence. In the case of traumatic injury to the spinal cord, the motor control structures of

the brain are largely intact and so may provide a rich source of relevant command signals that
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could be reinterpreted to provide new function, via external devices. Similarly, in the case of an

amputation, the relevant nerve signals are transmitted along the undamaged section of nerve, up

to the point at which the amputation occurred. A neural interface can support a prosthesis by

reinterpreting the nerve signals that are being transmitted into the peripheral nerve, that were

originally intended to control muscles that have since beenremoved. The most famous neural

interface is perhaps the ‘Utah’ array, which has been developed for use in many applications

in the last 20 years and consists of around 100 densely packedelectrode tips. Recently, an

implanted Utah array has been shown to have some remaining functionality after 3 years post

implantation, setting a new benchmark for chronic neural interfaces [9].

In chapter three the thesis will introduce the conventionalmethods that have been devel-

oped to measure electrical signals from the nervous system,including the Utah array, and the

specific engineering considerations that should be appliedto each method. A brief description

is given of the physical mechanisms that underline the ability to record neural signals before

recording interfaces that are designed for use in the peripheral nervous system are given specific

consideration.

Chapter four is an introduction to the concept of axonal amplification, which is a mecha-

nism that improves the ability to interface to regenerated nerves in the PNS by augmenting the

extracellular resistance. By confining regenerated axons in a microfabricated channel the stim-

ulus current required to excite the axons is reduced and the ability to record action potentials is

improved. The thesis will describe how these mechanisms have been modelled analytically and

computationally with specific consideration to the PNS.

In chapter five the thesis outlines all the methods that have been used to fabricate and test the

neural interfaces in this thesis. This chapter is intended to be an accessible guide to microfabri-

cation techniques, including spin coating, photolithography and methods of etching materials.

The chapter will then describe the methods that are used to test the neural interfaces in vitro

which focus on electrochemical impedance spectroscopy andtensile strength testing.

The concept of the spiral peripheral nerve interface (SPNI)will be introduced in chapter six,

a novel neural interface that has been developed as a collaborative effort between the School of

Electronic Electrical and Computational Engineering of the University of Birmingham, The

department of Physiology in Kings College London, the Centre for Nanoscience, Department
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of Material Science and the Brain Repair Centre all of the University of Cambridge [10]. The

aim of the SPNI is to create a system of axonal amplifiers [11] to improve the signal quality

recorded from ‘sieve’-type neural implants. The design, fabrication and performance of this

interface are described in detail.

The SPNI had a significant weakness that became evident during in vivo testing as the

method of transmitting the recorded signals to external electronics was unreliable and needed

to be improved. Chapter seven introduces fabrication processes that have been developed to

improve the ability to connect the SPNI to external electronics, that are essential to perform

signal processing and extract information from the signalsthat are recorded. Furthermore, the

mechanical properties of the SPNI are discussed in detail and special consideration is given to

the amount of strain that the device is subjected to during fabrication. It will be shown that

previous attempts to model this strain were misguided and a new strain model is presented to

correct this. Ultimately, the thesis shows that a micro-riveting technique called ‘Microflex’ [12]

can be incorporated into the fabrication of the SPNI, when some design modification are im-

posed. Efforts to modify the thickness of the substrate of the SPNI willalso be outlined to

increase the range of designs that may be possible in the future. To make this work, materials

had to be used in unfamiliar ways and severe design restrictions had to be overcome.

To assess the quality of the fabrication processes analytical models of the electrochemical

performance of the SPNI will be introduced in chapter eight.The models are used to predict

the electrochemical behaviour of gold electrodes in salineduring in vitro testing, to provide

a basis of comparison to experimental work. The analytical modelling shows the effect on

the electrochemical behaviour of varying the geometry of the device to incorporate a micro-

channel structure and how this is manifested in an impedancespectrum. It is shown that the

electrochemical testing can be used to test both the qualityof the electrode surface and the

quality of the micro-channel fabrication.

The updated device was tested using the methods that are introduced in chapter five, and

the results of these tests are shown in chapter nine. It will be shown that the updated SPNI

device is at least as good as the previous studies, and the effect of altering the substrate thick-

ness is discussed. The in vitro testing largely agrees with the behaviour that is described in the

analytical modelling, but it was not possible to detect the perfect sealing of the micro-channel
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structure in any of the electrodes tested. Comparing the modelled spectra to the measured re-

sults suggests that the electrodes of the SPNI have a dispersive capacitance and partially sealed

micro-channels, suggesting that the sealing of the micro-channels needed to be addressed. Fur-

ther to the electrochemical testing in this thesis, previous in vivo testing of the original device

found that the SPNI required much larger stimulus currents than a similar silicone electrode

array[13]. The silicone device completely enveloped any regenerated tissue that had grown into

it, which increased its ability to act as an axonal amplifier[11] and it could not be guaranteed

that the SPNI had achieved the same level of sealing. Sealingof the micro-channels could be

improved through the inclusion of a sealing layer into the fabrication of the electrode array us-

ing a thin layer of silicone. How the sealing layer was incorporated into the fabrication of the

SPNI is discussed in chapter ten of this thesis.

Chapter eleven will conclude the thesis, highlighting the significant achievements and the

areas that should be improved in future research. The translation of the updated microfabrica-

tion techniques will be discussed, including the design andimplementation of the latest neural

interfaces that are being fabricated using the techniques introduced in this thesis.



2. NEURAL ANATOMY AND THE ELECTRODE TISSUE INTERFACE

2.1 Introduction

This chapter introduces the biology of the nervous system inorder to understand a neural record-

ing device. Neural devices are made to record from and stimulate neurons or populations of

nervous tissue and so the biology of these is introduced first. It is desirable to model the signal

propagation in simple terms via fundamental physics, this leads to the Nernst and Goldman

equations, and ultimately to the Hodgkin-Huxley model of cell membranes. All of the infor-

mation presented here is available in standard textbooks onthe subject and has been compiled

for this chapter from [14, 15], unless otherwise stated. Much of the style of the section on the

membrane model is based on Struijk’s introduction found in [14].

2.2 The Nervous System

Excitable tissue forms networks in the body that control motion, sensation, regulation, thought

and emotion to enables us to perceive and interact with our environment. The mechanism that

controls these bodily functions is called the nervous system and is made of nerve cells, labelled

as neurons, that control function and ‘communicate’ via electrical signals. The nervous system

has three main functions in the human body; The first is to communicate information from

external and internal stimuli that is sensed, which is labelled as ‘sensory’ activity. Secondly, the

information is interpreted and an appropriate response to the stimuli is determined, a function

that is labelled as ‘integration.’ And thirdly, the nervoussystem causes the body to respond,

which can be labelled as ‘motor’ output. The central nervoussystem takes in the input from the

world, interprets the information and actuates a response,as is illustrated in Figure 2.1.

The nervous system is organised into the central nervous system (CNS), that consists of the

brain and the spinal cord, and the peripheral nervous system(PNS) that incorporates everything
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Fig. 2.1:Outline of the processes in the nervous system; The central nervous system processes sensory
information and controls motor feedback responses. The peripheral nervous system translates
the sensory information to the central nervous system and motor feedback to the appropriate
muscle points.

[15]

else and extends into the muscles, the skin, the heart and theglands. Input signals (afferent)

from the PNS to the CNS are processed and interpreted by highly organized architectures of

neurons. The output signal (efferent) is transmitted along motor fibers to either, control effector

organs, order glands to secrete or to contract muscles. Somemovement of the human body is

voluntary, such as moving your legs to walk, whereas some is involuntary (autonomic), such

as the beating of the heart. Any technology that is designed to interface to a voluntary action

may be influencing involuntary processes, so care is required. On the other hand, designing an

electrode that works for one specific nerve is not necessary and there is a significant crossover

between the applications that a neural interface may provide. The nerve fibers consist of neu-

rons and support cells that are called neuroglia or glial cells. Neurons are the nerve cells that

transmit the sensory input and the motor output between the CNS and the receptors or targeted

muscle and the neuroglia provides the mechanical structure, physiological support and protect

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

2.2.1 Basic Neurophysiology

Neurons

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

neuron can have direct contacts to over 1000 other neurons and their activity is highly organized
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Fig. 2.2:Top: Illustration of the Neuron that contains the Soma, the Axons and the extending Dendrites.
Bottom: Illustration of the synapse between two neurons.

and highly perceptive. A single neuron is illustrated in Figure 2.2. The neuron consists of a cell

body (thesoma) that contains the DNA for the cell, the proteins that maintain the cell and the

neurotransmitters. Synaptic input and output of the neuronis transported through two types of

extension from the soma that are called thedendritesand theaxonrespectively. Each neuron

can have many dendrites that receive electrical inputs fromother cells and relay the signal to the

cell body. All neurons are limited to only one axon; a long, relatively thick fiber that extends

from the cell body to carry electrical signals. At the ends ofaxon are the axon terminals that

branch into the pre-synaptic terminals, the functions of these endings is to transmit the relayed

signal to other neurons and cells via neurotransmitters that are released by electrical stimulation.

Signals are propagated between neurons via action potentials that derive from the physiol-

ogy of the cell membrane, to be discussed later. Neurons connect to each other via synapses

that are formed of the axon terminal, the dendrite of a neighbouring cell, and the accompanying

glia. Between these components is the synaptic cleft, as in Figure.2.2. Axons can be wrapped

by protective neuroglia (labelled as Schwann cells) to formthe 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 length 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 signal by different

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 degeneration/regeneration’, 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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Fig. 2.4: Illustration of phospholipid bilayer, including ion channels for sodium and potassium
[15]

myelinated axons, the sheath begins to break down and the resulting cellular debris is cleared

up by macrophages. The degeneration will occur as far as the next node of Ranvier and, impor-

tantly, the degenerated nerve leaves behind hollow tubes that can guide any regeneration from

the proximal nerve. Once inside the tube, growth factors encourage 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 a general description of their behaviour,

the most prominent of which is the cell membrane. A neuron is able to transmit electrical

signals due to the fact that its membrane is excitable and electrophysiology of neurons is the

study of phenomena that result from ion movements across themembrane.

The membrane is formed of a bilayer of phospholipid molecules that is made of a phosphoric

head (hydrophilic) and a glyceride tail (hydrophobic). Thepolarising nature of the phospho-

lipids causes them to assemble into a bi-layer configuration, shown in Figure 2.4. In the cell

membrane there are also ion channels that allow the transport of sodium, potassium and chlorine

ions across the membrane. The ion channels are formed by ion-selective proteins, the perme-

ability of which is controlled by the potential difference across the membrane. The combination

of the bilayer with the voltage gated ion channels acts to maintain differential ion concentrations

on the inside and the outside of the cell. The sum of these gradients is the voltage across the

membrane and is called the trans-membrane potential,Vm and is defined as the difference in the

potential of the inner surface of the membrane (ϕi) and the potential on the outer surface (ϕe),
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such thatVm = ϕi − ϕe.

For humans, the trans-membrane potential has a resting value of around -65mV and the cell

membrane maintains this by controlling the concentration gradients of the ion species between

the extracellular and intracellular media: at rest there ismore sodium outside the cell, and more

potassium inside the cell. During an excitation the trans-membrane potential changes and, if

the membrane potential reaches a threshold, an ion-pump acts to pump more sodium into the

cell causing the intracellular medium to become more positive. This effect at the membrane is

called the depolarization phase of the action potential. The pump will then return the cell to its

resting potential by pumping out potassium. The rising and falling potential of the membrane

represents a nerve pulse and is called an action potential. After the pulse, the cell enters the

refractory period until the ions are returned to their original concentration, during which, the

cell cannot fire again and so becomes insensitive to stimulation. An action potential is conducted

along the membrane as a local membrane pulse where intracellular and extracellular currents

perturb the potential of the membrane neighbouring the active regions, causing the signal to

propagate. This will be discussed further later in this chapter.

2.3 To Model the Nerve

The simplest way to understand an excitable cell is to consider a closed volume of diffuse

charged molecules, separated from a media of solvated ions by the cell membrane. The two

driving forces that control the transfer of ions between thetwo media are diffusion, from the

concentration gradient of ions, and migration as a result the electric field. For a net zero current

these two driving phenomena must result in an active transport of ions through the membrane.

A brief explanation of these phenomena for a single ion species,κ, is presented in the following

section.

Ions move in response to a concentration gradient, where they will move from a region

with a higher concentration of ions to a region of a lower concentration. This has been char-

acterised through Fick’s law, which describes the flux of ions for a particular concentration

gradient(~jdiff,κ). Similarly, due to their charge ions will move in response to a potential gradi-

ent and there is an expression to describe the flux of ions driven by an electric field (potential
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gradient)(~jmigr,κ).

~jdiff,κ = −Dκ∇Cκ (2.1)

~jmigr,κ = −µκ
zκ
|zκ|

Cκ∇ϕ (2.2)

Where~jdiff,κ and~jmigr,κ is the number ofκ ions that pass through a unit area of membrane per

unit time (mole/m2s) for both diffusion and migration respectively. For diffusion the expression

is driven by the gradient of the concentration ofκ ions is∇Cκ (mole/m3) and multiplied by

Fick’s constant,Dκ, which depends on the size of the ion and the viscosity of the solvent. For

migration, the flux is driven by the electric field,−∇ϕ, and multiplied by mobility of the ions,

µκ, the concentration and the sign of the charge of theκ ion, zκ/|zκ|, wherezκ is the valence of

theκ ion. The expression requires that positive ions move from a higher to a lower potential as

convention would suggest.

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

portional to each other, by

Dκ =

(

RT
|zκ|F

)

µκ (2.3)

where R is the gas constant, F is Faraday’s constant and T is the temperature in Kelvins.

2.3.1 Nernst Equation

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

flux for the ion species caused by both diffusion and migration as;

~jκ = ~jdiff,κ + ~jmigr,κ (2.4)

= −Dκ
(

∇Cκ +
FzκCκ
RT
∇ϕ

)

(2.5)

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

~Jκ = ~jκFzκ (2.6)
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whereFzκ is the charge carried per mole of ions. To simplify the model the motion of the

ions is restricted to the transverse direction only, where the flux of ions only occurs normal to

membrane surface. The transverse direction is labelled as the x-direction. Thus, the Nernst

equation becomes;

~jκ(x) = −Dκ

(

d
dx

Cκ(x) +
FzκCκ
RT

d
dx
ϕ(x)

)

(2.7)

For each ion species in the media there is a separate Nernst equation, however, all the ion species

are influenced by the same potentialϕ(x). This model ensures that there is no net flux of ions

across the membrane; the concentration gradient is minimised due to diffusion of an ion from

high to low concentration, whereas the trans-membrane potential will change in response to

the migration of ions. However, like charges repel so the change in potential will act to force

migration in the opposite direction of the diffusion. An equilibrium is reached when there is

no net ion flux across the membrane which, for potassium ions for example, can be written as

~jK+(x) = 0, and so;

d
dx

[K+](x) = −FzK+ [K+](x)
RT

d
dx
ϕ(x) (2.8)

The relationship between the trans-membrane potential andthe concentration of potassium

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

VK+ = ϕi − ϕe (2.9)

=
RT

FzK+
ln

[

[K+]Ext

[K+]Int

]

(2.10)

For biological tissue it is also necessary to consider the Nernst equations for Sodium (Na+)

ions and Chloride (Cl−) ions, which can be written as;
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VNa+ =
RT

FzNa+
ln

[

[Na+]Ext

[Na+]Int

]

(2.11)

VCl− =
RT

FzCl−
ln

[

[Cl−]Int

[Cl−]Ext

]

(2.12)

2.3.2 Goldman Equation

If there are no fixed charges in the membrane and the influence of external surface charges is

negligible the electric field, Ex generated by the diffusion of ions is constant across the mem-

brane. If the electric field is constant, then it can be statedthat the trans-membrane potential

must vary linearly across the membrane, this is known as ‘Goldman’s Assumption’.

Ex = −
d
dx
ϕ(x) = −Vm

h
(2.13)

WhereVm is the trans-membrane potential and theh is the thickness of the membrane in the

x-direction. Substituting the expression for the change inpotential across the membrane into

the Nernst Equation gives;

Vm =
RT
F

ln

[

PK[K+]Ext + PNa[Na+]Ext + PCl[Cl−]Int

PK[K+]Int + PNa[Na+]Int + PCl[Cl−]Ext

]

(2.14)

WherePK, PNa andPCl are the permeability’s of potassium, sodium and chlorine respectively.

The ‘Goldman’ model for the trans-membrane potential completes the model by assuming that

the total flux of all ions are zero,~jK(x) + ~jNa(x) + ~jCl(x) = 0. This is only applicable when the

behaviour of the membrane is relatively static, where at rest the permeability of potassium is

higher than that of sodium and chloride, ie.PK » PNa andPCl. As a result, the trans-membrane

potential tends towards the Nernst-potential for potassium. An action potential is a non-static

case as a net current is flowing into and out of the cell, thus the Goldman Equation is not

valid. At the peak of the action potential the net flow is minimised again, briefly, and the trans-

membrane potential is approximately equal to the Nernst-potential for Sodium asPNa » PK.
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Fig. 2.5:Equivalent circuit model for a patch of membrane based on theHodgkin-Huxley model
[18]

2.3.3 Hodgkin-Huxley Model

To model the dynamic capabilities of the cell the behaviour of the ion membranes was investi-

gated by A.L. Hodgkin and A.F. Huxley (H-H) in 1952. Their seminal experiments used a volt-

age clamp, where a step current is applied to force the membrane to adopt a constant voltage,

to control the trans-membrane voltage externally. They selectively observed the corresponding

ion flow at the fixed potential by chemically blocking (deactivating) the different ion-pumps in

turn. Importantly, this model does not attempt to describe the membrane processes as whole,

but provides a set of equations that can inform theoretical calculations of action potentials.

The work culminates in a model that describes separate ion-conducting branches called

the parallel conductance model, where the four branches represent sodium, potassium, leakage

current and a capacitive current from the separation of the charge carriers by the membrane.

This is illustrated in Figure 2.5. The conductance of each branch is from the permeability of the

membrane to each ion species;

GNa =
INa

Vm− VNa
(2.15)

GK =
IK

Vm− VK
(2.16)

GL =
IL

Vm− VL
(2.17)
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where the potential for each branch is the equivalent Nernstpotential. For this illustration all

currents and conductances are per unit area, as only a small patch of the membrane is being

discussed. For this model, the total membrane current is thesum of the branch currents,

im = Cm
dVm

dt
+ (Vm− VNa)GNa + (Vm− VK)GK + (Vm− VL)GL (2.18)

To find the total membrane current Huxley and Hodgkin proposed a system of ion specific prop-

agating charged particles that can pass through the membrane, but are not directly transporting

the ions. Instead, they allow the permeability of each ion byarranging themselves into a spe-

cific configuration in the membrane, the rate of movement of these particles then directly effects

the conductance of the ion species. This provides a method ofgating the channels, where the

probability of finding the transport particles in a certain configuration determines how open the

ion-channel is for each species. As the transport particlesare charged their motion is dependent

on the electric field.

Using this methodology, H-H showed that for potassium the conductance varied according

to a fourth-power relationship that changed with first-order kinetics. To model this, they chose a

charged transport particle that controls the gating of the potassium channel, either open, closed

or somewhere in between. This relationship of the potassiumgate suggests that four transport

particles need to be configured correctly (in the open state)to allow for propagation. The

permeability of each species is independent, suggesting that the probability of the potassium

ion channel being open asn4, wheren is the probability of finding the particle in the open

state and 0≤ n ≤ 1. Thus, the potassium conductance per unit area is the maximum possible

conductance, for the state when all channels are open, scaled by the number of channels that

are actually open.

GK = GK,max · n4 (2.19)

For sodium, H-H found that the rate conductivity change is best modelled by two transport

particles, one activating particle that has activating probability of m (in the open state) and

one inhibiting particle that has a probability of being in the non-activating (not inhibiting) state

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

non-activating particle. This gives a sodium conductance of,

GNa = GNa,max ·m3h (2.20)

These gating particles have voltage and time dependent transfer rates that obey first order kinet-

ics.

2.3.4 The Nerve Pulse

The voltage dependent gating particles allows for the generation of nerve pulses. At rest there

is approximately 10 times more sodium ions in the extracellular space compared to inside the

axon, whereas the concentration of the potassium ions is approximately 30 times higher in

the intracellular space. H-H found that a depolarizing stimulus (that raises Vm from the resting

potential) results in an exponential rise in m and a slower exponential decay in h. This behaviour

initially increases the conductance of the sodium ion channel, allowing sodium to enter the cell

(driven by Vm-VNa) until the sodium conductance is reduced and eventually stopped by the

decaying h.

Similarly, a depolarizing stimuli also increases potassium conductance via n, allowing potas-

sium ions to flow from inside to outside the cell resulting in atrans-membrane current that is

in the opposite direction to the Na ions. However, the potassium conductance increases over

a much longer time period than the sodium conductance, so initially the sodium branch will

dominate.

Eventually the decrease in sodium conductance and increasein potassium conductance

causes the membrane potential to peak and begin to fall towards the resting value. Once the

nerve pulse has been generated it propagates along the axon,which requires an axial compo-

nent of the trans-membrane current,im.

The propagation of the Nerve Pulse

The nerve pulse propagates along the nerve via a local circuit current that arises from the ac-

tivity of the cell membrane. For an unmyelinated axon, if a patch of membrane is stimulated

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

model outlined above. Initially, there is an influx of sodiumions into the intracellular space

that causes a dominant trans-membrane current into the axon. Once inside the axon the sodium

ions move along their concentration gradient, diffusing into the neighbouring regions that have

a lower concentration of sodium ions. This causes a transverse current, both proximal and dis-

tal to the stimulation, in the intracellular space. Similarly, in the extracellular space, sodium

diffuses into the region of lower concentration where the cell membrane is open. There is

also an extracellular transverse current in the opposite direction to the internal current from the

movement of ions responding to the depolarizing wave. Aftera few milliseconds, at the peak

of trans-membrane voltage in the excited region, the efflux of potassium ions dominates the

sodium current and the membrane begins to repolarise. This process is depicted in Figure 2.6.

The transverse current from the diffusion of sodium ions depolarizes the regions of membrane

that neighbour the excited patch. During an action potential the neighbouring regions are de-

polarized beyond their threshold and the nerve pulse is generated again. This mechanism is
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repeated along the membrane and the nerve pulse propagates along the axon unattenuated. In-

corporating the H-H model this can be depicted as shown in Figure 2.7. The resistance per unit

length of the inside and outside of the axon areRi andRe respectively, and the inner and outer

surfaces are connected by the H-H model representing the voltage-dependent behaviour. For

the myelinated axon the mechanism of propagation is the same, except that the voltage-gated

ion channels are densely packed at the Nodes of Ranvier and there is no ion transfer through the

membrane in the inter-nodal spacing. Thus the membrane can only be excited at the nodes and

the local circuit current only flows through the membrane in the nodal regions. The transverse

current propagates between the nodes in the same manner as before, where the ions follow their

concentration gradients via diffusion. The equivalent diagram for the myelinated axon is shown

in Figure 2.7.
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Fig. 2.7:Diagrams to show the circuit current loop for a propagating action potential of an unmyelinated
axon (top) and a myelinated axon (bottom)



3. METHODS OF RECORDING ELECTRICAL SIGNALS FROM

NEURAL TISSUE

This chapter will introduce the conventional technology that is used to record electrical activity

from nerves, with specific interest for motor prostheses. Significant scientific investment has

led to the ability to record biological events using metal electrodes and a few examples of these

neural interfaces will be discussed. Firstly a brief description is given of the physics of the

interface between the electrode and the biological medium.Secondly, the technology that has

been implemented for PNS recording interfaces will be introduced. Specific consideration is

given to cuff electrodes that offer advantages in terms of the amplitude of signals recorded,and

regenerative implants that are similar to the technology researched in this thesis. All information

presented here is compiled from four comprehensive texts onneural recording; These include

the review of technology developed to record from the PNS by Navarro et al [19] and the

review of PNS recording in general from [14], whereas the theory of the electrode interface is

from Kovacs[20] and Fischer[21]. As such, much of the style is borrowed from these works as

well as from [22].

3.1 Introduction

Traditionally, applications that require a high selectivity have usually been restricted toin-vitro

applications using cultured cells. Intracellular recording of the trans-membrane potential can

be made by inserting a micro-pipette through the cell membrane or alternatively a micro-pipette

can be brought into contact with the cell membrane to record the trans-membrane potential,

without compromising the internal structure of the cell. This requires a significant human inter-

action over long periods of time, significantly reducing thepracticality and durability, especially

for an in-vivo device.

To improve the practicality, significant scientific investment has been made to develop ways



3. Methods of Recording Electrical Signals From Neural Tissue 22

of recording extracellular potentials with microfabricated electrodes. Via established microfab-

rication techniques it is possible to ‘pattern’ mechanicalstructures and deposit thin-film metal

tracks and electrodes onto glass, polymer and other carriermaterials to create devices to inter-

face with neural tissue. Advances in microfabrication technology have allowed for devices that

have decreased electrode size, increased amount of electrodes per unit area and the range of

available materials.

3.1.1 Material used to Fabricate Neural Interfaces

The microfabricated electrical interfaces are generally made to a sandwich-type design where

a layer of conductive material is mechanically supported and electrically insulated by a con-

struction of substrate materials. There have been a huge variety in the configurations, but in

general the carrier substrate has either been a silicon-based material, glass or a polymer, and the

conductive material has been a metal deposited onto the carrier.

Each material is carefully chosen to match the requirement of the application; when signal

processing is necessary at the interface electronic circuitry may have to be integrated into the

design of the device and a silicon-based material will be preferable. This is necessary to allow

for a monolithic fabrication process that incorporates theelectronic components. However,

for a long-term application it is more desirable to have a highly flexible and durable carrier

material and in these applications the polymer generally forms the insulating medium as well

as providing the mechanical structure.

Silicon and flexible polymers such as polyimide are the materials of choice for CNS and

PNS implants respectively, as the dimensions of these materials can be precisely determined

through a process of micro-machining, photo-lithography or etching. These concepts will be

introduced in chapter five. This allows for the precise control over the size of the active sites

and there position relative to each other. In general silicon has found most use for CNS probe

type implants as it can be implanted into the cortex, howeverthe brittleness of these probes

make them less suitable for the PNS implantation through muscle or delicate, fibrous nerves.

Polyimide has gathered popularity as it offers a highly flexible and biocompatible substrate

material, as well as being compatible with clean-room technologies. For microelectronics, poly-

imide has been mainly used as a passivation layer or as a dielectric between two layers, for ex-
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ample in multi-chip modules, where successive layers can bespin coated relatively easily [23].

More recently photosensitive polyimides (PSPI) have reduced complex multi-step process-

ing by allowing the definition of planar structures via photolithography. This gives access to

large range of implant designs, with a less involved fabrication process. These microfabrication

techniques and the use of polyimide as a substrate for neuralinterfaces will be discussed at

length during this thesis.

Biocompatibilty

Although the engineering motivation is to record/stimulate biological activity in the tissue, the

motivation of the body is to protect itself. To have a sustainable and durable interface the

two competing motivations need to be optimised and so the biocompatibilty of the materials

is a major factor to consider. The materials discussed abovehave generally been shown to

be biocompatible such that they are not toxic or otherwise damaging to biological function.

More recently, many materials used in neural prosthetics have been developed specifically to be

biocompatible, and all material used in this endeavour havebeen summarised in ISO 10993.

In general, a material can be categorized in terms of both structural biocompatibilty and sur-

face biocompatibilty [24]. To achieve structural biocompatibilty the devices material properties

should mimic the properties of the biological environment that is being targeted. The surface

biocompatibilty relates to the chemical/physical/biological/morphological properties that con-

tact the biological environment directly, which of course should not be toxic or at least only

release low-concentrations of toxic materials that do not induce the foreign body response. A

mild inflammation is generally considered to be acceptable,but a strong foreign body response

can lead to an encapsulation of the device in fibrous tissue that can ultimately lead to device

failure. This is of greater concern for chronic implants, that have to provide stable and durable

transducer properties throughout the lifetime of the implant. As such there is a degree to which

a material needs to be biocompatible before it becomes suitable; for an acute study the biocom-

patibilty becomes less important than for a chronic implantation where a more diligent approach

is necessary.
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Fig. 3.1:Equivalent circuit model of electrode tissue interface including the interfacial capacitance,ςI ,
the charge transfer resistance,Rt, the Warburg impedanceZw and the solution resistanceRs.

[18]

Use of Metal Electrodes

Nervous tissue conducts signals via an ionic transport mechanism, where ionic charge carriers

move through the membrane from the electrolytes that surround the axon. Recording devices

are however based on an electron conduction mechanism, as they are made of a conducting

material such as metal. To record electrical activity in thetissue the signal has to interface

between the metal electrode and the ionic electrolyte solution.

The interface can be simplified using an equivalent circuit model illustrated in Figure 3.1.

The parallel branches of the circuit can be used to model phenomena at the interface including

the interfacial capacitance (top branch) and the path of direct charge transfer (bottom) which

is the transfer resistance and the Warburg impedance combined. The parallel branches are

connected in series to the solution resistance.

Each of these phenomena will be briefly introduced here and a more thorough examination

of the electrode interface is presented in Chapter eight of the thesis.

For a typical interface there is a capacitance between the metal and the electrode that can

be described via the double layer theory. The capacitance arises due to an electrochemical dif-

ference between the metal and the ions in the solution and wasfirst modelled using a hydration

sheath that acts as a simple dielectric between the electrode and the solution. Models of this

interfacial capacitance,ςI , describe a linear potential drop between the electrode anda plane of

water molecules at the electrode surface, followed by an exponential decay of potential out into

the bulk solution.
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The capacitance at the interface does not describe the entire electrochemical phenomena. If

a DC potential is applied across the interface for neural stimulation an ohmic current may flow

that is the net movement of charge from metal into the solution (or vice versa) which results

in a shift of the potential of the electrode from the equilibrium. The resistance of this ohmic

interfacial current is the charge transfer resistance,Rt.

The DC behaviour of the electrode is more relevant to stimulating electrodes: it is impor-

tant to have stimulus current thresholds that do not adversely alter the chemical composition

of the interface in a non-reversible way. If the stimulus current is small with regards to the

exchange current density of the metal,J0 then the electrode will not shift significantly from the

equilibrium and will behave linearly. If the electrode has avery high exchange current density

(J0→ ∞) the charge transfer resistance tends towards zero and eventhough a current is flowing

across the interface no significant overpotential is being developed. This is labelled as a non-

polarizable interface and can be considered to be the optimum material for neural stimulation as

any potential across two non-polarizable electrodes in solution would vary the potential across

the bulk of the medium rather than be localized at the interfaces. For the opposite conditions

(J0 → 0) the interface behaves as a capacitor, where no current flows in the steady-state DC

conditions, which is labelled as the ideally polarizable interface. In practice no interface is ei-

ther ideally polarizable or unpolarizable and the important property to consider for any interface

is the magnitude of the resulting current relative to exchange current density.

For most electrode/electrolyte interfaces the charge transfer resistance dominates the ohmic

part of the electrode behaviour. If the charge transfer resistance is low the diffusion of reactants

to the interface has a noticeable effect. However, for time-varying signals with higher frequen-

cies it becomes more difficult for ions to follow the time-varying field, which dampensthe effect

of the spatial variation so that it reaches far less into the solution. For an ever increasing fre-

quency the ions are not able to follow the field at all which leads to no diffusional impedance.

In 1899, Warburg proposed a model for this frequency dependent diffusional impedanceZW,

which follows the frequency power law

|ZW| ∝
1
√

f
(3.1)
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where f is the excitation frequency.

As the current spreads out into the solution it also experiences a solution resistance,RS that

depends on the shape of the electrode and the conductivity ofthe solution. The conductivity is

determined by the number of ions present and the temperatureof the solution.

The recording electrodes are usually made from a thin-film metal such as gold, platinum,

platinum-iridium, tungsten, and tantalum [25]. Gold was chosen for the neural interfaces that

were fabricated in this thesis, as it has well known biocompatibility, does not form a surface

oxide and has been used in many chronic recording interfaces. Furthermore, gold is ductile and

flexible properties when used as a thin-film, which is advantageous for use in flexible electron-

ics [26]. This flexibility is critical to the technology developed in this thesis. The behaviour of

gold as a recording electrode will be discussed in detail in Chapter eight, which will be used to

assess the quality of the fabrication processes developed in the thesis.

3.2 Neural Interface Technology

Having developed the basic theory of electrodes used for neural applications, some examples

of interfaces that have been developed will now be outlined,starting with in-vitro devices.

This thesis is intended to focus on recording from nervous tissue in-vivo and so the following

sections are kept brief but are added to give a general picture of the development of neural

recording interfaces.

3.2.1 In-Vitro Devices

In 1972, Thomas described the first extracellular recordingof electrically active biological tis-

sue cultured in-vitro. Since then, the use of multi-electrode arrays (MEA) to record extracellular

activity has flourished, with practical applications in heart cells, spinal cord tissue, hippocam-

pal slice cultures, cortical and retinal cells. The first MEAs were embedded micro-electrodes

mechanically supported by a biocompatible carrier substrate. Electrode sites were typically ar-

ranged in anm⋆ n matrix over a relatively large surface area, such that slices of biological

tissue could be placed and recorded from on top of the substrate. These planar micro-electrodes

generally consisted of a substrate of glass, silicon or polymer over which a metal conductor

was deposited and patterned. Electrode sites were defined bythe photolithographic patterning
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Fig. 3.2:Micro-fabricated electrode arrays developed by Thomas et al forin-vitro 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 different 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 difference 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 sensory afferent and mo-

tor efferent information and/or selectively stimulate to any undamaged musculature. Different

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.
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Fig. 3.5: Invasiveness of different 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 the effectiveness 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 efferent 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 main difference 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: Illustration 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 ‘spiral cuffs’, as

shown in Figure 3.10. Cuff electrodes 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, the cuff electrodes are relatively easy

to implant.

Cuff electrodes have to be extremely flexible and self-sizing to survive chronic applications.



3. Methods of Recording Electrical Signals From Neural Tissue 34

Fig. 3.10:Cuff 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 to offer 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 the effect 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, the cuff increases 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 affected by the cuff, 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 250-1500µm long. Stiffer 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 peripheral nervous systems’ natural ability to re-

generate has been the subject of significant research, however there are numerous drawbacks

with the technology that has so far been realised. The actionpotentials from individual axons

within the PNS give rise to extremely small signals in the extracellular space (≈ 10µV) which

are difficult to detect in the low resistive medium that surrounds theaxons.

Furthermore, for myelinated axons the current flows into theextracellular space from the

regularly inter-spaced ‘nodes of Ranvier’ and unless the electrode is positioned relatively close

to a node the signal will be too small for allow for a meaningful recording[11].

Apart from stimulating devices for FES applications very few neuroelectric devices de-

signed specifically for the PNS have reached clinical application. There has been limited suc-

cess with the cuff electrodes, LIFE electrodes and sieve electrodes but thesehave drawbacks

that restrict the final functionality; the cuff electrodes are positioned on the outside of the nerve

where selectivity is restricted, LIFE implants offer good selectivity but only have a small num-

ber of electrodes and sieve electrodes have a limited capacity that is restricted by the balance

between axon growth space and lead-out space.

The number of electrodes required for a PNS interface has notbeen determined, however

the minimum number is related to the number of muscles replaced by the prosthesis, which

for a lower arm device could be around 30 independent recording sites. This number is purely

illustrative, but it represents a threshold that has not yetbeen reached by the conventional PNS

interface technology. Furthermore, under the conventional regime an increasing number of

electrodes may not translate to an increased functionalityas many will fail to pick up a signal.

This is because all long-term in vivo implants must be able toreliably record extracellular
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signals in the order of 10-500µV. Signals of this magnitude are difficult to detect due to thermal

Johnson noise, which for extracellular recording devices determined by,

VRMS =
√

4kBTR∆ f (4.1)

where T is the temperature in degrees Kelvin, R is the resistance,kB is the Boltzmann constant

and∆ f is the bandwidth for which the electrode operates.

For a recording in the PNS a metal electrode typically operates within a frequency band of

10 kHz with an impedance of 1 MΩ translating to a thermal Johnson noise floor of around 13µV.

Thus, for signal that is 10µV, it would be difficult to distinguish the real signals from electrical

artefacts of the recording equipment. To make matters worse, in the low-resistive extracellular

space any signal decays rapidly. Positioning a recording electrode next to the point at which the

current originates is not realistic with the available technology.

To establish a successful interface to the PNS it is necessary to address these fundamental

problems relying on solutions that are both achievable in anengineering sense and also do not

compromise the physiology. In this chapter it will be shown that an effective solution could be

reached if the extracellular medium could be made more resistive. Increasing the extracellular

resistance increases the recorded signal due to the extracellular return current of the action

potential being forced along a more resistive path. This concept will be introduced through the

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

4.2 Axonal Amplification

Neurophysiologists have utilised the idea of increasing the resistance of the extracelullar space

for many decades. Originally hook electrodes were used to suspend a section of nerve in the

air or to immerse the nerve in oil, to increase the resistanceof the extracellular medium and

increase the amplitude of the recorded signals. The amplification is caused by the propagating

signal having a higher resistance for the return current path, discussed in chapter two and shown

in Figure 4.1. For the suspended nerve, the extracellular current cannot propagate in the oil/air

and so is restricted to the material between the fibers. This raises the extracellular resistance

when compared to a nerve suspended in saline, for example. Alternatively, reducing the volume
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Fig. 4.1:Diagram to show restricted extracellular space and return current path of a propagating action
potential of an a) unmyelined axon and b) myelinated axon inside a cuff

of the extracellular medium could augment the extracellular resistivity without changing the

constituents of the extracellular medium. This idea was exploited by Huxley and Stämpli who

demonstrated saltatory conduction in myelinated fibers by confining a nerve fiber in a perspex

capillary of≈50 micron diameter [42]. During the experiment the extracellular resistance was

measured at≈0.5 MΩ, compared with a resistivity of mΩ’s for saline. This experiment focussed

on restricting the extracellular space rather that suspending the individual axon in oil/air. This

is because immersing an individual axon (with no extracellular tissue/fluid) would not allow for

the propagation of action potentials as there be no ions in the extracellular space. Stein and

Pearson showed that the extracellular medium could be made more resistive using a cuff elec-

trode that envelops the nerve [41]. Their theoretical approach to explain the effect of augmented

resistance is described next.

4.2.1 The Theory of Augmenting Extracellular Resistance toIncrease the Signals from

Axons

The theoretical model starts from a cylindrical axon in a restricted extracellular space as shown

in Figure 4.2, where an unmyelinated axon of radius a is confined in a cuff of radius b that

extends in the z-direction from 0 toL. The axon can be modelled as a leaky cable such that the
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axonal membrane that separates the intracellular axonal fluid from the extracellular space is as

combination of a distributed resistance,Rm (Ωm) in parallel with a capacitance per unit length

ςm, (F/m). The resistive current corresponds the ionic membrane currents that were described in

the last chapter via the Nernst equations, and the capacitive current is a result of the membrane

acting as a dielectric between the two conductors [40]. The system is defined as having axial

symmetry such that potential is uniform in the transverse direction. The intracellular space has a

resistance per unit length ofRi and an external resistance per unit lengthRe [44], and so the total

current inside the axonI i and outside the axonIe must be proportional to the potential gradients

to satisfy Ohm’s law. If the potential inside the axon isϕi(z, t) and the potential outside the axon

is ϕe(z, t) then this relationship is written as,

∂ϕi

∂z
= −I iRi (4.2)

∂ϕe

∂z
= −IeRe (4.3)

where the axon is defined to be extending in the z-direction [40, 45]. To satisfy Kirchhoff’s law

the current per unit length through the membrane is then,

im =
∂Ie

∂z
= −∂I i

∂z
(4.4)

where the outward flowing current is positive. Intuitively it can be seen from Equation 4.3

for a longitudinal currentIe the resistivity of the extracellular medium effects the size of the

extracellular potential. For the unrestricted case (ϕe → 0) and remembering that the trans-

membrane potential is defined asVm = ϕi − ϕe, substituting Equation 4.2 into Equation 4.4 the

current through the membrane can be written as,

im = ςm
∂ϕi

∂t
+
ϕi

Rm
=

1
Ri

∂2ϕi

∂2z
(4.5)

which relates the membrane current to the intra-axonal potential. Stein and Pearson showed

that for a recording electrode positioned in the extracellular space atz = zel, the longitudinal

currentIe in the extracellular space (note there is also longitudinalcurrent flowing outside of
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Fig. 4.2:Diagram to show an axon in the restricted extracellular space that extends from 0 toL. The
space is restricted by a cuff of radius b.

[41]

the restriction) gives an extracellular voltage recorded at zel of,

ϕe(zel) = ϕe(0)− 1
Ge

zel
∫

0

Iedz′ (4.6)

whereGe is the conductance of the extracellular medium that is directly proportional to the

cross-sectional area and conductivity of the medium in the cuff σe, and is inversely proportional

to the length of the cuff where,

Ge =
π(b2 − a2)σe

L
= R−1

e (4.7)

Again, Stein and Pearson assumed that the extracellular fluid can be modelled as a distributed

resistance where radial voltage drops are neglected. This assumption was shown to be valid as

long as the expression,

(b2 − a2)ln

(

b
a

)

≪ 2L2 (4.8)

is satisfied, assuring that the transverse conductance is much larger than the longitudinal con-

ductance. Similarly,Gi is the conductance inside the axon (Gi =
πa2σi

L =R−1
i ). Stein and Pearson

argued that the extracellular current in the restricted space can be related to the trans-membrane



4. Implementation of Microchannels as Axonal Amplifiers 42

current by integrating Equation 4.4 over z.

Ie =

∫

imdz′′ + γ (4.9)

whereγ is a constant of integration. By substituting equation 4.9 into equation 4.6 the trans-

membrane current can be related to the extracellular potential at z. The constant of integration

can be evaluated by applying equation 4.6 at the boundaries of the extracellular restriction and

equilibrating, as the potential is the same atz= 0 andz= L. Thus, the extracellular potential in

the cuff can be expressed as,

ϕe(z) =
1

Ge

zel
∫

0

{∫

imdz′′
}

dz′ +
z

LGe

zel
∫

0

{∫

imdz′′
}

dz′ +
(

1− z
L

)

ϕe(0)+
z
L
ϕe(L) (4.10)

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

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

im = −Gi
∂2ϕi

∂z2
= −Gi

∂2(Vm + ϕe)
∂z2

(4.11)

Substituting this expression into Equation 4.10 yields theextracellular potential inside the cuff

as a function of z as,

ϕe(z) =
Gi

Ge +Gi

[(

1− z
L

)

Vm(0)− Vm(z) +
z
L

Vm(L)
]

+

(

1− z
L

)

ϕe(0)+ ϕeL (4.12)

If a recording electrode is placed at the mid-point of the local restriction (z = L
2=zel) and mea-

suring potential relative to a reference electrode placed in a fluid outside the cuff, ϕ f , then the

measured potential will be,

ϕREC = ϕe(zel) − ϕ f =
Gi

Ge+Gi













Vm(0)− 2Vm( L
2) + Vm(L)

2













+
ϕe(0)+ ϕe(L)

2
− ϕ f (4.13)

Stein and Pearson argued that for experimental recording situations the voltages associated with

the reference electrode and at the two positions at the each end off the cuffwould be insignificant

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

ϕREC =
Gi

Ge+Gi

∆2Vm

2
(4.14)

where∆2Vm is the second difference of the membrane potential, which depends on the length of

the cuff and the conduction velocity of the action potential inside the cuff, νc. For the recording

set-up described, this can be expressed as,

∆2Vm

2
=

Vm

(

t + L
2νc

)

2
− Vm(t) +

Vm

(

t − L
2νc

)

2
(4.15)

Where,

∆Vm =
Vm(z+ k) − Vm(z)

k
= lim

k7→0

∂Vm

∂z
(4.16)

and it is presumed that for a propagating action potential travelling in the positive z-direction

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

∂Vm

∂z
= − 1
νc

∂Vm

∂t
(4.17)

as shown by Hodgkin and Huxley. From Equation 4.14 and 4.15 itcan be seen that the ampli-

tude of the recorded potential depends on two factors; Firstly, the relative cross-sectional areas

and conductivities of the extracellular and intracellularmedia are accounted for by theGi

Ge+Gi

term; Secondly, the second difference equation that depends on the length of the cuff and the

conduction velocity as,L
νc

. If L is small then the recorded potential will closely resemble the

derivative of the trans-membrane potential, as can be seen in equation 4.16. Stein and Pearson

further showed for large values ofL and for the condition thata ≪ b (both are true for most

recording situations) the peak amplitude of the recorded signal becomes independent ofL and

is roughly equivalent to,

ϕREC =
3a2σa|Vm|

2b2σe
(4.18)
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thus for largeL and for the situation where the radius of the cuff is fixed, the peak amplitude

varies as the square of the radius of the axon inside the channel. This expression shows that

restricting the extracellular space amplifies the signal with a gain that is dependent on the ge-

ometry and relative resistivity’s of the intracellular andextracellular spaces. This phenomenon

is therefore referred to as axonal amplification.

Marks and Loeb applied the same theory to include myelinatedaxons [40] and they noted

that when the length of the restrictive cuff is of the same size as the internodal distance (≈

300µm for a regenerated axon) the longitudinal position of the nodes effects the waveform

of the potential recorded at the midpoint of the cuff. However, if the length of the cuff is at

least four times longer than the internodal length then the waveform is unaffected. This should

be regarded as minimum length of the extracellularly-resisted space and the axonal amplifier

should be at least 1.2 mm long. The conductance’s of the intracellular fluid and extracellular

fluid can be estimated from the literature asσa =0.91 S/m [46] andσe =0.5 S/m [47] which

substituted into Equation 4.18 gives,

ϕREC ≈
2.7a2|Vm|

b2
(4.19)

For an axon of 2µm-diameter in a channel of 36µ-diameter (Area of channels≈ 1000µm2), for

a |Vm| = 30 mV (peak amplitude) the corresponding recorded potential would be 250µV, which

would be well above the noise level of most recording electrodes.

4.2.2 Modelling of a Micro-Channel as Axonal Amplifier

To gain a fuller understanding of the benefits of axonal amplification a team from the Cambridge

Centre for Brain repair used finite element analysis techniques to investigate the extracellular

signals that can be recorded when altering the size of the axon and relative channel cross-

sectional area for both myelinated and unmyelinated [11]. In order to supplement the theoretical

approach from Stein and Pearson and Marks and Loeb the results of this study are also discussed

briefly. The model used axisymmetric geometry shown in Figure 4.3 swept through 360◦ to give

the structure of the axon in the channel. As can be seen, the channels and the axon inside it were

both assumed to be isotropic cylinders of a controlled diameter.

The unmyelinated axon model consisted of an interior space inside the axon and extracellu-



4. Implementation of Microchannels as Axonal Amplifiers 45

Fig. 4.3:Simulation geometry of FEM analysis by Fitzgerald in 2008. Top; 2D axisymmetric unmyeli-
nated axon. Middle; In the analysis the 2D model is swept over360◦ to give the 3D structure.
Bottom; Myelin segments added to accommodate myelinated axons in the model

[11]

Fig. 4.4:Modelled AP for 2µm diameter unmyelinated axon (Left), and 10µm diameter myelinated axon
(Right) in an unrestricted space.

[11]

lar space modelled as volume conductors with a resistivity of σa andσe (in the direction parallel

to the membrane) respectively, separated by the axon membrane[11]. Unlike the Stein and Pear-

son model the current was not restricted to longitudinal paths and the extracellular space had a

finite transverse resistivity that was approximately six times that of the longitudinal resistivity.

For myelinated axons a different geometry was used to account for inter-nodal spacing.

The modelled action potentials for both myelinated and unmyelinated axons are shown in

Figure 4.4, comprising of both the sodium and potassium conductances given below each volt-

age curve. It is clear to see that the external potential change is minuscule with respect to inter-

nal potential change for both unmyelinated and myelinated axon, as expected in the unrestricted

extracellular space. This figure demonstrates the fundamental problem in trying to record from

individual axons in the peripheral nervous system, as the potential on the extracellular surface

changes little over the course of the ‘activity’.
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Fig. 4.5:Modelled AP for 10µm diameter myelinated axon as it approaches the channel (Top), and at the
midway point of the 1000µm2 channel (Below).

Extracellular Amplification in the Channel

Figure 4.5 shows the AP of a 10µm diameter myelinated axon as it approaches a 1000µm2

channel and at the mid-point of the channel. Again in the pre-channel space the potential on

the exterior of the membrane is extremely small compared to the interior potential during the

action potential. When the axon is confined, potential on theinside surface of the membrane

falls from≈35mV to≈20mV and the exterior potential becomes triphasic, with a displacement

from the horizontal of around 10mV in both the positive and negative peaks.

Figure 4.5 shows the benefit of confining the axon in a channel where the microchannels

provides amplification to the extracellular potential and the signal has positive and negative

maxima in the order of±10mV for the myelinated axon.
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Fig. 4.6:The amplitude of Vout of a 10µm myelinated axon versus the channel cross sectional area (left)
for a 1 cm long channel, the axon diameter when confined in a 1 cmlong channel (Middle) and
the length of the channel when confined in a 1000µm2 channel (Right)

[11]

Varying Channel Length, Area and Axon Diameter

The study also investigated the effect of varying the channel area, the axon diameter and the

variation of channel length on the ability to record extracellular potential and the results are

briefly discussed below. Figure 4.6 shows the effect of varying the channel’s cross-sectional

area (channel length=1 cm) that encloses the axon to highlight the proportionality between

increasing extracellular space and decreasing amplification. Varying the axon diameter with

respect to a constant channel width (channel length=1 cm) produces the same effect. This

suggests that for in vivo applications the recordings will be dominated by larger axons, as the

amplification factor is not universal for all axons of varying thickness’s.

Figure 4.6 also shows that increasing channel length (channel area=1000µm) gives a similar

increase in the ability to record action potentials. However, the curve appears to straighten out

as the length of the channel begins to extend over 10 mm, suggesting that there may be a

saturation point where the increasing the length of channelwould not lead to a notable increase

in the signal recorded.

This study reinforces the theoretical platform for the design of a regenerative implant by

utilising insulating channels as axonal amplifiers. To create an optimal interface the channel

should have a cross-sectional area that is similar to that ofthe axon that is being targeted and

the channel should at least be 10 mm long. Anything>10 mm could provide an additional

bonus up to the saturation point.

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

tance through which the axon regenerates as the physiology of the axon changes. It has been
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suggested that neurite regeneration cannot be supported over large distances (>2cm) in a poly-

meric interface without adding supporting growth factors such as Schwann cells[17][48]. No

growth factors were used or considered in the evolution of the spiral peripheral nerve interface,

and so the maximum length of the interface had to be reduced accordingly.

Comparing the work from Stein and Pearson with that of Fitzgerald shows much agreement.

In Figure 4.6 Fitzgerald’s modelling suggests that an unmyelinated axon of 2µm diameter in

a channel with a cross-sectional area of 1000µm2 gives an extracellular potential of≈400µV,

compared to 250µV from Stein and Pearson from the same geometry.

It may not be suitable to compare the studies directly as one is based on a finite element

analysis that allows transverse currents to flow in the extracellular space, where the other is de-

pendent on the axial symmetry of the uniform transverse potential to estimate the amplification.

For the Fitzgerald model the transverse potential is not necessarily uniform in the extracellular

space as the current is allowed to spread.

Despite these discrepancies, it has been well established in both studies that confining axons

in micro-channels provides substantial amplification to the extracellular signal, increasing the

ability to record from the PNS. In the following chapters of the thesis it will be shown how these

theoretical models have directed the fabrication of a micro-channel 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 the processing methods that have been

used to fabricate and test the neural interfaces presented in this thesis. For fabrication the

chapter describes: the handling and cleaning methods, the fabrication of polyimide layers, the

methods used to deposit thin metal films, the photolithographic procedures used to define the

metallized layers, and the use of plasma etching to clean thesamples. These methods are based

on techniques that have been established in the fabricationof microtechnologies for decades and

have become essential in the fabrication of the SPNI. For a fuller description of the fabrication

processes that are outlined in this chapter there are several books on the subject, including [49,

50].

The final section of the chapter will focus on the methods thathave been used to test

the neural interfaces, including the use of an impedance analyser to characterise the elec-

trode/electrolyte interface and an Instron Microtester, to determine 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 with a (100) silicon wafer that has been pre-

treated with a 250 nm oxidised surface layer, which is also known as the ‘handle’ or ‘carrier’

or simply ‘wafer’. Handle wafers are used in microfabrication processes as they offer good re-

sistance to chemical processes and thermal stability during curing at elevated temperatures; the

SPNI is fabricated on a 4” diameter handle wafer. The surfaceof the handle wafer is cleaned

by rinsing the surface with acetone to remove any organic contaminants, before being further

rinsed with isoproponol (IPA) to remove the contaminated acetone, which is then blown dry

using N2. The wafer is then dehydrated by elevating the temperature of the wafer using a hot-
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plate to around 150◦C. This evaporates any water molecules that have condensed onto the 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 resin is deposited onto the centre of the

handle wafer and spun. The film thickness decreases as the inverse square root of the spin speed

which can then be altered to define a certain range of film thickness that can be achieved. For

low spin speeds or particularly thick layers (>60µm) the time required to achieve a final constant

film thickness increases. The final film thickness is not only afunction of viscosity and spin

speed but also on the amount of resist that is dispensed onto the substrate. The polyimide is

dissolved in a solvent to make the resin and during the first few seconds of spin coating the

solvent concentration falls quickly and then saturates based on the value determined by the

resist film thickness. The amount of solvent in the film can be further reduced at elevated

temperatures during a ‘softbake’. The relationship between the resulting film thickness and

spin speed used is called the ‘spin-profile’, and is generally available from the suppliers of the

material[51, 52, 53].

This process is also used for photoresist, a light sensitivematerial that is used to construct

a patterned coating on a surface. The coating is usually added to the surface to protect certain

parts of the films during chemical wet etching. The two photoresists used in the thesis are S1813

(Microposit, Shipley) and SPR-220-7 (Megaposit, Shipley).

The method of spinning does not always produce perfectly flatfilms, as areas that are

slightly thicker than the desired thickness can form on the periphery of the wafer. These regions

generally occur when applying thick layers of photoresist,and are referred to as ‘edge-beads’.

The formation of an edge-bead can be detrimental to the fabrication of the overall device, as it

can reduce the resolution of the photolithographic process, as will be discussed later. Methods

have been developed to remove edge-beads, including using acetone to strip the thicker area of

the wafer, or having extra photolithographic steps that caneradicate them, but the most desir-

able method of avoiding edge-beads is to optimise the spin-coating methods, by increasing the

amount of time that the wafer is spun or increasing the spin speed.
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Methods to determine the film thickness

The thickness’s of all films discussed in the following chapters, are measured using a Dektak

surface profiler (Bruker Corp), unless otherwise stated. The system operates by dragging a

low-force stylus across the surface of the sample, and reading off any variation in the step

height. According to the operators manual the system can measure step-heights in the range

of 200-655000Å[54], although surface abnormalities caused by the fabrication process, such as

contaminants from a poorly developed substrate, and the shape of the stylus itself, would be

expected to dominate for very thin films. As a result, any filmsthat are less than 0.5µm, such as

the metallization layers, are always stated as approximate. Similarly, the very thick polyimide

layers used to make the insulating walls of the micro-channels could not be measured using the

Dektak, as they are out of the measurement range. Instead a micrometer was used on these very

thick films. It should be noted that any variation in the ambient conditions of the cleanroom, or

the amount of resin/resist deposited onto the film prior to spinning may cause a variation in the

film thickness. To minimise these conditions, the fabrication process was kept as consistent as

possible.

Soft baking of Polyimide resins and photoresist

Soft baking is a process of hardening the spun resin by evaporating some of the solvent at

elevated temperature to enable the photolithographic processes, by turning the liquid photoresist

or polyimide into a semi-cured state that can be handled easily.

For both photosensitive and non-photosensitive polyimde the soft bake was performed on

a hotplate using a slow temperature ramp of 20◦C→90◦C at 3◦C per minute. The slow baking

step was used so not to cause defects, via bubble formation. For the very thick polyimide layers,

used to fabricate the micro-channel walls in chapters 6, 7 and 10, a softbake was performed by

ramping between 0.5◦C per minute between 30◦C and 70◦C, and then at 1◦C per minute up to

100◦C where it was held for 10 minutes.

For S1813, the thinner photoresist discussed in chapters 6 and 7 no soft bake ramp was

used. Instead the sample was placed on a hotplate that had been preheated to 120◦C and held

for 6 minutes. For the thicker photoresist, SPR-220-7 discussed in chapters 7, a ‘drop-down’

softbake was used where the sample was placed on a hotplate at90◦C, and held for 2 minutes.
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Fig. 5.1: Illustration of the photolithographic process, a) film is deposited onto wafer, b) areas of the
film are exposed to light, whilst everything else remains unexposed, c) developer removes the
unwanted material.

After this the sample was transferred onto a second hotplateat 120◦C, and held for 6 minutes.

The ‘drop-down’ procedure stops deformations in thick layer. After 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 chemical structure of a material by exposing in

to light. It is used to pattern the deposited film by changing the chemical structure of an exposed

area, making it more or less soluble to chemical developers.Thereby, the regions that become

more soluble will be etched away, or ‘developed’, by introducing the film to an appropriate de-

veloper. A ‘photomask’ is used to block the exposure of lightto create a pattern which can then

be defined in the developers. After development, only the desired regions remain, as illustrated

in Figure 5.1. The illustration represents a negative photo-lithographic process, where the ex-

posed region remains after the development. The photo-sensitive polyimides used in this thesis

(Durimide 7505 and 7020, Fujifilm) are both ‘negative’ materials and the photo-mask has to be

designed accordingly. The photoresists used in this thesisare ‘positive’-photomaterials.

For the work presented in this thesis the PSPI and photoresist are both exposed using UV

light in the wavelength range of 380-400 nm (i-line), using aCanon mask aligner. The PSPI

is developed using the ancillaries HTR-D2 and RER-600, and specific method for development

has been optimised, that will be discussed later. For the photoresists, 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 the electrodes, tracks and connection pads

of the neural interfaces, thermal evaporation is used. For this, the sample that is to be coated with

the metal films is placed upside down in a vacuum chamber. The vacuum chamber is pumped

down to<1x10−5 mbar before the metal films can be evaporated. To evaporate the metal, a

current is passed through a source containing the material causing it to heat up and sublime. As

there is no air in the chamber the mean free path of the sublimed metal particles is high, allowing

them to reach the surface of the sample. They cool on the surface to deposit a pure metal film the

thickness of which depends on the amount of current that is passed through the source and the

amount of time of evaporation; where higher currents and longer evaporations result in thicker

films. For the metallization discussed in chapters 6 and 7 thethermal evaporation is performed

in a Polaron thermal evaporator (Quorum Technologies, Discontinued), as shown in Figure 5.2.

To fabricate the metal films for the neural devices, an adhesion layer of chrome is evaporated

first followed by a gold layer. To evaporate the chrome, a current of 50A is passed through a

tungsten rod that is coated with pure chrome, for 30 seconds.The adhesion layer is followed by

the gold for which a current of 22A is passed through an alumina crucible, with pure gold pellets

inside, for 1 minute. This results in metallized layers thatare≈80nm and≈200nm of chrome

and gold respectively. The adhesion layer is necessary as gold does not adhere to polyimide

particularly well. Chrome is not biocompatible, so in future development 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 can beused where the metal layer is

attacked by chemical that is introduced to the surface. To create a metallized pattern, some

areas of the metal are protected by a layer of photoresist that has been defined into the desired

pattern using photolithography. The unprotected areas areremoved by the etchant whilst the

protected areas remain. After this, the photoresist is stripped from the surface to reveal the

metallized pattern.

For the neural interfaces developed in chapters 6 and 7 the metallization is coated in layer

of either S1813 or SPR-220-7 photoresist that is defined intothe electrodes, connection pads

and tracks that connect the two. To etch the gold, the entire sample is immersed in a potassium

iodide solution, typically for 40 seconds and then rinsed with deionised water. For the chrome

layer, the sample is immersed for 15 seconds, to etch the unprotected 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 particles to bombard the surface of the

sample to etch away unwanted material. OPE is not directional and acts isotropically at the sam-

ple surface, in a similar way to a chemical etchant. To perform OPE, the sample is transferred

into a vacuum chamber and pumped down to an appropriate pressure. After the chamber has

been evacuated oxygen is allowed to flow into the chamber which is then ionised by applying

a large potential between a cathode and an anode. The large potential causes any free electrons

in the oxygen gas to accelerate towards the anode, which causes collisions to occur between the

fast-moving ‘hot’ electrons and the slow moving ‘cold’ oxygen molecules. These collisions can

ionize the oxygen molecules to cause a cascade effect to create the plasma.

OPE is used to clean the samples by removing organic matter inchapters 6 and 7 and OPE

is also used to ‘de-scum’ any polyimide residue that is remaining on the electrode surfaces after

processing. For this treatment, the sample is loaded into the barrel etcher and pumped down

to a pressure of≈1mbar(according to the manufacturer’s manual[55], no attempt was made to

measure the pressure inside the chamber), the sample was allowed to pump down for three

minutes prior to the etching. The oxygen plasma was formed and allowed to etch the sample
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Fig. 5.3:An illustration of the curing temperatures used to hard-bake the polyimide devices.

for a period of 10 minutes. After the etching the barrel etcher was vented and the sample was

removed. The oxygen plasma etcher was the Femto model from Diener Electronics.

Another method of cleaning the samples was employed in chapter 7, where a Jelight UVO

cleaner was utilised. Again this system can be used to removeany organic surface contaminants

such as oil or photoresists. The UVO cleaning method is a photosensitized oxidation process

in which the organic contaminants are excited and/or dissociated by the absorption of short-

wavelength, ultra-violet radiation. The resulting products of the excitation react with atomic

oxygen, that is formed simultaneously through the absorption of UV, to form simpler molecules

that can are readily removed from the surface. By combining these two surface treatments it

was hoped that the electrodes would be free of any contaminants.

5.1.6 Curing of the polyimide structures

To cure the polyimide structures, a hardbake was performed in a convection oven, in an oxygen-

free environment, according to diagram shown in Figure 5.3.The final baking step cured the PI-

2611 at 350◦C for 60 minutes. The dual-step baking was designed to give the convection oven

enough time to achieve the oxygen-free environment, beforethe temperature rose above 200◦C.

If oxygen had been present above 200◦C the PI-2611 layers would have burned, which seriously

impacts on material properties, making it unsuitable for animplant. Baking the samples in

this way drives of any remaining solvent in the polyimide layers and imidizes them into the

final structures. Without performing the final cure, the polyimide structures are not as durable

and are potentially more susceptible to up-take of water or other contaminants, which may be
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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 perform cold compression, thermal-

compression, adhesive cures and reflows solder bonding of MEMs devices of various substrates.

In chapter 10 a flip-chip bonder (Laurier-M9,BESI) is used toinvestigate the adhesive bonding

of polyimide films. The bonder is able to apply a significant pressure (up to the equivalent of a

50 kg mass) over the entire surface of the wafer, and heat to a temperature of up-to 500◦C, in a

system that is programmable to optimise the curing and bonding pressure ramps. To partially

cure the polyimide without burning the material in the atmosphere, the temperature of the plates

was restricted to 200◦C for these experiments. The flip-chip bonder is shown in Figure 5.4.

5.2 Methods used to test polyimide devices

5.2.1 Electrochemical Impedance spectroscopy

As discussed in a previous chapter, bioelectric potentialsfrom axons are carried in an elec-

trolytic media as ionic currents. For neural recording, theionic currents are transduced into

electronic signals at the electrode by a capacitive coupling and by a charge transfer reac-

tions. Electrochemical impedance spectroscopy (EIS) has been used to characterize the elec-
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trode/electrolyte interface for many micro-fabricated electrodes.

The impedance of the electrode determines the electrodes ability to record neural signals

and EIS is performed by measuring the electrical impedance and phase angle obtained when

the electrode is excited by a sinusoidal voltage or current.To find the impedance spectra, the

impedance is measured over a broad frequency range that is typically between 10 Hz→1 MHz.

Biological signals fall typically in the lower frequency range (< 10kHz) where as predominantly

higher frequency phenomena includes leakage capacitance of the electronic components. For

voltage excitation, the source is typically less than 50 mV [57].

Many, if not all, neural interfaces have been tested using some form EIS, and so it can

serve as a useful comparison for the electrode/electrolyte characteristics of the neural interfaces

developed in chapter 6 and 7. The samples were investigated using EIS to check that the fabri-

cation process had been successful, and that the impedance of the electrodes was not too high

to record/stimulate neural signals.

All EIS measurements were performed using a two-electrode set-up, connected to a network

analyser (HP 9424, Hewlett Packard) in a saline solution that was designed to match the salty

constituents of the human body, as shown in Figure 5.5. This salty solution was made by

mixing 8.6 g of sodium chloride in one litre of deionised water. The first electrode was the

micro-fabricated gold electrode of the neural interface and the second electrode was a platinum

counter electrode, that had an electrode surface of 0.4 cm radius. A sinusoidal signal of 5 mV

was applied between the electrode, and the impedance magnitude and the phase were measured

for a frequency range between 40 Hz and 1 MHz, unless otherwise stated.

To perform the EIS the devices were glued to a conventional PCB (made in house) and

wire bonded using 25µm diameter aluminium wire, as shown in Figure 5.6. The samplewas

lowered into the saline solution and fixed in place using a crocodile clip. The section of the

device that was being investigated was allowed to sit just below the surface of the saline, and it

was ensured that the saline did not reach the connection padsof the SPNI. Each channel could

be investigated by connecting to the terminal of the impedance analyser, via a DIL socket that

was soldered to the conventional PCB, as shown in Figure 5.6.The counter electrode was very

large compared to the micro-electrodes (actual areas were 3x104µm2 for the SPNI electrode

and≈5x107µm2 for the counter electrode), representing a negligible impedance compared to
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Fig. 5.5:Experimental set-up used to measure electrode characteristics; Top; Positioning of SPNI and
counter electrode in electrolyte, Bottom; Electrodes under test connected to Network Analyser

Fig. 5.6:The SPNI was bonded to an additional PCB, to perform the EIS

the electrode under test. The network analyser was softwarecontrolled by a custom-written

LabView (National Instruments) program written by AndreasFrommhold, to allow for efficient

data extraction.

Operation of Impedance Network Analyser

The impedance analyser operates through an auto-balancingbridge method which is illustrated

in Figure 5.7. Put simply, the complex impedance of the device under test (DUT) can be mea-

sured using the voltmeter and ammeter (to measure magnitudeand phase) in response to a signal

generated at the signal source. In the auto balancing bridgemethod, the test signal current flow-

ing though the DUT, Ix also flows through a ‘range’ resistor, Rr , to maintain a zero potential at
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Fig. 5.7:Principle of Auto-Balancing bridge method-obtained from user manual of impedance analyser
[58]

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

by a feedback loop controlled through an IV converter amplifier. The impedance of the device

is then determined via a measurement of the voltage at the high terminal through Vx and also at

the range resistor through Vr , and then applying the equation,

Zx =
Vx

Ix
= Rr

Vx

Vr
(5.1)

as the value of the range resistor is known. This measurementsystem allows for a high ac-

curacy (0.08% of measured impedance) impedance measurement over a large frequency range

between 40-110MHz with an injected signal level of 5mv to 1 Vrms. The analyser can mea-

sure impedances in the range of 3mΩ and 500MΩ 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 important consideration in the design and

application, as the devices have to be capable of surviving handling, implantation and movement

of the patient during its lifetime. Any mechanical weaknessof the neural device during these

phases would limit its ability to provide a stable recording/stimulation platform.

To test the overall mechanical strength of the device, a series of tensile tests were conducted

using an Instron Environmental Mechanical Analyser (Instron 5848 MicroTester), that is able

to measure mechanical properties, such as tensile and compressive strengths, under conditions
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Fig. 5.8:The Instron Microtester.

of controlled temperature and humidity.

To test the polyimide interface, the two ends of the device were fixed onto the testing stage

by the grips shown in Figure 5.8, and pulled apart at a rate of 0.1mm per second. The grip

were either pneumatically operated, or fixed manually usingscrews. The test was ended au-

tomatically when the measured rate of extension was 40% larger for the same applied load,

indicating a physical break of some sort. The tests were performed using a 100N load cell and

2kN stage and were designed to be illustrative of the devicesoverall ability to withstand lon-

gitudinal mechanical stress. To allow for data extraction the Instron tester is synchronised to

software called ‘Bluehill 2’, that automatically calculated the load, strain, Young’s modulus and

tensile extension of the sample, giving some in-putted initial conditions.



6. THE DEVELOPMENT OF THE SPIRAL PERIPHERAL NERVE

INTERFACE

6.1 Introduction

The spiral peripheral nerve interface (SPNI) has been developed to record neural activity of

regenerated axons whilst utilising micro-channels as axonal amplifiers, introduced in chapter

four. The benefits of augmenting the extracellular interface have been outlined but it is neces-

sary to consider the biological aspects of the constriction. To build a more complete model of

the physiological environment Lacour et al investigated the optimal channel cross-section and

density using in vitro cultures of the dorsal root ganglion of rats[59] and the results from this

work will be introduced first.

The passive experiments of Lacour et al inspired an implantable device that is capable of

providing a chronic recording array for use with technologydesigned to compensate for a loss

of motor function. The latter parts of the chapter present the process through which the first

recording micro-channel arrays was realised.

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

transparency

The first study by Lacour used 2D channel arrays of polyimide(Pyrallin 2611(HD Microsys-

tems) and Photosensitive Durimide 7020 and 7505) to test theeffectiveness of ‘artificial’ me-

chanical guidance of axon growth through micro-channels; Dorsal root ganglions were seeded

on a plating area and neurites were allowed to extend towardsthe channels as shown in Figure

6.1. From this study Lacour suggested that the best axonal growth would be achieved when

the width of the channel and the spacing between channels hasa ratio of 1:1. This allows for

an efficient entry of axons into the channels and when the transparency of 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) was>50% 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 25µm thick layer PI substrate layer onto a silicon carrier wafer and

curing to create a substrate before a further 40µm thick 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 were 70µm x

40µm and each channel was separated by a wall of 40µm tall PSPI that was 30µm wide. The
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Fig. 6.2:The 2D channel array (Far Left) is rolled to give the 3D implant (Middle Left) which results in
‘Swiss roll’ micro-channel arrangement as pictured (Middle Right). 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 sutured to the silicone tubing at a distance

of 3 mm from the channels. At four weeks and twelve weeks post-implantation the devices

were ex-planted and any regenerated material in the device was investigated.

Unfortunately, axon regeneration through the polymeric device was low and in the devices

that had been in the animal for twelve weeks mainly connective tissue and blood vessels had

occupied the available space. It was suggested that the micro-channel cross-section and trans-

parency may be too small to support regeneration. The transparency of the rolled device is lower

than the 2D planar equivalent array due to the substrate thatseparates each concentric layer of

channels; as the calculation of transparency includes all the walls that enclose the space. For

channel width of 70µm x 40µm the transparency is 43%;

T =
Area of Channel

Total Area of Device
=

wt
(w+ s)(t + x)

T =
2800µm2

(100µm)(65µm)
=

2800
6500

T = 0.43

WhereT is the transparency,w is the width of the channel,s is the width of the wall,t is the

height of wall andx is the substrate thickness. At this transparency it would beexpected that the

maximum proportion of neurons to enter the channels is only 60-70% from Figure 6.1, which

is not ideal for a regenerative application. Furthermore, the study also investigated silicone

implants with channel dimension 100µm x 100µm (Transparency≥0.49) that showed good

axon regeneration and vasculation. All regenerated axons were surrounded by fibrous tissue that
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in some cases filled up to half of the channel space, however ithad been clearly demonstrated

that the arrays of channels with a cross-section of 100µm x 100µm could support regenerating

axons. Blood vessels were found to grow through channels up to 5 mm in length, vital to supply

oxygen and nutrients to the regenerating tissue[60]. Thus this study showed that not only was

the transparency important for neurites entering the channel but the diameter of the channel

should be large enough to support regenerated fibers in the channel.

6.3 The Spiral Peripheral Nerve Interface

The passive devices had shown that polyimide channels couldsupport nerve regeneration in

vitro and in vivo. From the theoretical work it had been suggested that a micro-channel that is

of a similar size to the regenerated axon would give the most amplification, and a micro-channel

of up to 1 cm should be considered. The method of rolling the polyimide structure into the 3D

polymeric micro-channel interface was a realistic method of achieving axonal amplification

but, although regeneration is possible without growth factors, the polyimide implants that had

a channel cross-section of 70 x 40µm2 showed relatively poor regeneration compared to a

silicone implant that had a channel of 100µm diameter.

Building on the theoretical predictions and the investigation of nerve regeneration in the

micro-channel array, an implant has been designed with embedded electrodes that are capable

of recording activity form the regenerated tissue. Samia Benmerah designed and fabricated the

implant using computer assisted design software and processes that were discussed in Chapter

4.

6.3.1 Design

To improve the regeneration of the axons the micro-channel of the polyimide scaffold size was

increased to 100µm square channels, made from polyimide walls on top of a flexible polyimide

substrate. Making the channels larger increases the transparency, allowing more regenerative

media to enter the device. Once inside the SPNI, electrodes embedded into the channels can

detect nerve signals from the regenerated tissue. The electrodes are coupled to connection

pads via tracks that extend down the length of the device suchthat external connections could

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

conductive epoxy.

A channel of 100 x 100µm has a cross-sectional area of 10000µm, which is the equivalent

of a circle with a radius of 56µm. From the theory of Stein and Pearson (Equation 4.19) it can

be suggested that an unmyelinated axon of 1µm-radius in a channel of 56µm-radius with a

peak trans-membrane potential of 30 mV would be expected to give a recorded potential of 25

µV for an electrode placed at the mid-point of the channel. If the electrode has an impedance

of 1 MΩ at 1000 Hz recording with a bandwidth of 10 kHz, Equation 4.1 suggests that this

potential would be x2.5 above the noise floor and should be recordable. Thus a 100 x 100µm

channel should be suitable to provide an adequate amount of axonal amplification to record

from the regenerated fibers.

Electrode Size and Placement

During the study of the passive devices it was found that the layers closer to the centre of the

spiral supported more axon regeneration than the outer layers. The inner rolls of the device cor-

respond to channels that are near to the end of the device before rolling and thus the electrodes

were placed as close as possible to this region. As such, the electrodes were designed to be on

the third roll of the device.

Each electrode was designed to be in the middle of its designated channel, with one electrode

per channel, as the theoretical predictions indicated thatthe amplifying effects of the channels

was maximised at the centre. To reduce the amount of cross-talk between the recording sites,



6. The Development of the Spiral Peripheral Nerve Interface 66

Fig. 6.4:Electrodes defined onto each gold track

the electrodes were not designed to be in neighbouring channels, and were instead designed to

be situated in every 4th channel with a 600µm spacing between recording sites when the device

is unrolled. The electrodes were designed to be 100µm x 30µm. Positioning the electrodes

on the inside rolls of the spiral causes them to experience more strain than they would in the

outer rolls, as the radius of curvature is smaller and so there is more bending in the thin-film

metal layer. The strain is an important factor to consider inthe performance of the device, as

too much strain can cause fracture and failure of the metal layer. This will be discussed in detail

in the next chapter, however it should be noted that very few devices have failed in the studies

reported so far. Both Benmerah and Lacour calculated that the substrate needed to be around

25µm-thick to ensure that the stress on the wiring was minimised[10, 60]. It will be shown in

the next chapter that this substrate thickness was calculated incorrectly.

6.3.2 Fabrication of SPNI

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

Figure 6.5.

• a: A 4“ silicon wafer was cleaned with acetone and IPA and baked at 150◦C for 5 mins .

• b-c: The substrate layer was formed by depositing a 12.5µm of PI-2611, curing at 350◦C

in N2 before depositing a second layer of 12.5µm of PI-2611 and curing again. This gave

a 25µm substrate layer.

• d: 5 nm of chrome and 300 nm of gold were deposited by thermal evaporation. To define

the metal layer into connection pads and the wiring that connects to the electrode, the



6. The Development of the Spiral Peripheral Nerve Interface 67

Fig. 6.5:The process of flow of SPNI fabrication
[10]

metallization was patterned using a 2µm layer of S1813 and a wet etch.

• e: To passivate the electrodes the patterned metal layer wasencapsulated with a 5µm

layer of PSPI (Durimide 7505, Fujifilm), and defined using photolithography. The elec-

trodes and the connection pads were left open to form a 30µm x 100µm electrode site

and a 400µm x 1 mm pad to allow for neural recording and connection, see Figure 6.4

and Figure 6.6.

• f: To make the channel layer, a 100µm PSPI layer was spun and baked at 0.5◦C per minute

between 20◦C and 90◦C, and held for 30 minutes. This was defined using photolithogra-

phy to give the channels shown in Figure 6.7

• After curing, the samples were removed from the carrier as a sheet, by peeling the sub-

strate layers from the silicon wafer. The individual devices were cut out using scissors

to form the connection region, the region that carries the channels, and a narrow ‘neck’

region that connects the two. The ‘neck’ of the device was chosen to be narrower that the

other parts to allow for an easier insertion into the silicone tube.

• g: To roll the device into the spiral configuration, the end ofthe device was clamped

into a pair of tweezers that were connected to a hand operatedrotating mechanism. The

tweezers were gently turned to form a tight spiral in the direction perpendicular to the

channels and the rolled device was inserted into a silicone tube that leads the nerve stump

into the micro-channel array. This is shown in Figure 6.8.
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Fig. 6.6:Left: Connection pads surrounded by insulating Durimide 7505, the width of each pads is
400µm. Right: Electrode sites insulated by durimide 7505, the site are 100µm x 30µm

Fig. 6.7:Thick layer of PSPI defined into channels that are 100µm wide with 50µm wide insulating
walls. Electrode sites are left open to allow the electricalcoupling to the regenerated media

After rolling, the polyimide implants were 4 mm in length andthe rolled micro-channels

had a total diameter of 1.5 mm, which is determined by the inner diameter of the silicone tube.

The SPNI contained≈170 micro-channels in the array of which 20 micro-channels contained

electrodes.

6.3.3 In Vivo Performance of Implants

To investigate the electrophysiology and the histology of the tissue that regenerated through

the array, the SPNI device was implanted to the sectioned sciatic nerve of a rat [13]. Before

implantation, the hole at the centre of the implant was blocked using a plastic plug to encourage

the nerve to regenerate in the area of the electrodes rather than in the empty space. A total

of 6 devices were implanted and left for 3 months. The study also investigated the use of a

similar micro-channel array made of silicone (PDMS) that had 24 micro-channels of 130µm

diameter all contained within the same size 1.5 mm-diametersilicone tube. The performance

of the silicone array serves as a useful comparison to the performance of the polyimide device.

To implant the devices the micro-channel arrays were filled with isotonic saline and the



6. The Development of the Spiral Peripheral Nerve Interface 69

Fig. 6.8:The fabricated SPNI array, Top Left: Rolled SPNI in siliconetube, Top Right: SEM of the
rolled channel, Bottom Left and Right: Microscopy of rolledchannels, channels are 100µm
square and separated by 50µm insulating walls. The sample has been evaporated with goldto
allow for easier inspection. (Received through personal communication with Samia Benmerah)

[13]

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

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

positioned just beneath the surface of the skin. The wound was closed and the animals were

allowed to recover.

After 3 months, animals were re-anaesthetised and the skin was opened to expose the con-

nector pads of the SPNI. To make electrical connections the back of the pads were glued to a

metal bar, positioned just above the wound. The bar gave mechanical support to the connec-

tor pads and electrical contact was made using a needle as shown in Figure 6.9. The reference

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

animal [13].

Impedance analysis of SPNI in vivo

To investigate the continuity of the thin-film gold on the rolled substrate and any degradation

of the electrode sites, the impedance at 1 kHz of each of the 20electrodes in each device was

measured (total of 120 electrodes). At the end of the implantation four electrodes were open-

circuit, suggesting that they had failed completely. The impedances of the 116 functioning

electrodes at the end of the implantation are shown in Figure6.10. Most of the electrodes
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Fig. 6.9:Experimental set up used to couple the SPNI to external electronics[Received through personal
communication with Dr J. Fitzgerald]

(≈ 75%) had an impedance up to 2.5 MΩ and within this group the impedances were normally

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

suggested electrode degradation and/or a microfabrication defects. Unfortunately no impedance

spectra were presented for the samples before implantationThe distribution reflects the ability

of the SPNI to withstand the combined effects of the rolling process and subsequent three month

exposure to the physiological environment. The distribution does not provide information about

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

evaluate how the impedance of electrodes varied relative totheir position within the array.

Stimulation

To investigate the ability of the SPNI to stimulate EMG responses, current stimulus pulses were

applied to each functioning electrode in each device. The EMG was simultaneously recorded in

the tibialis anterior (t.a.) and at the gastrocenemius (gastroc.) using the set-up shown in Figure

6.11; the concentric electrodes were connected to a DC amplifier with filters set at 300 Hz (high

pass) and 3 kHz (low pass).

Muscle activity was elicited in 5 out of 6 animals; EMG responses in the t.a. were seen in

stimulation of 32% of functioning electrodes and more than one t.a. motor unit was activated in

28 of these channels; EMG responses in the gastroc. were activated by 41% of electrodes with

multiple motor units being stimulated in 24 channels. Figure 6.11 shows EMG changes with

increasing stimulus current in a channel which activated both t.a. and gastroc. motor units. For
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Fig. 6.10:Impedance of electrodes at 1 kHz, after being implanted for 3months in the rat sciatic nerve.
[13]

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

fibers that it activates. Different motor units can be distinguished by their patterns of activity in

the EMG recordings.

The stimulus current required to activate an EMG response was relatively low. However,

when compared to the silicone arrays the stimulus currents were several times larger. The mean

stimulus current for the polyimide array was 26.2µA, compared to 4.29µA for the silicone

device. The silicone devices had larger micro-channels suggesting that the stimulus current

should be higher than the SPNI. However the silicone device had sealed micro-channels, which

could not be guaranteed in the SPNI and the increase of the stimulation current could be due

to imperfect sealing between layers of the roll. This can be seen in Figure 6.8, where there are

visible gaps between the tops of the channels and the ‘roof’,which is the back of the substrate

of the adjacent roll. The gaps can reduce axonal amplification by allowing stimulation current

to spill out of the channel.

The study also showed that the imperfect sealing of the channels was great enough to gen-

erate cross-talk between electrodes. The investigation suggested that the same EMG response

could be generated from adjacent channels.
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Fig. 6.11:Left: Experimental set-up used to investigate the EMG response from stimulation through
the SPNI implant, Right: The EMG response evoked in the gastroc and the t. a through the
stimulation of one innervated channel, arrow represents onset of stimulus.

[13]

Recording in the SPNI

To investigate the ability of the SPNI to record from the regenerated tissue inside the channel

action potentials were generated in the foot of the rat by applying signal current pulses of 1-10

mA through needle electrodes. The stimulating electrodes were applied to nerves distal to the

implant, while recording from the electrode in the channel.The study focused on channels that

had generated clear EMG responses which were likely to contain regenerated tissue. The study

recorded potentials in 8 channels, demonstrating that the implant could interface to axons that

were connected to distal sensory nerves.

A typical example is shown in Figure 6.12, which shows an early large compound action po-

tential between the arrows, followed several millisecondslater by a smaller signal at the block

star. Fitzgerald et al argued that by computing the distancefrom the stimulating electrodes to

the SPNI implant, and the time from onset of stimulus to recording the signals, the conduction

velocities of the recorded APs could be estimated. In general the conduction velocity of an

axon is proportional to fiber diameter and from this relationship the study suggested that the

largest fibers in the implant had a diameter of around 1.9µm. Myelinated axons have a faster

conduction velocity than unmyelinated axons, so it was suggested that the recorded EMG may
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Fig. 6.12:Detection of evoked signals from axons that had been stimulated distally to the implant. The
recording shows that afferent action potentials can be recorded from the regenerated tissue
inside the SPNI.

[13]

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

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

ysis may be flawed however as Stein and Pearson showed that theconduction velocity of the

axon inside an axonal amplifier is reduced, when compared to activity in an unrestricted space.

Instead, Stein and Pearson argued that a better estimate of the fiber diameter could be made by

relating the size of recorded signal to the geometry of the restriction and the conductivities of

the extracellular and intracellular regions [41]. Using Equation 4.19 it may be suggested that

for a 50µV recording the maximum fiber diameter is instead≈5 µm. However, this estimate is

based on a perfectly sealed channel, which cannot be guaranteed for this study.

Alternatively, the response indicated by a black star may berelated to a reflex action that

is triggered by the compound action potential, but this was not discussed in the original study.

At this stage Figure 6.12 can only be used to highlight that the SPNI is capable of recording

activity from regenerated axons and more work is required torelate this activity to specific

axons/functions.

Histology of Regenerated Tissue

A histological investigation of tissue was not possible inside the implant as it could not be

sectioned without damaging its contents. However, the study was able to investigate the nerve
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that emerged immediately distal to the array which contained groups of myelinated axons that

were separated by connective tissue [13], which is shown in Figure 6.13. The total number

of regenerated myelinated axons in the distal nerve had a range of 1317 to 9380 with a mean

of 6244. The silicone-type micro-channel array had far lessregenerated axons (range of 1517

to 2734 with a mean 2059) when compared to the SPNI, despite the SPNI having smaller,

longer channels. The improved regeneration of the SPNI’s larger channels may be explained in

terms of device transparency, as discussed previously. Forthe silicone implant≈85% contained

regenerated axons with a mean of 99 axons per channel.

Transparency of SPNI=
170· (100µm)2

π(750µm)2
≈ 96% (6.1)

Transparency of Silicone Device=
24 · π(130µm)2

π(750µm)2
≈ 70% (6.2)

The above calculations show the relative transparency of the SPNI and silicone devices respec-

tively. The SPNI has a densely packed array of channels that fills all of the available space in

the tube (inserting the device into the tube causes the tube to swell slightly to accommodate the

array.) The SPNI was designed in this way to try to guarantee that the micro-channels were

tightly sealed. The slight swelling can be observed in Figure 6.13, where the radius of the

structure after implantation is clearly greater than 750µm (the radius of the tube). This image

was taken after implantation, so there may be some discrepancy between this and the radius of

the structure before implantation. The transparency depends hugely on the radius of the tube,

if the radius of the tube increases by 50µm due to swelling, Equation 6.1 suggests that the

transparency of the SPNI interface goes down to≈84%.

The histology of the tissue was investigated further using micro-computed tomography. In

the study, whole SPNI implants containing regenerated tissue were treated with osmium tetrox-

ide, making myelin-containing tissue radio-dense, see Figure 6.13. In the resulting image the

regenerated nerve tissue is dark, the channel walls and the centre of the implant is grey, and the

empty channels are white. Blood vessels appear as small white dots within the dark regenerated

tissue in several of the channels, although the resolution of this imaging technique was not high

enough to see individual axons [13]. This technique suggested that≈ 70% of the SPNI channels

contained myelinated regenerated tissue, which corresponds to≈ 50 axons per channel.
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Fig. 6.13:Left: Bundles of axons, connective tissue(CT) and blood vessels(V) that have regenerated
through the SPNI (bar=50µm) Right: Micro-comuted tomography of SPNI to show vascula-
tion through the array (bar= 500µm).

[13]

6.4 Summary of this Chapter

This work provided a useful benchmark in the development of the SPNI, proving that;

• The array supported regenerated axons and the vasculation needed to sustain them.

• The array was able to record action potentials from the regenerated media.

• The SPNI was able stimulate activity in the t.a. and the gastroc.

Stimulation of the proximal sciatic nerve generated EMGs distally in the SPNI, demonstrating

that regenerated axons inside the array had interfaced to muscle units. Action potentials were

recorded inside the channels in the SPNI by stimulating the sciatic nerve distally, recordings

of robust action potentials of various sizes and latencies were taken, indicating that the micro-

channels provide sufficient amplification to allow extracellular recording from arange of axon

diameters. The study estimated that the recorded signals had originated from a myelinated axon

of 1.9µm

The histology showed that the SPNI had more regenerated axons than the silicone implant,

and the 100µm square channel supported axon regeneration well when compared to the earlier

passive experiments. The sections of nerve just distal to the micro-channel array showed groups

of axons fusing into a single nerve and micro-computed tomography suggested regenerated
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neural tissue within the channel. This technology is still under development and will be of more

use in assessing tissue within future generations of implant.

The silicone devices showed a mean stimulus threshold of 4.29 µA, however for the SPNI

stimulus current requirements were significantly higher, and a minority of motor fibers were

activated by current injected into more than one channel, probably due to imperfections in

channel sealing.

The SPNI showed good durability, with 97% of the electrodes surviving the manufacturing

process and remained functional after 3 months implantation. Although only 3% failed, a fur-

ther 20% of channels exhibited impedances suggesting a significant degradation. The origin of

this degradation is not known, however it may be related to the biocompatibility of the array. As

discussed, the SPNI devices used were not optimised for biocompatibility, as they contained the

chrome adhesion layer for the electrodes. However, despitethis lack of optimisation the nerves

appeared to be physiologically robust.

This work suggested that the SPNI was a good first model from which an interface could

be developed. it was encouraging that significant regeneration could be supported through the

micro-channel, from which axonal signal could be recorded.This architecture could offer the

means to develop a peripheral nerve interface capable of providing sufficient resolution for

the most complex applications. However, the method of integrating the device to the external

electronics required to perform signal processing was highly unsatisfactory. The integration

needs to supply a durable and stable coupling to each electrode simultaneously, which could

not be achieved with the current device.

Before the study, it was suggested that a zero-insertion force(ZIF) connector could be used

to make the connections. The ZIF connector works through a clasping mechanism where the

connection area of the SPNI is inserted into the mouth of the ZIF, which is then closed to form

a connection to the SPNI via pins on the inside surface. The clasp locks shut so that the SPNI

should be fixed in place. However, once this technology had been tested it was determined that

it was not suitable for the requirements of the implants as the clasping mechanism wasn’t stable

enough for chronic applications; The SPNI was too thin and would slip out during movement.

By glueing the back of the SPNI to a piece of silicon wafer it may be possible to create a mani-

fold onto which the ZIF connector could clasp correctly. Some earlier work suggested that this
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may provide a workable solution, but this has been usurped bya more durable interconnection

technology called ‘Microflex’. This new method of integrating the SPNI is the focus of the next

chapter of the thesis.

Finally, to achieve the same level of performance as the silicone implant, the SPNI needs to

have completely sealed channels. As discussed, the roof of the micro-channel array needs to be

closed via an appropriate fabrication step, in addition to the previous steps of the device. This

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



7. IMPROVEMENT OF THE CONNECTION OF THE SPIRAL

PERIPHERAL NERVE INTERFACE

7.1 Introduction

Establishing a durable and practical connection to external electronics has been a long term

concern in the development of the SPNI. Many standard interconnection methods such as the

use of solder, silver epoxy and ultrasonic bonding are not suitable for applications inside the

human body due to biocompatibility problems and degradation of the coupling as a result of

biological fluids in the PNS [61, 12]. This section of the thesis presents an updated fabrication

process of the SPNI allowing for an easier integration to external electronics via ball-bonding

to printed circuit boards. This ‘Microflex’ technology [62]creates electrical coupling by the

thermosonic bonding of a gold ball (or ‘bump’) through the substrate of the implant to a gold

surface underneath. The gold-gold bond is biocompatible and durable in the physiological

environment and has been successfully incorporated into other nerve interfaces [63, 64].

During the development of the latest SPNI design it was foundthat to achieve a reliable ball

bond the photosensitive polyimide (PSPI) substrate layer should be no thicker than 20µm. On

the other hand, the gold layer should be on the neutral plane of the structure during rolling, to

avoid stress on the thin film. Earlier studies of the SPNI incorrectly suggested that to achieve a

neutral plane at the gold-layer a substrate of 25µm-thick should be used. However, by utilising

the elastic theory of bending this calculation will be revised in this chapter.

To investigate the ability to vary the substrate thickness with the interconnection technology

the new SPNI was designed to have a 20µm-thick, first substrate layer that would support the

connecting area. On top of this a 18µm thick layer was defined that did not cover the connecting

area. This creates a 18µm-high step that the gold tracks must cross before they enterthe rolled

section of the device. It was found that it was possible to maintain the electrical continuity in

the thermally evaporated gold tracks.
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Finally, whilst it is necessary to use PSPI as a substrate to efficiently make connection holes

for ball bonding and define the overall footprint of the SPNI,PSPI adheres very well to the

silicon carrier wafer, so it was not possible to peel the devices mechanically. Thus a suitable

sacrificial material needed to be chosen that was compatiblewith other fabrication processes

of original SPNI design. Poly-methyl-methacrylate (PMMA)was found to be suitable as it has

been demonstrated to be a compatible sacrificial material with polyimide and it can be used with

standard clean-room processes [65], with some special considerations. The updated design of

the SPNI that include the Microflex interconnections is shown in Figure 7.7.

7.2 Interconnection techniques for neural implants

The interconnection technique used for the in vivo investigation of the SPNI was not satisfactory

and an alternative interconnection technique is needed if the device is to be developed into a

long-term neural interface, with reliable and durable function. The increasing miniaturization

of biomedical devices has led to interest in interconnection techniques for micro-fabricated

devices with stringent conditions imposed; all materials need to be biocompatible, lightweight

to avoid stress on the delicate tissues, flexible enough to withstand prolonged implantation, and

have small dimensions for successful implantation.

Due to the size restrictions faced when aiming for an integration to chip sized packages (or

bare die), the interconnection techniques tend to focus on ultrasonic bonding (referred to as

‘wedge/wire-bonding)’, flip-chip technology or related methods. It is difficult to create repeat-

able, consistent bonds on this scale without resorting to these technologies. Ultrasonic wedge

bonding is less desirable due to the possibility of the wirestouching each other after implan-

tation and the lack of a durable bonding technique to polymermaterials. These problems can

be reduced if the package is hermetically sealed to create a barrier to the physiological envi-

ronment. However, the choice of material for the sealing is non-trivial as silicone, for example,

can create small defects that cause mechanical stress on wire-bonds during curing, potentially

causing failure [66].

As an alternative to these methods a new assembling technique was invented specifically for

integration of flexible interconnections to microelectronic chips called Microflex interconnec-

tion technology (MFI). This technology has been successfully implemented 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 a 15µm-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 with a 7µm-thick layer of

polyimide (PI-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;

• The gold ball is formed on the end of the gold wire by a ‘flame-off’ electrode

• 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: Illustration of the MFI technique to connect a flexible ribbon to a substrate material
[62]

• The second bond connects to a destination pad

• The bonding-tool is lifted and the wire is separated from wedge bond

Stieglitz et al adopted the traditional technology by bonding a 25µm-diameter 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 different designs (a sieve electrode and a cuff 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 with a 35µm-diameter

gold ball, made using 25µm gold wire. For these studies the substrate thickness varies between
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Fig. 7.3:Overview 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 PI and integrated with MFI technology
[69]

10-15µm. The via holes of the PI were aligned to 30µm wide CMOS bond pads that were

separated by 70µm, 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 PI 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 techniques 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 region that is compatible with Microflex
technology.

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

weeks there was no systematic degradation as the impedance of electrode interface remained

constant.

7.3 Integration of MFI into SPNI fabrication process

To incorporate the Microflex technology into the SPNI it was decided to fabricate the substrate

layer using the PSPI (Durimide 7020, Fujifilm), previously used for the 100µm-thick channel

layer. By doing so, via-holes for the micro-rivets could be fabricated using the photolithographic

techniques, negating the need for the reactive-ion etchingprocess that was used by Steiglitz et

al. The remainder of this chapter describes how this aim was achieved.

7.3.1 The Sacrificial Layer

The SPNI is fabricated onto a silicon wafer as it is inert to the fabrication process and easy

to use with the clean room technology. Unfortunately, PSPI adheres very well to the silicon

wafer due to the inclusion of an adhesion promoter (a methacrylate monomer) in the polyimide

precursor, and so the previous method of releasing the SPNI (peeling) at the end of the process

can no longer be used. A sacrificial layer must be used to ensure safe release of the processed
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devices.

The ability to release micro-fabricated structures has been addressed widely in the recent

literature as it is a common problem in micro-machining applications and the main methods to

remove a sacrificial material are heating, chemical wet etching, dissolution and or dry etching.

As such, a wide variety of sacrificial materials are available including metals, semiconductors

and insulators. The most commonly used processes are wet etching and dissolution in an appro-

priate solvent, which are heavily diffusion dependent; Structures that have a larger surface area

to surface boundary ratio will take a longer amount of time torelease, as the solvent/chemical

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 PI in the fabrication of flexible

biosensors using a≈1.2 µm layer of PMMA to support a 1.5µm polyimide layer. Thus the

PMMA process is compatible with the polyimide in general, but this study does not relate to

the use of photosensitive polyimide, which has subsequent development stages using specific

ancillaries.

Poly-methyl-methacrylate is a high resolution, organic photoresist that is used as a sacrificial

material in many micro-fabrication applications to produce low-stress, thin layers via standard

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

Fig. 7.8:Chemical structure of Methyl Methacrylate monomer, which is polymerised into PMMA

PMMA has found use as a sacrificial material in the productionof suspended MEMS structures

where sub-micron layers are fabricated onto Si wafers, photo-lithographically developed, and

etched away using a dry etch process with an oxygen plasma. For a review of the possible uses

of PMMA the reference [73] is recommended.
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Johnstone, Foulds and Parameswaran also describe a method of using PMMA as a self-

sacrificial layer for micro-machining and highlight important characteristics that need to be

considered for the successful integration into the SPNI process [74].

Firstly, UV exposed PMMA is porous, which makes it good for development as it increases

the etch rate, but could be potentially problematic during curing steps of the SPNI. At room

temperature the exposed PMMA will shrink over time, a process which is accelerated for higher

temperatures. This can cause cracks in sacrificial layer that may harm any further fabrication.

To counteract this affect, the PMMA should not be baked at elevated temperatures, in excess of

150◦C during the fabrication of the SPNI.

Secondly, the PMMA can produce volatile gasses during UV exposure which, when trapped

under a barrier such as a PSPI layer, can cause blistering defects to form. This process is

dependent on the total UV exposure and temperature history of the sample but a there is not a

complete understanding yet. The study suggests that any baking steps performed after the initial

bake of the PMMA should be stepped to reduce the effect of the blistering, which fits well with

the fabrication of the SPNI.

Lastly, the study reported that most failures occurred as a loss of adhesion between the

PMMA layer and the carrier material, most likely caused by absorption of IPA, water or both.

The absorption can cause swelling which leads to stress between the layer interfaces. To reduce

the risk of absorption the amount of IPA and water used duringthe development of the SPNI

should be reduced, and acetone should be avoided altogetheras this can etch PMMA. To avoid

the use of acetone alternative cleaning methods have been employed including the combination

of short oxygen plasma and UVO surface treatment.

Most of the reported studies use very thin (<1µm) sacrificial layers of PMMA which can be

etched very quickly using the described techniques. To makethe sacrificial layer of the SPNI

more resilient a thicker layer of PMMA was required. Thus, a layer of 3µm thick PMMA was

used in all investigations.

Investigation of PMMA

PMMA (PMMA-A9, MicroChem) was spun on wafers at 1500 rpm and baked at 180◦C for 10

minutes. Different thicknesses of PSPI, ranging from 5 to 50 microns, werespun, developed
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Fig. 7.9:The Kulicke and Soffa gold ball bonder in the EECE clean room

using photolithographic techniques and cured on the PMMA layer. The PMMA sacrificial layer

was found to perform well during the development procedures, and did not cause any defect in

the usual PSPI structures.

After curing, the PSPI had curled slightly around the edges,suggesting a de-lamination from

the PMMA (possibly caused by the shrinking of the porous PMMAat elevated temperatures,

discussed earlier), but overall the structure appeared to have cured normally. To release the

samples, the wafer was immersed in a mixture of MIBK and IPA ata ratio of 3:1, and left for

at least 24 hours. The samples were then carefully peeled from the carrier wafers using blunt

tweezers and a razor blade, whilst wetting the samples with IPA.

This release mechanism produced well defined PSPI structures of different thickness and it

was decided that 3µm sacrificial layers of PMMA were suitable for further use. Asthe method to

produce photosensitive substrate layers was established it was 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 to make reliable connections using

a 10-15µm thick layer of Polyimide[62]. As photosensitive polyimide may produce different

results it was necessary to investigate which thickness of PSPI could be reliably bonded.

PSPI of varying thickness were spun and defined as before. Thesamples were cured and
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Fig. 7.10:Bonded samples used to test the hole width and substrate thickness. Each alumina piece is
0.5cm wide

then released, before being bonded to the alumina. Micro-rivet bonds were made according to

the process flow in Figure 7.2, as previously discussed, using 25µm gold wire and a bonded

through the polyimide to the alumina PCB underneath using a ball bonder shown in Figure 7.9

(Kulicke and Soffa, Model 4522). The size of the balls could be varied using themachine,

but for consistency the ball was kept at≈60µm-diameter at the base, as was recommend by

the supplier of the wire bonder. It would have been possible to use a smaller diameter of

bond, to mimic the earlier studies, however the shape of the bonding capillary may not have

been appropriate to fabricate reproducible bonds using thesmaller diameter bond (again from

consultations with the supplier of the machine).

It was found that for PSPI layers thicker than 20µm it was very difficult to make reliable ball

bonds as the ball could not reach the alumina underneath through the connection hole. PSPI

layers thinner than 20µm could be bonded to the alumina without much difficulty, although

the overall size of the connection hole did affect the reliability of the bonding process. This is

consistent with the earlier studies of MFI technology. Examples of samples bonded using the

Microflex technology in these initial investigations are shown in Figure 7.10.

Size of the via holes that are compatible with MFI

Once the reliable thickness of the PSPI had been realised themask was used to investigate the

effect of varying the size of the hole for the ball bonding. Holesranging from 30µm to 70µm

were defined into the PSPI layer and each hole was bonded usingthe same 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 determined by microscopy, shown in

Figure 7.28. It was found that holes smaller than 35µm square were more difficult to develop,

as the solvent used cannot etch out the material effectively. This can be seen as the darker

areas inside the squares in the Figure 7.11, where the darkerare is undeveloped PSPI. If there

is undeveloped PSPI in the connection hole it will make it more difficult to bond, and for this

reason it was found that holes greater than 50µm square, in general, gave the most reliable

bonds, with the fewest bonds failing during the riveting process. This is possibly also due to

the size of the ball bond used, which was kept at≈ 60µm-diameter. To successfully incorporate

the Microflex technology into the SPNI fabrication the PSPI substrate should be no thicker than

20µm with micro rivet holes between 50-70µm, and the PSPI layer should be fully cured before

it is coupled to the alumina board.

Testing that the Microflex connections were Electrically Conductive

A strip of photosensitive polyimide was fabricated, on top of which a single band of metalliza-

tion comprising of thermally evaporated chrome and gold wasdefined. This gold strip, on top of

the PSPI, acted as a bridge in order to test that the Microflex interconnections were conductive.

Connectivity through the Microflex connection via the gold strip was tested using a multimeter

with probes in contact with the gold on the alumina. Several samples were tested using this

method and all samples proved to have successful coupling though the Microflex connections.

No attempts were made to measure the resistivity of the Microflex connection, as this was not

the main objective of the project and this data has been reported elsewhere [12].
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Fig. 7.12:Illustration of effect of bending the polyimide substrate on the metal layer, a)No strain, b)
Tensile Extension of the metallization, c) tensile compression of the metallization

7.4 Stress in the Metal Layer due to Bending

It has been demonstrated that MFI could be successfully implemented for cured PSPI substrates

thinner than 20µm. The range of substrate thickness that is compatible with SPNI is limited as

the metallization is required to be on the neutral plane of the structure; during the rolling of the

device into the micro-channel array the gold tracks experience either tension or compression,

relative to the neutral plane of the device, as shown in Figure 7.12. If the wiring experiences

tension/compression beyond its fracture limit then it will break. The gold tracks need to be

durable enough to survive the rolling into the micro-channel array without diminishing the

ability to record neural signals.

To reduce the strain on the wiring plane the gold layer shouldbe designed to be on, or as

close as possible to, the neutral plane of the device so that the metal layer experiences a minimal

amount of stress.

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

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

• The SPNI has constant, prismatic cross-section that is homogeneously flexible in the

direction of bending

• It has a constant modulus of elasticity for compression and tension

• It is linearly elastic within the range of stresses being exerted

Clearly, these assumptions do not reflect true bending in thecomposite polyimide structure,
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Fig. 7.13:Rectangular cross-section before and after bending, AB is the neutral plane, CD is a plane
extending through the cross-section at a distance y from neutral plane. A′B′ and C′D′ are the
planes through the section after bending, whereθ is angle that characterises the length of the
arc.

however, to build a theoretical prediction and to better understand the mechanics of the micro-

channel array these assumptions are necessary.

For a rectangular section (shown in Figure 7.13) the neutralplane (AB) passes through the

centroid where both the top and bottom surface of the sectionare equidistant. As the structure

bends, a curve develops and the lineC′D′ is elongated by a distance ofC′D′ − CD. As by

definition the neutral plane is not deformedA′B′ − AB= 0.

A transverse load on the rectangular object causes bending as shown in Figure 7.13, where

the curve acts to distribute the load evenly across the structure and the length of the neutral axis

can be related to its radius of curvature by,

AB= A′B′ = rθ (7.1)

Wherer, represents that radial distance to the neutral axis from the centre of the circle that

includes the arc fromA′ to B′. The layer that extends fromC to D is a distancey from the

neutral axis, thus the radius of curvature for the arc fromC′ to D′ is given byr + y. The length

of the arc can be written as,

C′D′ = (r + y)θ (7.2)

The arc fromC′ to D′ is longer than the neutral axis byyθ. This extra length causes strain (ǫ)
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Fig. 7.14:Diagram of an alternative model of bending, only metallization in the regions between the
walls is bent.

which can be written as,

ǫ =
C′D′ −CD

CD
=

C′D′ − AB
AB

=
(r + y)θ − rθ

rθ
=

y
r

(7.3)

Thus the magnitude of the strain is proportional to the distance from the neutral plane (y).

7.4.1 The Neutral Plane of the SPNI

It is logical to assume that the micro-channel structure is having a direct impact on the distri-

bution of the bending forces throughout the SPNI. If it is assumed that the regions of substrate

carrying the thick channel walls do not bend then the only region that is under strain is between

the walls. This is illustrated in Figure 7.14. This assumption is valid as the very thick polyimide

regions are much more rigid than the flexible thin regions, and so the thin regions are expected

to bend. To calculate the neutral axis of the composite structure the parallel axis method is used,

where the centroid of each area, Ni, is calculated relative to the reference axis and multiplied

by its area, Ai, as illustrated in Figure 7.15. The distance of the neutral axis from the reference

axis is then found by summing the contribution of each section and dividing by the total area of

the structure [75];

NP=
∑

NiAi
∑

Ai
(7.4)
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Fig. 7.15:Left: Illustration of the parallel axis method to calculateneutral plane of composite structure,
Right: Diagram of the cross-section of a region of the SPNI micro-channel array with relevant
notations (Not to Scale)

Calculating the relative position of the centroid of each rectangle is easy, as it falls at the

mid-point that bisects each area. Similarly, the area of each rectangle can be calculated by

multiplying its length by its height. If the metallization is only bent between the walls of

the device then the position of the neutral axis depends on the thickness of the substrate and

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

plane is at,

Neutral Plane =
(hs

2 )(hs · L) + (hs +
hp

2 )(hp · L)

(hs + hp) · L
=

hs+ hp

2
(7.5)

wherehs andhp are the height of the substrate and the passivation layer respectively and L

is length of the section between the channel walls,L = ls − lw. The metal layer itself is not

included in the calculation as it is at least one order of magnitude thinner than the polyimide

layers and thus is not expected to influence the position of the neutral plane. This assumption

is used in other similar models [76]. For the SPNI samples used in the in vivo study this would

equate to a neutral plane of25µm+5µm
2 = 15µm, resulting in the metallization layer being 10µm

away from the optimal distance. Importantly though, as the SPNI was rolled with the channels

on the inside, the metallization layer was above the neutralplane with respect to the direction

of bending to give tensile compression.

To calculate the equivalent strain that would be expected inthe rolled structure for varying

substrate thickness Equation 7.3 can be used, where the radius of curvature of the deformation

is determined by the position of the film within the roll. Using a radius of curvature of 750µm,



7. Improvement of the Connection of the Spiral Peripheral Nerve Interface 94

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

Fig. 7.17:Position of neutral plane against substrate thickness. Zero strain is at the point were the sub-
strate thickness equals the passivation thickness (which is fixed at 5µm-thick), as indicated by
the red arrow.

600µm, 450µm and 300µm for the outer roll and inside rolls respectively, as illustrated in Fig-

ure 7.16. The rolls on the very inside of the device have no metallization and can be neglected

from the study. Equation 7.3 shows that the strain in any plane is equal to the distance to the

neutral plane divided by the radius of curvature and so the relationship between the strain for

each roll of the SPNI and the substrate thickness can be calculated. The effect of varying the

substrate thickness on the position of the neutral plane andthe equivalent strain in the structure

are both plotted in Figure 7.17 and Figure 7.18 respectively. As a 5µm passivation layer is

usually used with the SPNI and this value has been fixed for thetwo plots. The figures suggest

that the metallization is under no strain when the substratethickness is equal to the thickness
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Fig. 7.18:Compressive strain in the SPNI for different substrate thickness for the new model of bending,
where the passivation layer is fixed at 5µm. 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 the original SPNI the strain experienced

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

extension. The plots suggest that increasing the substratethickness increases the amount of

compression the gold film is subjected to during rolling. Currently there is no known limit for

the substrate thickness, and for that reason any thickness that is greater than or equal to the pas-

sivation layer thickness should be expected to perform well. A substrate thickness that is less

than the passivation layer thickness would result in tensile extension, which is envisaged to be

more problematic. A thicker substrate may make the SPNI moremechanically robust, but this

requires further investigation. Furthermore, the model assumes that the substrate is much more

flexible than the channel walls, but as the substrate thickness is increased this assumption be-

comes less valid, suggesting that the bending model should be revised for very thick substrates.

As this thesis focuses on relatively thin substrates the bending model presented is adequate.

7.4.2 The Bending Model of Lacour and Benmerah

In an attempt to calculate the position of the neutral plane the original studies of Benmerah and

Lacour misapplied beam theory to the SPNI by assuming that itcould be modelled as a ‘T-

beam’ structure and then calculating the neutral plane for the wrong axis of bending. In these



7. Improvement of the Connection of the Spiral Peripheral Nerve Interface 96

Fig. 7.19:Illustration of SPNI used by Benmerah to incorrectly calculate the neutral plane of the device.
[10]

studies both Lacour and Benmerah state that for the gold tracks to be on the neutral plane the

substrate thickness should be 25µm thick; derived from a formula to calculate the neutral plane

that is quoted as,

Yneutral=
pbh+ 0.5pb2 + 0.5sb2

pb+ sh
(7.6)

to calculate the necessary substrate thickness; where p, b,h and s represent the length of the

cross section, the height of the substrate, the height of theinsulating channel wall, and the

width of the wall respectively. This calculation is based ontheir diagram shown in Figure 7.19.

It appears that Benmerah and Lacour both misunderstood the bending theory as, although it

is true that the neutral-axis of a T-beam like that shown in Figure 7.19 can be calculated by

Equation 7.4, the bending axis is not the one that is shown on the right in their diagram. The

diagram on the right of Figure 7.19 suggests that the bendingaxis is perpendicular to the page,

however for Equation 7.4 to be applicable on a T-beam structure the correct bending axis is

perpendicular to the beam, which could be drawn as a line thatis horizontal and parallel to

the page. Furthermore, if the parallel axis method(Equation 7.4) is applied to Figure 7.19 the

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

Yneutral=

∑

NiAi
∑

Ai
=

pb(h+ 0.5b) + sh(0.5h)
pb+ sh

=
pbh+ 0.5pb2 + 0.5sh2

pb+ sh
(7.7)

This result is different to Equation 7.6, which is quoted directly from Benmerah and Lacour’s

work [77, 10], as the last term in the numerator is 0.5sh2 rather than 0.5sb2. 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 the original modelling two reports have

suggested that at least 80%[77] and 97%[13] of SPNI’s that have previously been fabricated

survived rolling. No failures of gold tracks have been reported due to rolling directly. This

suggests that the SPNI gold layer that is under tensile compression is durable although the

mechanisms that allow the gold tracks to endure tensile compression are not yet understood.

This may impact design decisions in the evolution of the array as for gold layers thicker than

100 nm it has been reported that the maximum applied extensive strain before a failure is as low

as≈1%[78]. This study is not totally analogous to the SPNI as theelastomers used were not as

stiff as the polyimide and the films under stress were not encapsulated in any way.

7.4.4 The Fabrication of a Dual-Substrate

In the development of the SPNI it was decided to investigate the strain on the wiring and to

increase the range of possible designs by tailoring the substrate thickness. A thicker substrate

may allow for a more durable interface, for example. As has been discussed, the maximum

thickness of the SPNI substrate that is compatible with the Microflex technology is 20µm.

However, a total substrate thickness greater than 20µm could be fabricated using a dual

substrate. If the first Durimide layer (<20µm) is treated as a base, a second Durimide layer can

be spun directly onto the base and defined so that it does not cover the connection region and

only extends through the regions that needs to be rolled. This creates a step over which the thin

gold tracks must be electrically conductive, which is illustrated in Figure 7.24.

It was found that a≈20µm step between the two regions could be fabricated that was rel-

atively gently sloped, see Figure 7.20, suggesting that it could be effectively covered with the

thin-gold film during the evaporation process. Although thermal evaporation of thin metal films

can generally be thought of as a ‘line of sight’ process, it ispossible to thermally evaporate

onto steps given the right conditions. Step coverage is a poorly understood phenomena in mi-

crofabrication, especially for thin film evaporation, but it has been suggested that for a vertical

sidewall, the thickness of the thin-film on the side will be≈50% of the thickness on the bottom
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Fig. 7.20:Left: Step between the connection area and the wiring area ofthe device, 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 this ratio will be improved so that the

thickness of the thin-films will be more equal, but it was not possible to verify this assumption.

Indeed, after evaporation it could be seen that there was no ‘shadowing’ at the step using a

microscope; the layer appeared homogeneous without any uncovered regions of the substrate.

Although a step of≈20µm is possible, steps thicker than this have not been investigated. As

will be outlined, it was decided that the fabrication of the SPNI would not be possible with a

step>20µm.

Patterning the step

To pattern the thin-gold film the previous chapter describedthe use of a thin layer of S1813

positive photo-resist. It was found that S1813 photo-resist was too thin to coat both substrate

layers with a homogeneous layer. This was because the S1813 would pool at the bottom of

the step during spin-coating causing short-circuits across the gold tracks that extended over the

stepped region, as seen in Figure 7.21. It was found that thispooling could not be eliminated

by varying the exposure time, spinning profile or the baking ramp.

Megaposit SPR-220-7 is a much thicker photo-resist that is used in fabrication processes

that require prolonged exposure to reactive ion etching. Itis possible to spin and develop photo-

resist layers up-to 30µm, with good uniformity in a single coating [79].

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

Fig. 7.22:Thicker SPR-220-7 could not be developed satisfactorily, due to the reduction in photo-
lithographic resolution caused by the step height.

of steps, causing the UV exposure to be non-uniform. This canreduce the reproducibility of

well-defined features and for the SPNI this was problematic,leading to thinner tracks after

development and short circuit being developed over the stepregion, examples of these phenom-

ena are shown in Figure 7.22 and 7.23. For the examples shown athicker 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 thickit would be very difficult to

develop and some pooling was noticed as with the S1813. Similarly, if SPR-220-7 was too thin

it would not adequately cover the step.

[t]

An alternative approach to the fabrication of the step was investigated which involved spin-

ning the stress-relief layer first, on top of which the 20µm is deposited which could then be

defined into the connection region, see Figure 7.24. This could offer benefits in the ability to

pattern the step as the cavity in the corner would be reduced and the thin metal film would be
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Fig. 7.23:Problems caused by the gap between the photomask and photoresist; Top Right and Top Left;
Undeveloped photoresist at the step, Bottom Middle; Possible short circuit after wet etching,
the connection pads are 400µm wide with a spacing of 100µm.

deposited over a continuous layer. However, this method seriously affected the ability to define

the holes for the micro-rivet, as the gap scattered the UV exposure, causing the holes to be

blocked after development. Some samples were made using this alternative setup, but all were

abandoned due to a blocking of the holes for connection.

By adjusting the fabrication processes and using the correct thickness of SPR-220 the prob-

lem with first process, spinning the layer for MFI first, were overcome. An example of a fully

developed step with the continuous gold tracks is shown in Figure 7.25. At 10-15µm-thick, the

photoresist layer could be spun and developed over the device, without difficulty. To speed up

the development procedure, and to avoid prolonged exposureto the SPR-220-7 developer, the

photoresist was developed using a spray technique were the surface was continuously washed

with the developer, through a thin nozzle. This stopped the PMMA sacrificial layer from being

severely etched during the development process.

To the author’s knowledge, this is a unique application of SPR-220-7 photo-resist as the abil-

ity to pattern non-isotropic surfaces in this way has not been reported. Although the processing

conditions to develop the step need to be carefully tailored, this 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: The first substrate is the 20µm PSPI layer
for MFI technology, followed by an 18µm layer to support the wiring during rolling. Process
2: The first substrate is the 18µm PSPI layer, followed by the 20µm layer. It may be expected
that the second process gives a continuous step, as shown

Fig. 7.25:Fully developed connection region that covers the step.

7.5 Updated Fabrication Process

Given these considerations, the device was fabricated according to the process flow illustrated

in Figure 7.26.

a-b: A 4” silicon wafer was cleaned using Acetone and IPA and dehydrated at 150◦C for

5 minutes, before a 3µm-thick layer of PMMA was spun and baked at 180◦C for 10

minutes.

c: A layer of PSPI (Durimide 7020, Fujifilm) was then spun, exposed and developed to define

the overall footprint of the device and the via holes for the ball-bonded connections. To

prevent a premature release, the amount of developer used was reduced by using a spray

technique, through a thin nozzle.

d: The region that supports the tracks is the second PSPI layer. For the dual-layer devices

presented in this thesis a second layer of 18µm is 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-scum’ any remaining PSPI from

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

subsequent metal layers.

e: A thin Chrome adhesion layer (≈80nm) was thermally evaporated onto the substrate fol-

lowed by a layer of Gold (≈200nm) to provide the metal for the integrated electronics of

the recording interface. The gold was structured into connection pads, electrode sites and

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

f: Electrode tracks were encapsulated with a 5µm layer of PSPI (Durimide 7505, Fujifilm),

baked and exposed in the same way as the other PSPI layers. Electrode opening were

30µm x 100µm, and the connection pads were 400µm x 1mm. The passivation layer was

then de-scummed for 10 minutes and also cleaned in the UVO cleaner to remove any

organic matter from the electrode surfaces.

g: A 100µm PSPI layer was spun and baked and the layer was allowed to cool for atleast 30

minutes before exposure. After the final layer had been developed the wafer was again
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Fig. 7.27:Method of releasing the SPNI samples, after immersion in MIBK and IPA

de-scummed and UVO cleaned. The processed wafer was cured inN2 at 350◦C for 1 hour

in a convection oven and is left for atleast 5 hours to cool to room temperature before the

sample could be released from the carrier wafer.

h: To release the device the samples were submerged in MIBK(Methyl-iso-butyl Ketone):IPA

at a ratio of 3:1 and left for at least 24 hours. Using IPA and a razor blade, see Figure 7.27

the samples are peeled from the wafer and cleaned using acetone and IPA. The device was

then rolled into the spiral configuration. The end of the device was clamped into a pair

of tweezers that were connected to a hand operated rotating mechanism. The tweezers

were gently turned to form a tight spiral in the direction perpendicular to the channels

and the rolled device was inserted into a silicone tube. To make external connections to

the electrodes the samples were ball bonded through the holeon the connection pads to

alumina printed circuit boards underneath (ESL Europe) using 25 micron gold wire and

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

7.5.1 Problems during Curing

Most applications of polyimide in neural interfaces employa curing step before the metalliza-

tion layer is introduced to the structure [62, 80, 22]. Although the reason for this curing step

is not discussed in detail it is most likely necessary to reduce stress and stop the devices from

wrinkling after release from the carrier. Unfortunately, due to the PMMA sacrificial layer it was

not possible to perform this curing step until the end of the process after the metallization had
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Fig. 7.28:Fully bonded SPNI device; Top, Microscopy of ball bond, Bottom, Fully bonded device

already been defined.

Unfortunately, carrying out the curing step at this stage did cause problems with the SPNI

that need to be addressed in the future development of the neural interface. The polyimide

is cured at a temperature above the glass transition of PMMA (≈ 180◦), which means that

during curing the polyimide can de-laminate. Then, due to the shrinking of the polyimide

layers during the curing (solvent is outgassed and the polyimide imidizes), the connection pads

become significantly narrower than they were designed to be.Furthermore, at the step, the gold

layer can be cracked and fractured by the shrinking, as shownin Figure 7.29.

This effect does not occur uniformly across the wafer as devices in the centre of the wafer

showed less or no damage after curing than those on the outside of the device. Furthermore,

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

for ball bonding, making it difficult to characterize these devices electrically. These problems

significantly reduced the yield of the SPNI as out of 8 samplesthat could be fabricated on a

single wafer, in general only four devices would survive thecuring process. Furthermore, in

each ‘successful’ sample only≈10 of the available electrodes could be coupled to via MFI ball

bonding. If a thicker second substrate layer had been used itis possible that this could have

caused more failures.

Single layer samples

As a result, it was decided to fabricate some SPNI samples that had a single layer substrate,

to determine whether these problems of alignment and gold failure during curing would be

repeated, and to also determine whether the thin-gold film could survive the compression asso-

ciated with rolling.

To fabricate these samples, the PMMA was spun and baked, as before, followed by a 20µm

substrate layer of PSPI, that was exposed and developed as before. The second substrate layer

was omitted and the rest of the fabrication process was kept the same. After curing, the single

layer samples did show some signs of misalignment, due to shrinking, but there were no obvious

fractures in the gold layers.

For both types of samples, each electrode pad that could be aligned, was connected using

at least 6 bonds to provide both an electrical coupling and a mechanical support for the device,

see Figure 7.28.
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7.6 Summary of this Chapter

To implement the novel interconnection technique requireda significant amount of work. It is

possible to fabricate SPNI devices that are compatible withMFI using the fabrication methods

that have been discussed.

The use of PMMA is a novel application of a sacrificial technique, and although care is

needed to ensure that the samples do not delaminate, it represents a reliable method to fabricate

photosensitive polyimide as a substrate for neural interfaces. Again, this needs careful consid-

eration in terms of design, as the polyimide cannot be fully cured until the final step, meaning

that shrinking of the polyimide layers may cause failures, especially in the thin film gold layer.

It was found that a substrate thickness below 20µm could be bonded without difficulty, with

a via hole between 60-70µm. The substrate thickness influences the strain on the thin metal film

during rolling. Using the elastic theory of bending a bending model has been described that

accounts for the geometry of the SPNI and suggests that the metallization of the original SPNI

was under tensile compression during rolling, which may have allowed it to be bent without

causing a fracture. To minimise the strain the new model predicts that a substrate thickness

that is an equal thickness to the passivation layer is required. It has further been shown that the

original model of bending in the SPNI was flawed as the neutralaxis was incorrectly calculated

for the wrong axis of bending.

In order to be compatible with MFI there is a limited range of substrate thickness that is

possible for the SPNI, and so methods of fabrication have been investigated to increase this

range by incorporating a dual substrate design. Implementing this design represented a sig-

nificant challenge using the photolithographic techniquesas it required the ability to pattern a

step with continuous wiring. This was overcome using a thicker photoresist layer. The dual

substrate layer, although possible, suffered significant problems during curing. The yield of the

process was reduced by mechanical problems caused by shrinking of the polyimide structures,

which caused misalignment and fracturing of the metallization of the step. Roughly half of the

samples survived the curing. For the single layer samples these problems were reduced, where

no samples showing any fracturing despite some misalignment.

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

been presented, however until now no attempts have been madeto predict the performance that
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should be expected from these electrodes. The next chapter presents a theoretical model to

predict the electrochemical performance of the devices that can be 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 electrode interface that can be used to assess

of the quality of SPNI fabrication and to evaluate the impedance spectra presented in the next

chapter. This modelling is based on a widely accepted interpretation of the thin-film metal elec-

trode/saline interface that was described by Kovacs in 1994 [20]. This chapter will show how

the interface can be modelled as resistive and capacitive phenomena, working in parallel, whose

behaviour can be modelled for a range of frequencies of applied potential, using Microsoft Ex-

cel. This model can then be used to show what the expected impedance and phase spectra of

the SPNI should be. These results significantly improve the ability to assess the quality of the

SPNI fabrication process, and give insight into whether some of the processing steps needs to

be reviewed.

8.1 Modelling The Electrode/Saline Interface

As stated earlier in chapter three, to record electrical activity in the body requires an interface

between the metal electrode and the ionic electrolyte that surrounds the neural tissue. The in-

terface between these the metal and the electrolyte is electrochemical. This is also true for

impedance spectroscopy, so to predict the performance of the SPNI electrode requires an un-

derstanding of this electrochemical interface. The electrodes discussed in this thesis have gold

active sites and as a result this chapter will discuss this electrochemical interface between a

thin-film gold electrode and saline.

The electrochemical phenomena that dictate the impedance spectra of the electrode interface

can be depicted as a parallel circuit known as Randle’s model, this is shown in Figure 8.1. The

model consists of; the interfacial capacitanceΣI , the charge transfer resistanceRt, the Warburg

impedanceZw and the solution resistanceRs. By computing the effect of each component across
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Fig. 8.1:Diagram to show electrical components that make the gold-solution interface
[20]

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

8.1.1 Interfacial Capacitance

Before the metal electrode is placed in the ionic electrolyte solution, the metal and the solution

are electro-neutral. When the metal is in the solution free electrons are attracted to the positive

ions in the solution and thus travel to the electrode surface. The electric field generated by

surface charges of the metal then begins to impact the electrolyte where disassociated ions in

the solution are attracted to the surface charges, varying the ion concentration from a maximum

at the electrode surface to a bulk concentration in the rest of the solution. As a result of the

charged metal surface, polar water dipoles orient themselves and determine the closest approach

of the charged ions in the solution at a distance which is known as the outer Helmholtz plane

(OHP) as illustrated in Figure 8.2.

For a typical interface the outer Helmholtz plane has a thickness of around a few angstroms,

and so the potential difference between ions and the metal surface drop over a very small dis-

tance. Helmholtz developed an initial theory to describe the spatial charge distribution at the

interface as a simple capacitor by assuming that the chargedions are confined at the OHP, with

an equal and opposite effect in the metal. The space in between acts as a dielectric andthe ca-

pacitanceςH per unit area is then determined by the dielectric permittivity of the space between

the water molecules and the electrode,ǫr and the distance of the OHP from the metal electrode,

dOHP in the parallel plate capacitor formula,
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Fig. 8.2: Illustration of the interfacial capacitance between the metal surface and the ions in solution.
[21]

ςH =
ǫ0ǫr

dOHP
(8.1)

Multiplying the above expression by the area of the electrode gives the total Helmholtz ca-

pacitance for the interface. A value for the Helmholtz capacitance can be calculated by taking

the dielectric constant of water as 79.4 and an Outer Helmholtz plane distance of 5Å(which

were both chosen to represent physiological saline at 25◦C)[20]. These approximates yield a

Helmholtz capacitance of per unit surface area of 1.41 F/m2, which is often useful as a design

guide, although both the relative permittivity anddOHP can change this approximate consider-

ably, which will be discussed further as model is made more complex.

The Helmholtz model was flawed as it neglected the role of potential on capacitance and

negated the movement of ions in the solution, where mobile ions ensure that charge is not

concentrated entirely at the OHP but instead diffuses into the solution, thus lowering the actual

capacitance of the interface. In 1910 to 1913, Gouy and Chapman changed the simplified model
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to account for mobile ions at the interface that are dependent on thermal factors as well as the

electrical forces already described.

The result of this updated model, labelled as the G-C model herein, is an ion cloud near the

interface where thermal and electrical effects are equilibrated in a time-averaged ionic distribu-

tion. Thus the total charge is maintained by extending the charge layer into the bulk electrolyte

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

ϕ(x) = ϕ0exp

(

− x
LD

)

(8.2)

LD =

√

ǫ0ǫrkbT
2N0e2

(8.3)

Whereϕ0 is the potential at the electrode,x is the distance from the electrode, andLD is the

Debye length (measured in meters). The Debye length characterizes the spatial decay of poten-

tial and can be viewed as the characteristic thickness of thediffuse layer. Also included is the

Boltzmann constantkb, the temperatureT, the charge of the electrone, the bulk concentration

of the solutionN0, which is given by the concentration of the ions (mol/l) multiplied by Ava-

gadro’s number (NA). For the saline solutionN0 = NA · [NaCl] = 6.02×1023·0.147= 8.9×1022.

Alternatively, for saline the Debye length can be calculated using,

LD = 0.304× 10−9 · [NaCl]−
1
2 (8.4)

which gives a value of 7.92×10−10 m [81, 82]. Thus the G-C capacitance spreads≈ x1.5 further

into the solution than the Helmholtz hydration sheath, due to the mobile ions.

The differential capacitance per unit area (F/m2) can be calculated by using Gauss’s law on

the region near the electrode to give;

ςG =
ǫ0ǫr

LD
cosh

(

zeϕ0

2kbT

)

(8.5)

Where the coefficient (ǫ0ǫrLD
) is the capacitance per unit area of two plates separated by adistance

LD and the effects of mobile charges are represented as the hyperbolic cosine.

For a potential at the electrode of 5 mV (used in the experimental investigations shown
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later) the G-C capacitance at the electrode is 0.89 F/m2, which is approximately two thirds of

the Helmholtz capacitance.

However, the G-C model does not give a finite plateau for capacitance with increasing po-

tential, as observed in real systems due to the presence of the OHP acting as a dielectric. Thus,

the Stern model is used to combine the G-C model with that of Helmholtz to rectify this prob-

lem. This gives a layer of bound ions at the OHP with a diffuse ion cloud beyond it. For this

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

1
ςI
=

1
ςH
+

1
ςG

(8.6)

WhereςI is the interfacial capacitance per unit area,ςH is the Helmholtz capacitance and

ςG is the G-C capacitance due to the diffuse cloud as described earlier. This model describes a

linear potential drop between the electrode and the OHP, followed by a near exponential decay

from the OHP out into the diffuse solution.

This interfacial capacitance per unit area can be written as,

ςI =

(

1
1.41

+
1

0.89

)−1

(8.7)

which gives a value of 0.54 F/m2. A 1 micron square patch of electrode (Area=1 × 10−12 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 entire electrical picture as in general, when

a metal is added to an electrolyte spontaneous Faradaic reactions can occur where electrons are

transferred across the boundary. These reactions eventually reach equilibrium whereby the

currents due to electron transfer flowing to and from the metal are equal, resulting in no net

current flow across the interface. For the SPNI electrode these spontaneous reactions are more

likely to be caused by impurities as it is highly unlikely that Faradaic reactions occur at the

gold surface. This is because in most electrolytes gold possesses very weak chemical adsorbing

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

A DC potential applied across the SPNI interface may allow a Faradaic current to flow,

however, given the right conditions. Thus it is necessary toconsider the resistive path in parallel

to the capacitive path for the interface, which is highly non-linear with the applied potential. The

flow of current through the metal-electrolyte interface requires the net movement of charge in

the response to an electric field, which can be considered as the difficulty to place or remove a

charge from the electrode. An applied voltage pushes the interface away from the equilibrium

(ϕ0) and the potential difference that results is called the overpotential;

η = ϕ − ϕ0 (8.8)

The overpotential is thought to be a sum of three processes;ηt represents charge transfer across

the double layer;ηd represents diffusion of reactants to and from the electrode;ηr represents

chemical reactions at the electrode surface.

η = ηt + ηd + ηr (8.9)

Thus, a potential in excess of the equilibrium will drive charge transfer, diffusion and chemical

reactions. In general, for the operation of an electrode near the equilibrium position the charge

transfer overpotential tends to dominate the overall current and as the applied potential is pushed

further from equilibrium the diffusion of reactants would become a more limiting factor. In

biological applications the overpotentials associated with chemical reactions are negligible and

for noble electrodes it would not be expected to reach a diffusion limited case as there would be

relatively few charge transfers. Thus, for the modelling work only the overpotential associated

with direct charge transfer is considered.

The exchange current densityJ0 of the interface is used to quantify this behaviour and

depends on the material of the electrode and the compositionof the solution.J0 is often experi-

mentally assessed by measuring the charge transfer resistance around the equilibrium potential

of the electrode in the electrolyte of interest.

If the current is small with regards toJ0 then the electrode will not shift significantly from the

equilibrium and will behave linearly but as the current becomes a similar magnitude or aboveJ0,
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non-linearities become more prevalent and the charge transfer resistance falls off exponentially

with applied voltage. If the potential is close to the equilibrium then the Butler-Volmer equation

can be used to calculate the resulting current density J (in Acm2):

J = J0

[

exp

{

(1− β)zeηt

kT

}

− exp
{−βzeηt

kT

}

]

(8.10)

WhereJ0 is the exchange current density as described,z is the valence of the ion involved in the

charge transfer, andβ symmetry term that accounts for the energy barrier difference associated

with oxidation and reduction reactions. The Butler-Volmerequation describes an exchange

current that has a fraction that assists ionization (βηt) and a fraction that retards discharge ((1-

βηt)) [85]. Thereforeβ determines the symmetry in the I-V characteristics; when both reactions

proceed at the same rateβ is 0.5. From Equation 8.10 it can be seen that any small changein

ηt can have a large impact in the current densityJ and the electrode material has a significant

impact on the amount of current that flows in response to an applied potential due to the effect

of the exchange current density. At high voltages electrochemical reactions at the interface are

more likely, thus it is desirable to limit the experimental analysis to as close to the equilibrium

as possible. For stimulation, an electrode with a higher exchange current density is desirable.

To determine a theoretical value for the resistance that appears in parallel to the capacitance

at the interface, it is useful to examine theJ−ηt relationship via a small-signal analysis where a

low-field approximation is taken to represent a neural recording. The charge transfer resistance,

Rt under low-field conditions and with non-rectifying system (β = 0.5) can be calculated by

first rewriting the current density in hyperbolic form, taking the derivative with respect toηt and

finding the inverse. This gives,

Rt =
∂ηt

∂J
=

kbT
J0ze

[

cosh

(

zeηt

2kbT

)]−1

(8.11)

in Ωcm2. For the approximate the charge transfer resistance can be written in a linear form as:

Rt =
kbT
J0ze

(8.12)
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and the resulting current is satisfying ohm’s law,

J =
ηt

Rt
=

J0zeηt

kbT
(8.13)

The limit for this approximation to be valid is assumed to be,

zeηt

2kbT
<

1
5

(8.14)

to keep the error due to approximation below 1%[18]. This corresponds to an overpotential

of around 50mV, up to which one can assume linearity. This range of validity is suitable for

neural recording as spike amplitudes are normally below this threshold. This also complies with

impedance spectroscopy where all evaluations are performed at 5 mV.

In 1975 Wise and Angell experimentally assessed the exchange current density of drawn-

wire, metal electrodes in saline, held at a fixed dc potentialrelative to a saturated calomel

electrode, and the results of their experimental analysis are shown in Figure 8.3 [85]. It can be

seen that gold had the smallest exchange current out of all the metals investigated, reflecting the

fact that gold is the noblest metal. For gold it can be seen that the exchange current density was

determined to be≈ 2×10−9 A/cm2 in the experimentally relevant potential range (|V| < 50mV).

This gives a charge transfer resistance for gold of 1.29× 107 Ω/cm2. From this result Wise and

Angell suggested that noble metals operating at a low voltage should not be expected to pass an

appreciable current [85].

This value determined by Wise and Angell is largely in agreement with the experimental

work of Frommhold, who performed impedance analysis on goldelectrodes in saline using the

same methods described in chapter 5. Frommhold found that the charge transfer resistance

of a thermally-evaporated gold microelectrode of 0.283 cm2 area was 0.8×106 Ω [18]. Thus,

from these two studies, a 1 micron squared patch of electrodecan be expected to have a charge

transfer resistance of≈ 1 × 1015 Ω, 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 Frommhold, did not attempt to assign

the chemical processes that resulted in the measured exchange currents to any specific reactions,

for example no attempt was made to classify the amount of dissolved oxygen in the saline nor
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Fig. 8.3:DC behaviour of metal electrodes in saline. The electrodes were in the form of drawn wires and
were referenced to a saturated calomel electrode.

[85]

to investigate what affect the amount of dissolved oxygen has on the exchange current. The

experimental results presented above should therefore be seen as representative of a gold elec-

trode operating in relevant experimental conditions. Cyclic voltammetry could allow detailed

investigation of the Faradaic reactions at the gold-salineinterface under d.c. conditions, but this

has not been investigated in this study.

8.1.3 Warburg Impedance

For most electrode/electrolyte interfaces the charge transfer resistance dominates the resistive

branch of the electrode impedance. However, this situationchanges when the current density

(AC or DC) is so large that the reactants cannot diffuse from the bulk material and the increased

chemical reaction rate depletes the local reactants causing a concentration gradient from the

electrode to the bulk solution. As a result the current density is limited by the diffusion rate of

reactants to the interface, which results in a diffusion overpotential.

For time-varying signals with higher frequencies it is worth considering the case of a si-

nusoid forcing function acting on the ions at the interface.A sinusoidal, spatial variation of

ions develops rather than a linear gradation, with a higher concentration of ions at the OHP and

falling off into the solution. As the frequency of the excitation is increased it becomes more

difficult for ions to follow the field, dampening the effect of the spatial variation. The effects of

the diffuse ion cloud become less significant and for an ever increasing frequency the ions are
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not able to follow the field at all. This leads to no diffusional impedance and in 1899 Warburg

proposed a model for this frequency dependent diffusional impedance for a unit area (Ω·m2)

that is made a resistive (Rw) and capacitive term (Σw) that can be written as,

Rw = Kw ·
1
√

f
(8.15)

ςw =
1
ωRw

(8.16)

that act in parallel to each other and in series with the charge transfer resistance.Kw is the

Warburg constant that can be written as,

Kw = 10−7 · kT

q2N0

√
πD

(8.17)

where D is the diffusion constant for the ions in the solution (1.49× 10−9 m/s2). For a 1 micron

patch of electrode operating a 1 Hz, the Warburg impedance isthen 2.74× 103Ω. As stated,

the Warburg impedance is traditionally represented as a combination of a parallel capacitance

and resistance, however it has more recently been shown thatthe two circuit elements are better

represented by a single circuit element with a constant phase of -45◦ [20].

It has been shown above that the Warburg impedance is much smaller that the charge trans-

fer resistance, and so the measured impedance of an SPNI goldelectrode is not expected to

be affected by the Warburg impedance, as the impedance of the Faradaic current branch will

be dominated by the charge transfer resistance. However, the Warburg 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 the solution it experiences a solution re-

sistance that depends on the shape of the electrode and the resistivity of the solution. The

resistivity is determined by the number of ions present and the temperature of the solution. For

a rectangular electrode, the solution resistance is given by,

Rs = ρ
ln4l

w

πl
(8.18)
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whereρ is the resistivity of saline which at 25◦ =0.7Ωm[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 resistor (ZR) and a capacitor (Zς) can be written as,

ZR = R Zς =
1

jως
(8.19)

whereR andς are the resistance and the capacitance of the components andj andω are the

imaginary unit (j =
√
−1) and the angular frequency of the ac impulse respectively.It is then

possible to calculate the total impedance of the interface by calculating the resulting impedance

of each component and working through whether the components are in parallel or in series.

Following this methodology the impedance of the capacitivecurrent branch can be written

as,

ZςI =
1

jωςI
(8.20)

and the impedance of the Faradaic current branch (ZF) can be written as an addition of the

charge transfer and the Warburg impedance,

ZF = Rt + Rw (8.21)

Adding these current branches in parallel gives an impedance of the electrode interface,ZE as

ZE =

(

1
ZςI
+

1
ZF

)−1

(8.22)

and substituting the components of the interface that have previously been outlined into the

above expression gives,

ZE =

[

(Rw + Rt)(1− γ) + (Rt)(1+ τ + γ)
]

+ j
[

(Rt)(1− γ) − (Rt + Rw)(1+ τ + γ)
]

(1− γ)2 + (1+ τ + γ)2
(8.23)
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whereτ = ωRwςI andγ = ωRtςI . For the above equations,ςI is the capacitance of the double

layer,Rt is the charge transfer resistance of the interface,Rw is the Warburg resistance andω is

the angular frequency of the potential impulse. Finally, adding the solution resistance (Rs) in

series with the interfacial impedance gives a total impedance of,

Z = ZE + Rs (8.24)

and again substituting the components of the interface gives,

Z =
[

(Rw + Rt)(1− γ) + (Rt)(1+ τ + γ)
]

+ j
[

(Rt)(1− γ) − (Rt + Rw)(1+ τ + γ)
]

(1− γ)2 + (1+ τ + γ)2
+ Rs (8.25)

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

separated into the real and imaginary parts,

ℜ [Z] =
[

(Rw + Rt)(1− γ) + (Rt)(1+ τ + γ)
]

(1− γ)2 + (1+ τ + γ)2
+ Rs (8.26)

ℑ [Z] =
[

(Rt)(1− γ) − (Rt + Rw)(1+ τ + γ)
]

(1− γ)2 + (1+ τ + γ)2
(8.27)

and magnitude and phase can be evaluated as,

|Z| =
√

ℜ [Z]2 + ℑ [Z]2 (8.28)

Arg [Z] = arctan

(ℑ [Z]
ℜ [Z]

)

(8.29)

Once the real and imaginary parts have been separated, it is easy to evaluate these functions for

a frequency spectrum. Using a spreadsheet program like Excel impedance and phase spectra

can be plotted that serve as a theoretical prediction of the experimental results.

For a gold electrodes in saline the values for the constants used to build the models are

outlined in Table 8.1. After computing these values, the corresponding impedance and phase

spectra can be calculated by applying different values of frequency. The experimental testing is

restricted to measuring the electrochemical behaviour of the interface between 40 Hz - 1 MHz

and as a result the modelling work presented is restricted tothis range.

The modelled impedance and phase spectra of a planar gold electrode of the equivalent size
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Property, Units Value Reference
Exchange Current Density of Gold, A/m2 2×10−5 [86]

Ionic Strength of Saline, mol/L 0.0815 -
Signal Strength (ϕ0), V 5×10−3 -

Temperature of Experiment, K 298 -
Dielectric Constant of Solution 79.4 -

Electron Charge, C 1.6×10−19 -
Valence of NaCl (z) 1

Boltzmann Constant, JK−1 1.38×10−23 -
Concentration of NaCl, mol/l 0.147 -

Permittivity of Free Space, F/m 8.85×10−12 -
Resistivity of Saline at 25◦, Ωm 0.72 [26]

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

of the SPNI, a 1µm2 electrode and a 1×106 µm2 electrode are shown in Figure 8.4. As can

be seen, the relationship between the area of the electrode and the corresponding impedance is

inversely proportional and for all areas the capacitive phenomena of the interface dominates.

As the frequency is increased the total impedance falls until the interface is dominated by the

solution resistance. Larger electrode reach the solution resistance at a lower frequency. For an

electrode of the equivalent size of the SPNI, the magnitude of the impedance ranges between

5 MΩ and 1000Ω between 40 Hz and 1 MHz. The impedance spectrum begins to plateau

at around 100 kHz, which corresponds to the frequency at which the solution resistance starts

to become dominant. This is also seen in the phase spectra as the phase goes towards 0◦ for

increasing frequency above 100 kHz.

8.2.1 Interfacial Capacitance Modelled using Constant Phase Element

In general, the interfacial impedance of electrodes (impedance of the top current branch in

Figure 8.1) cannot be modelled with a pure capacitor, even inthe absence of the resistive branch

current [87]. Instead, the interfacial capacitance of the electrode has a ‘dispersive’ nature that is

frequency dependent and can best be modelled using a constant phase element (CPE). By using

the CPE to model the dispersive capacitance of the double layer, the interfacial impedance can

be written as,

ZCPE(ω) =
1

ςI ( jω)n
(8.30)
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Fig. 8.4:The modelled Impedance and Phase spectra of a planar gold electrode for three surface areas; 1
µm2, the area of an SPNI electrode (3000µm2) and 1×106 µm2.



8. Theoretical Modelling of the Electrochemistry of the SPNI Electrode for Impedance Spectroscopy 122

Fig. 8.5:Diagram to show electrical components that make the gold-solution interface including the
constant phase element

[20]

andn is a constant between 1 and 0 that determines the ‘idealness’of the interface (n = 1=pure

capacitor)[18]. A model of the gold-saline interface that includes the dispersive interfacial

capacitance is shown in Figure 8.5.

The dispersive capacitance is thought to model slow processes that involves; the formation

of chemical bonds of some species to the electrode surface(adsorption) or the rearrangement

of atomic structures on the electrodes surfaces. Capacitive dispersion has been shown to be

related to surface roughness and as a planar electrode can never be made perfectly smooth in

the microscopic range (describing features from 10 nm to 100µm) it is important to consider it

for the impedance spectroscopy model [87].

By using the expressions,

( j)n = exp
{nπ

2

}

(8.31)

exp
{nπ

2

}

=

[

cos
(nπ

2

)

+ j sin
(nπ

2

)]

(8.32)

the impedance of the constant phase element can be written as,

ZCPE(ω) =
1

ςI (ω)n
[

cos
(

nπ
2

)

+ j sin
(

nπ
2

)] (8.33)
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Which can be used to model the impedance of the interface depicted in Figure 8.5 as,

Z =
(Rt + Rw)

[

1+ (Rt + Rw)ωnςI

(

cos
(

nπ
2

)

− j sin
(

nπ
2

))]

(

ςIωn(Rt + Rw) cos
(

nπ
2

)

+ 1
)2
+

(

ςIωn(Rt + Rw) sin
(

nπ
2

))2
+ Rs (8.34)

where,ςI is the capacitance of the double layer,Rt is the charge transfer resistance of the

interface,Rw is the Warburg resistance,ω is the angular frequency of the potential impulse

and n is the dispersion factor. The real and imaginary parts can be separated out as,

ℜ [Z] =
(Rw + Rt)

(

1+ (Rw + Rt)ςIω
n cos

(

nπ
2

))

(

ςIωn(Rt + Rw) cos
(

nπ
2

)

+ 1
)2
+

(

ςIωn(Rt + Rw) sin
(

nπ
2

))2
+ Rs (8.35)

ℑ [Z] =
−(Rw + Rt)2ςIω

n sin
(

nπ
2

)

(

ςIωn(Rt + Rw) cos
(

nπ
2

)

+ 1
)2
+

(

ςIωn(Rt + Rw) sin
(

nπ
2

))2
(8.36)

It should be noted that whenn=1 the original expression for the impedance of the electrode

interface is returned (Equation 8.25), which is expected asthis represents the purely capacitive

double layer. Adding the dispersive capacitance gives the corresponding impedance and phase

spectra for a gold electrode of the size of the SPNI shown in Figure 8.6. As can be seen, the

dispersive capacitance increases the impedance of the electrode interface and results in a more

gradual decrease in impedance for increasing frequency. At1000 Hz the impedance of the

electrode for n=1, 0.9, 0.8 and 0.7 are 97 kΩ, 235 kΩ, 561 kΩ and 1340 kΩ respectively. In

the phase plot, forn<1 the behaviour shows a constant phase spectra that is independent of the

applied frequency. Asn decreases the value of the constant phase line increases accordingly. Fi-

nally, the impedance and phase spectra for the dispersive SPNI electrodes (n<1) do not indicate

that the impedance becomes dominated by the solution resistance.

Estimating the relative Dielectric Constant,ǫr

One constant that does not get discussed in detail in the modelling work of Kovacs and others

is the effect of varying the dielectric constant, which effects the capacitance of the double layer.

Figure 8.7 shows the effect of changing the magnitude ofǫr (between values of 79.4, 40, 20, 10

and 5) on the relationship between the total impedance and the area of the electrode at 1 kHz.

As can be seen, decreasing the value of the dielectric constant increases the total impedance.
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Fig. 8.6:The modelled Impedance and Phase spectra of an SPNI electrode with dispersive capacitance
of varying ’idealness’
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The dielectric constant of water is 79.4 at 25◦, but in the interface the electric field is varying

over such short distances (Angstroms) it is hard to justify that the potential field would be linear

and so the true value of the dielectric constant is hard to determine. In the interface Kovacs

suggests that the dielectric constant could be as low as 6 [20].

By comparing the modelled impedance with values reported inthe literature, as collated by

Fung et al in 2010 [88], it appears as though a dielectric constant of 79.4 may be most closely

matching the reported values. As shown in Fig 8.5, the gold electrodes have an impedance

around 0.5×107 Ω for an area of 1µm2 and an impedance of around 104 Ω for an area of 1x104

µm2, which is consistent with a dielectric constant of 79.4. However, the modelled data here

is only considering a pure capacitor and the reported valuesmay be influenced by surface in-

homogeneities. Also the collated data highlights the variation of measured impedance between

research groups, which makes it difficult to draw concrete conclusions. As a result the dielectric

constant for this modelling work is kept at 79.4, as this gives the right order of magnitude for

the general relationship between increasing area and impedance.

Varying the Charge Transfer Resistance

The model so far does not account for the possible effect of contaminants at the interface on the

charge transfer resistance, or the effect of varying the oxygen partial pressure that could change

the rate of oxygen reduction/oxidation. In the literature it suggests that the exchange reaction

of a noble metal with an electrolyte may be effected by impurities of an unstated origin [85,

84]. If these impurities increase the exchange current density of the electrode material then the

impedance of the interface may be affected, whereas a decrease in the exchange current density

would not affect the impedance. To demonstrate this, the impedance and phase spectra of three

modelled electrodes that have different charge transfer resistance are shown in Figure 8.8. This

figure therefore models a reduction in the charge transfer resistance (caused by an increase in

the exchange current density). As can be seen, reducing the charge transfer resistance by 103

Ω does not effect on the impedance spectra, as it is still extensively dominated by capacitive

phenomena. However, reducing the charge transfer resistance by 106 Ω does lead to a plateau

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

However, it is hard to justify what would cause such a large change in the charge transfer
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Fig. 8.7:The modelled Impedance magnitude at 1 kHz versus Area of goldelectrode for different di-
electric constants of the solution, The top graph shows the modelled impedance with respect to
surface area and the bottom graph shows the impedance of other interfaces from the literature
(gold electrodes are marked by crosses, all annotations arethe original authors and do not relate
to this thesis)

[88]
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resistance. Thus it is fair to assume that the charge transfer resistance 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 other geometric considerations, how-

ever the SPNI is a complex micro-fabricated structure for which each micro-channel has walls

and a roof. If the channel is completely sealed it may be expected that the current between the

two electrodes in the impedance spectroscopy would be forced to travel through the length of

the sealed channel which would have a corresponding resistance,

R= ρ
Lµ−c

Aµ−c
(8.37)

whereLµ−c andAµ−c are the length and area of the section micro-channel throughwhich the

current must travel andρ is the resistivity of the solution. For the SPNI, the electrode is 2 mm

from the edge of the device and the micro-channel is 100 x 100µm. This gives a corresponding

resistance of 1.4×105 Ω. As both ends of the device are open the current can travel through

either opening, this give a solution resistance ofRs =1.4×105/2 =7×104 Ω. This resistance

would be expected to dominate the higher frequency behaviour of the device and give much

higher impedance than the solution resistance of the flat SPNI electrode.

If the sealing is incomplete, however, this resistance willbe reduced and the impedance

at higher frequency would be expected to plateau at a value closer to solution resistance of

the planar electrode, shown earlier in Figure 8.4, as the current would not be confined to the

micro-channel and would be able to follow a more direct path.

The effect of including the solution resistance of the sealed micro-channel on the impedance

and phase spectra is shown in figure 8.9 and 8.10, for both the ideal and dispersive interface re-

spectively. As expected, the impedance plateaus at the solution resistance at a lower frequency

than in the previous, flat models. In Figure 8.9 the 1µm2 electrode begins to plateau at very

high frequency, reflecting the need to measure impedance over a large frequency range to in-

clude all the electrochemical phenomena. This behaviour should be extremely noticeable when

analysing the experimental data taken from the fabricated samples and may serve a useful indi-

cation as to whether the channels have been sealed effectively. Thus, the experimental testing
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Fig. 8.8:The modelled Impedance and Phase spectra of a SPNI sized goldelectrode for varying charge
transfer resistance. A large reduction in charge transfer resistance reduces the lower frequency
impedance of the electrode.
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Fig. 8.9:The modelled Impedance and phase spectra of a pure electrodeof different surface areas in-
cluding the added geometry of a sealed micro-channel. The SPNI electrode is modelled by the
brown dashed line.
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Fig. 8.10:The modelled Impedance and phase spectra of dispersive goldelectrode (Surface Area=SPNI-
sized) for varying ’idealness’ factor, n, including the added geometry of a sealed micro-
channel.
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should be able to detect if the channels are leaking.

This result completes the modelling of the SPNI electrode for impedance spectroscopy.

The next chapter presents the experimental results of the in-vitro testing to determine both the

impedance of the SPNI electrode and it’s mechanical durability during 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 far, inparticular the problems during

the final curing of the PSPI, the amount of in-vitro testing that could be conducted on the SPNI

was limited. However, it was possible to perform electrochemical impedance spectroscopy on a

small number of samples to assess the quality of the electrodes that had survived the fabrication

process and determine whether the MFI had been successfullyincorporated into the SPNI. The

results presented are intended to validate some fabrication processes that have been discussed,

whilst highlighting areas that need further investigation.

The methods of obtaining impedance spectra and the reasons why such tests are important

in the development of a neural interface is introduced in chapter five. To analyse the results

obtained from performing these tests a model of the electrode interface has been presented in

the previous chapter that can be used as a guide. The effects of varying the capacitive and

resistive elements of the interface and the area of the electrode on the impedance and phase

spectra have been outlined. Furthermore, the effect of introducing sealed micro-channels has

also been introduced. Thus, these modelled impedance spectra can be used to assess the quality

of the SPNI fabrication process.

9.1.1 Incorporation of the Microflex Technology into the SPNI

Typical impedance spectra for electrodes in a dual substrate, rolled SPNI is shown in Fig.9.1.

The electrodes measured correspond to connection pads in the middle of the device, as these

were the only pads that could be aligned correctly for MFI. The plot shows the typical impedance

of the electrodes measured as well as the spectra from the highest and lowest impedance mea-

sured. The mean impedance at 1000 Hz for 10 electrodes of the rolled SPNI was 747 kΩ with a
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range of 280 kΩ to 1.2 MΩ, as shown. From the modelling work it can be said that this amount

of impedance is higher than what would be expected for a pure,planar gold electrode that had

a corresponding impedance of≈100 kΩ at 1000 Hz (as in Figure 8.4). Thus the impedance is

approximately seven times larger that would be expected forthe ideal case. Similarly the phase

spectra varies greatly than what would be expected in the ideal case, as the measured phase

at lower frequency (between 40→1000 Hz) is≈-60◦, whereas the modelling work suggested

that the lower frequency response would be dominated by the capacitive coupling with a phase

closer to -90◦. It has been well reported that electrodes cannot behave as ideal capacitors due

to slow chemical processes that evolve at the interface. Instead, a dispersive capacitance can

be used to represent the double layer of the electrode. This will be discussed further later in

this chapter. For the higher impedance measurement there isa large amount of scattering at low

frequency whereas for the typical electrode, whose behaviour is reflective of the majority of

electrodes and close to the mean impedance measured, there is less scattering at low frequency.

For the lowest impedance measured, there is much less scattering. The origin of the scatter is

unknown, but seems to be more prevalent for higher impedanceelectrodes. This requires further

investigation.

The three impedance spectra appear to be similar up to 104 Hz, before deviating in the higher

frequency range. The lowest impedance electrode appears toplateau at around 105 Hz with an

impedance of 40 kΩ, which may correspond to a solution resistance. However, the typical

electrode does not show an obvious plateau with increasing frequency, and has an impedance

of ≈104 Ω at 106 Hz. This behaviour is repeated in the higher impedance electrode.

Looking at the phase spectra at higher frequency the three spectra show very different be-

haviour. The lowest impedance electrode shows a gradual increase and peaks at -28◦ at≈200

kΩ before showing more capacitive behaviour at higher frequency. Both the typical electrodes

and the higher impedance electrode are relatively flat for frequencies up to 104 Hz, before show-

ing a tendency to a more resistive impedance by slowly risingup to 105 Hz. Above 105 Hz the

highest impedance electrode shows more capacitive behaviour by decreasing to towards -70◦.

The behaviour of the lowest and highest impedance electrodemay suggest that there are

other phenomena that are affecting the impedance spectroscopy that were not represented in

the earlier modelling. The behaviour shown would be consistent with a leakage capacitance
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Fig. 9.1: Impedance and Phase spectra of dual substrate, rolled SPNI sample including the spectra of
highest and lowest impedance measured and a typical electrode. The horizontal line represents
the expected solution resistance of a sealed channel. Top; Impedance Spectra, Bottom; Phase
Spectra
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that starts to dominate at higher frequency, leading to a more capacitive phase. This leakage

capacitance could arise from the capacitive coupling between the wires that connect the DUT

to the impedance analyser or from the passivated tracks of the SPNI, but this requires further

investigation.

Also included on the graph is a line to show the value of impedance at which the impedance

spectra would be expected to plateau if the micro-channel was perfectly sealed. This value was

calculated in the previous chapter and as can be seen none of the electrodes plateau at that line.

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

Single layer SPNI

Single layer samples were also fabricated to assess whetherthere was any difference for the

impedance or phase spectra, as discussed in the previous chapter. As the fabrication processes

associated with adding the step are specifically challenging, if it can be shown that single layer

samples offer as good an electrochemical interface as the dual substrate samples that would

argue against the use of the dual-layer substrates in further development of the SPNI.

It should be noted that single layer samples were easier to fabricate than the dual layer sub-

strates, without many of the significant problems associated with the shrinking of the polyimide

layers during the curing step. Some misalignment was seen with the single layer sample, as

had been observed with the dual-layer samples, but the gold layer was not obviously degraded

after the final curing step. The impedance and phase spectra of a rolled, single layer sample are

shown in Figure 9.2.

It was found that the mean impedance for the single layer SPNIelectrodes was 687 kΩ, with

a range of 380 kΩ to 1.1 MΩ (N=14), which were the only electrodes that could be aligned onto

the connection pads. No electrodes had failed as a result of the rolling. It should be noted that

the measured impedance is again higher than what would be expected for this electrode, based

on the modelling of a pure electrode, however, it is largely in agreement with the earlier in vitro

and in vivo studies.

The impedance curves again follow roughly the same behaviour, where the typical electrode

and the highest impedance electrode both show lower frequency scatter. The lowest impedance

electrode for this sample again showed less scatter at lowerfrequency and a plateau at 105
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Fig. 9.2: Impedance and phase spectra of a Single substrate, rolled SPNI sample. The horizontal line
represents the expected solution resistance of a sealed channel. Top; Magnitude of Impedance,
Bottom; Phase Spectra
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Hz. The phase plots are perhaps most revealing, with all three samples appearing to have their

most resistive impedance at around 105 Hz, suggesting that the more dominant current at this

frequency is ohmic and may be related to the solution resistance. After this dip, the three curves

show more capacitive behaviour that again may be related to aleakage capacitance. This, along

with the other important features of the impedance spectra,will be discussed in the conclusion

to this chapter.

Again the effect of sealing resistance would be expected to cause the impedance spectra to

plateau at the line shown on the graph, and the experimental behaviour 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 theoretical modelling presented in the previous

chapter suggests that the typical electrodes for both the single and double layer sample have

a dispersive capacitance with an ‘idealness’ ofn ≈0.8, as shown in Figure 9.3. Included in

the figure are the spectra of the typical electrode of both thesingle and double layer SPNI,

as well as the modelled impedance and phase spectra of a dispersive SPNI electrode. It can

be seen that in the lower frequency range the impedance spectra match the theoretical model

with all the spectra following the same curve. For the model of the dispersive electrode in

the sealed channel the impedance spectra begins to plateau at 104 Hz, whereas the other three

curves continue to decrease. As the frequency increases theexperimental results deviate from

the modelled impedance of the electrode without sealing (labelled as planar in the previous

chapter) and show a higher impedance than would be expected of a unsealed channel. Again, at

lower frequency the phase spectra of the modelled and experimental results are well matched, all

beginning at around 70◦. As the frequency increases the modelled phase of the sealedelectrode

shows a dominant solution resistance with a phase of 0◦ above 105 Hz, whereas the planar

electrode stays at a constant phase across the frequency range. Both the single layer and double

layer spectra show high frequency behaviour that is roughlybetween these two extremes. The

phase spectra of the single layer sample shows a similar shape to the modelled spectra of the

sealed channel shifted along the frequency axis (before some capacitive phenomenom begins to

dominate for frequency>105 Hz).



9. Electrical and Mechanical Testing of the Modified SPNI 138

Fig. 9.3:Comparison of Impedance and Phase Spectra of SPNI with Theoretical Modelling. Both the
typical electrodes for the single layer and double layer samples are included with the modelled
spectra of an SPNI electrode with a Dispersive capacitance of n=0.8. Also included is the
dispersive SPNI electrode (n=0.8) in a sealed micro-channel with the corresponding solution
resistance.
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These results may suggest that the micro-channels of the SPNI are only partially sealed,

where the measured impedance and phase spectra for higher frequency show behaviour that is

neither indicative of perfect sealing nor a totally planar electrode. From these spectra it would

be hoped that improving the sealing of the device would make the behaviour more like that

of the green dashed lines in Figure 9.3. These results suggests that 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’ impedance spectra presented, also included is the

impedance and phase spectra measured for a failed electrode, shown in Figure 9.4. This result

was taken from an electrode that had obvious failure in the step region caused by shrinking

during curing, similar to the failed step shown in the previous chapter. To serve as a comparison,

and to gain more insight into the possible origin of the leakage capacitance shown in Figure 9.1

and 9.2 it is interesting to consider what the impedance measurement on a device with fractured

tracks looks like.

The results are potentially interesting as, although for frequency less than 1000kHz the

measured impedance is highly variable, it appears to show that the failed metal layer begins

to show capacitive behaviour at higher frequencies, with a very high corresponding impedance

(≈108Ω for frequency>1000Hz). This is also hinted at in the phase spectra, where the measured

phase begins to settle around -90◦ at higher frequency, which is the phase of an ideal capacitor.

The break in the metal layer may act as a capacitor to give measurable impedance at higher

frequencies. However, the measured impedance is at the limit of the dynamic range of the

network analyser (500MΩ), so this data should be treated with caution.

Estimating the Impedance of a Fracture

In the design of microstrip transmission lines for microwave resonators and transmissions the

capacitance between two coplanar conductors has been modelled. It is possible to use this work

to estimate the corresponding impedance of a fracture in thethin metal film.

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

spacing of S, combined width of the wires of W and the length ofthe gap L. For this model the
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Fig. 9.4: Impedance and Phase spectra of failed electrode
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Fig. 9.5: Illustration of a fracture in the metallization of the SPNI

capacitance per unit length between the transmission lines, ς′ can then be written as,

ς′ =

(

ξr + 1
2

)

ξ0

[

K(k)
K(k′)

]−1

(9.1)

where k and k′ is the variable that relates the gap spacing and the combinedwidth and can be

written as

k =
S

S + 2W
(9.2)

k′ =
√

1− k2 (9.3)

The K(k)
K(k′) term is the ratio of the elliptical integrals that is used to characterise the gap andξr

andξ0 are the relative dielectric constant of substrate, which for Durimide 7020 is 3.3, and the

permittivity of free space respectively. To calculate the complete elliptic integrals requires sig-

nificant endeavour, using a computational algorithm or otherwise. However, from the reference

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

K(k)
K(k′)

=
π

ln
[

2(1+
√

k′)(1−
√

k′)
] for 0 ≤ k ≤ 0.707 (9.4)

K(k)
K(k′)

=
ln

[

2(1+
√

k)(1−
√

k)
]

π
for 0.707≤ k ≤ 1 (9.5)

Once the capacitance per unit length has been found it is possible to find the total impedance

of the gap for different frequencies by multiplying by the length of the gap, L and using the
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Tab. 9.1:Impedance of different sized fractures in a gold track (L=30 microns) at 1 and 10kHz
S(µm) k Impedance of fracture at 1Hz (Ω) Impedance of fracture at 10kHz (Ω)

0.1 5x10−6 3x1013 3x109

1 5x10−5 4x1013 4x109

10 5x10−4 5x1013 5x109

100 5x10−3 6x1013 6x109

Tab. 9.2:Impedance of different sized fractures at the step L=400 microns at 1 and 10kHz
S(µm) k Impedance of fracture at 1Hz (Ω) Impedance of fracture at 10kHz (Ω)

0.1 5x10−6 2x1012 2x108

1 5x10−5 3x1012 3x108

10 5x10−4 4x1012 4x108

100 5x10−3 5x1012 5x108

expression,

|Z| = 1
ως

(9.6)

whereω is the angular frequency,ω = 2π f . The impedance has been calculated for a gap

thickness of S=0.1, 1, 10 and 100 microns respectively, for a fracture in thetracks where the

combined metallization has a length of W=1 cm and the results are tabulated in Tab.9.1. These

results suggest that the corresponding impedance of a fracture in a track is out of the dynamic

range of the impedance analyser across the frequency range in Figure 9.4. The impedances

of a fracture at the step of the device, where L=400 microns, is tabulated in Tab.9.2. These

results suggest that the impedance of the fractures between0.1-100 microns at the step may be

measurable for frequencies>10 kHz, but possibly not at lower frequency. This suggests that the

impedance spectrum presented in Figure 9.4 may be a measurement of the impedance a fracture

at the step between 0.1 and 100 microns wide. It can be seen that none of the fractures would

be measurable at 1000Hz, as the impedance would be 10 times larger.

This is consistent with the impedance spectra presented, however these calculations are

only estimations of the impedance across the step and the measured impedance may also be

affected by artefacts of the experimental apparatus, caused bythe cables to the analyser or other

phenomena and as the impedances estimated are at the limit ofwhat is measurable caution is

advised. Without further investigation it can only be assumed that very high impedances are

only evidence of a fracture and not a characterisation of thespacing between the wires.
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Furthermore, the result in Figure 9.4 suggests that a leakage capacitance from the apparatus

is not effecting the higher frequency impedance spectra of the successful samples presented in

Fig 9.1 and 9.2. All tests were performed over the same frequency range using the same ex-

perimental conditions, so any leakage capacitance from theapparatus should have been present

in all the results. As the open circuit and successful samples show different higher frequency

behaviour, it may be suggested that higher frequency phenomena are 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 decreased themechanical strength of the SPNI

device a series of tensile tests were conducted using an Instron Environmental Mechanical Anal-

yser (Instron 5848 MicroTester), that is able to measure mechanical properties such as tensile

and compressive strengths.

Similar tests have been performed on the Microflex connection in the past and have sug-

gested that a Microflex connection is not as strong as a traditional solder join[70]. As such it

was necessary to perform a small amount of tests to determinewhether this caused a noticeable

decrease in the durability of the ball bond connections.

During the initial testing, using the scheme outlined in chapter four, it was difficult to obtain

any satisfactory results. The pull tester can be operated with or without pneumatic gripping

tools to hold the sample during the test, but both methods were problematic. If the pneumatic

tools were not used, where the grip tools were manually locked in position on the stage using

adjustable screws, it was found that the SPNI sample would slip through the grips during the

test. An example of slipping is shown in Figure 9.6. In the example illustrated, it appears that

there is some loading on the sample (‘specimen 1’) before theslipping occurs, and in ‘specimen

2’ no result could be inferred. Alternatively, if the pneumatic grips were used, the SPNI and the

alumina were significantly damaged by the crushing force that the grips provide, ensuring that

the mechanical test could not be completed. Twelve samples were tested and all showed some

signs of slipping or damage caused from the grips.

A workable solution was found by gluing the alumina PCB to a piece of sand paper using

super-glue, to provide a manifold onto which the Instron pneumatic grips could hold. A further
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Fig. 9.6:An example of the result obtained from the pull tester as the sample was slipping through the
grips

piece of sand-paper was glued to the front of the PCB (not touching the connected ball-bonds)

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

glued just below the neck of the SPNI.

To test the SPNI devices four unrolled, cured, single-layersamples were ball-bonded to the

alumina PCB, glued to the sand-paper in the method that has been described before the Instron

machine was used to pull the two ends of the device apart, providing both a shear force at the

Microflex interface and a longitudinal force through the body of the SPNI. The test was designed

to see which part of the device was stronger, and to test whether the Microflex connections had

added weakness to the SPNI.

At the beginning of the test the ‘Bluehill program’ requiredan input of the sample length to

give an accurate readout of the extension of the tested specimen. This was kept constant value

of 1cm for samples 1, 2 and 4 and 0.5cm for sample 3. As such the software was calibrated to

accurately give the total strain required to break the SPNI as well as demonstrating whether the

SPNI broke before the MFI interconnection could be strippedfrom the board. The results are

shown in Figure 9.7. None of the device failed as a result of the Microflex technology, and all

samples failed at some point around the neck of the device, asshown in Figure 9.8. This point

coincides with the point at which the connection pads taper into the thinner connection region

and the point at which the thicker Durimide layer begins. Themeasured strain and force applied

at the break as determined by the Bluehill software are shownin Tab.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 Bluehill Software
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 the Durimide, which is 73% [51].

Sample 3 was tested over a shorter distance and only includedthe ball bonded connection pads,

the tapered section of the device and around 2-3mm of the thinneck. This sample performed

better than the other samples, and had a higher strain at the breaking point.

9.3 Summary of this Chapter

This work has suggested that the Microflex technique is a suitable connection scheme for the

SPNI device. The first thing to note is the impedance could be measured successfully. The max-

imum number of electrodes that could be aligned in a dual layer sample was around 10, but this

is still a larger number of electrodes than could be achievedwith some more established elec-

trode interfaces to the PNS. This suggests that the Microflexinterconnections are compatible

with the SPNI array.

The maximum and minimum impedances measured are included tohighlight the variation in

electrode impedance that was measured in an individual sample. There was no systematic varia-

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

between electrodes is not ideal, as it suggests unpredictability in the ability to record/stimulate

for each electrode.

Comparing the impedance spectra to the modelling work, it can be suggested that the

impedance of the SPNI electrode may be higher that would be predicted for a planar, pure

gold electrode of that size. There may be some contaminationon the surface of the electrodes

or a surface roughness that leads to a dispersive capacitance that is causing this. Indeed, the

measured spectra seem to match the modelled spectra of a dispersive electrode with an ideal-

ness factor of n≈0.8. For a completely sealed micro-channel the solution resistance is expected

to be≈ 7×104, but all the electrodes measured achieved impedance lower than this value. For

the single layer sample all three phase curves presented have a maxima in the phase spectra

around 105 Hz, suggesting that this may be the point at which the solution resistance is most

dominant, corresponding to an impedance of≈1.5×104 Ω. This may further suggest that the

electrodes have not been completely sealed, as discussed inthe previous chapter. However, the

higher frequency behaviour also suggests that there is someleakage capacitance that is effecting

the spectra for frequencies>105. At this time the origin of this leakage capacitance is unknown,

however it may be ruled out that is from the apparatus as the impedance and phase spectra of a

failed electrode did not show the same high frequency behaviour as the successful electrodes.

Alternatively, the leakage capacitance could be from the passivated gold tracks that run along

the length of the device. As the frequency increases it may beexpected that capacitive coupling

across the polyimide insulation between the gold layer and the solution may be effecting the

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

work.

If it is assumed that the electrode is not behaving as a perfect capacitor then it may be sug-

gested that the dispersive capacitance has a constant around n ≈ 0.8 as shown by the comparison

between the modelled and experimental work that are well matched for lower frequencies. This

suggests that there is some surface roughness that is affecting the interface, and may explain

why the measured impedance is higher than would be expected for a perfect gold electrode of

the equivalent size. This is also backed up in the phase spectra that have a higher value than

would be expected across all electrodes.

For electrodes that have higher impedances, the results show that there is generally more

scattering and a lower phase at lower frequency. The scattering is not ideal, and perhaps suggests

a difficulty of the testing set up to accurately measure the impedance and the phase at lower

frequency. The modelling work predicted that for a pure goldelectrode there would be very

little direct charge transfer with a phase of -90◦ for lower frequencies, which is not present in

the experimental data. A dispersive capacitance, caused bysurface roughness or contamination

may be influencing the spectra.

The result of the single layer SPNI were also interesting as they suggested that the samples

that included the step did not perform any differently than the single layer samples. This is con-

sistent with the updated bending model, as both types of SPNIare expected to be under tensile

compression. Having estimated the capacitance and corresponding impedance of a fracture in

the thin metal film, it may be possible to rule out that any of the electrodes tested had failed.

Adding these findings to that of SPNI fabricated on a 25µm substrate layer, which suggested

that 80% of electrodes survived the rolling for one study[77], and 97% for another[13], leads to

the conclusion that the fabrication method is suitable.

The 2010 study [77] compared the measured impedance for bothrolled and unrolled devices,

which were remarkably similar, as shown in Figure 9.9, suggested that the strain on the metal

layer did not affect the impedance. The impedance values presented in both the 2010 study and

this thesis are consistent, suggesting that the updated fabrication process is at least as good as

previous ones. Furthermore, the previous studies did not show an increased solution resistance

for the rolled samples, although the spectra only went up to 105 Hz.
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Fig. 9.9:The impedance spectra of both rolled and unrolled device on a25µm substrate

The variation seen across the samples could be a result of a combination of factors, includ-

ing variations of the completeness of the sealing of the SPNImicro-channel, an encapsulating

film that has developed on the electrodes or the effects of surface roughness by the dispersive

capacitance. If any of the electrodes had not been developedcompletely, so that the PSPI that

was used for the insulation or channel layer is partially occluding the contact window, the total

electrode area is reduced which would increase the impedance.

To try to alleviate these effects, each SPNI goes through a consistent fabrication process

and several ‘descums’ to ensure that the electrodes are open, but it cannot be guaranteed at

this stage that no contamination was present. The impedancespectroscopy suggests that the

updated SPNI device is at least as good as the previously tested samples, although further work

is required to refine the process and to make perfectly sealedmicro-channels. This should be a

priority in any future evaluation of the SPNI, as the reliability and functionality of the interface

should not be compromised by any technological aspects.

The pull tests have demonstrated that the Microflex interconnects are at least as strong as

the SPNI substrate layer. The force required to ‘break’ the sample was around 30N, with a

corresponding strain between 6− 30%. This is not within the strain that should be achievable

with PSPI substrate. This suggests that there is an underlying cause of failure that needs further

investigation.

In the previous SPNI experiments the neck of the device provided a significant point of
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weakness causing the polyimide layer to fracture [discovered through personal communication

with Dr E. Tarte]. It was initially proposed that the this weakness was due to the SPNI being

cut out manually using scissors from a full sheet of PI, as discussed in a previous chapter. It

was thought that if the edges are not defined perfectly, stress can concentrate at the weak points,

causing a mechanical failure.

These tests suggest that the overall shape of the device may be having a more fundamental

role in the ability to endure mechanical loading, as the weakness of the substrate layer seems to

be present in the photosensitive substrate layer that should have no defects associated with the

manual shaping.

The mechanical durability of neural interfaces is an important consideration in the design as

the devices have to be capable of surviving handling, implantation and movement of the patient

during its lifetime. If there is any mechanical weakness it cannot be guaranteed to provide a

stable recording/stimulation platform. Any interface to the PNS would be expected to survive

mechanical stress from many directions, especially duringthe handling and implantation phase,

where the surgeon may have to manipulate the device onto a nerve for cuff electrodes, or in

between fascicles. Similarly, for the SPNI implants the nerve has to be carefully inserted into

the silicone tube which may cause a small amount of force acting transversely to the neck of the

device. Because of these considerations any future testingof the SPNI should include fatigue

testing to determine the durability.

The MFI technology is a well-established method of connecting neural interfaces to external

electronics, and as a result it was not expected to introduceany significant problems in terms of

reliability and ease of implementation. These tests have shown that MFI is at least compatible

with the SPNI array, but further investigation should be conducted to establish failure rates and

to determine the cause of the variations seen across the impedance spectra of the SPNI.

The next chapter introduces fabrication processes that have been 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 successfully incorporated into the SPNI

process, it was necessary to tackle unreliable sealing of the micro-channels as demonstrated

by the experimental data shown in the previous chapter, as well as in [13]. The next chapter

describes how this problem was addressed and outlines the use of a thin layer of PDMS to ‘seal’

the channels.

10.1 Introduction

One major flaw discovered in the SPNI design during the in vivostudy was that the micro-

channels were ‘open’. This stops the channel from completely encapsulating the regenerating

nerves reducing the local extracellular resistance, discussed in chapter four. During the rolling

of the SPNI the top of the channels should be pressed against the substrate of the next spiral

layer. However, in vivo measurements in reference [13] as well as experimental evidence pre-

sented earlier suggest that this was not entirely successful. The imperfect sealing is likely have

caused the stimulation current for the SPNI device to be considerably higher (≈20 µA) than a

completely sealed device made of PDMS (≈4 µA) despite the PDMS channel having a larger

volume.

It is reasonable to suggest that this increase in stimulus current may also reduce the ability to

record from the regenerated material and it was found that there was significant ‘cross-talk’ be-

tween neighbouring channels in the device. If a single electrode is able to activate both a muscle

and its antagonist then the ability to provide useful technological assistance is diminished. To

reduce this, each electrode should interface to the regenerated tissue inside a specific channel.

If the stimulating current is able to spill out of the channelto activate axons in neighbouring

channels, the selectivity provided by the interface is reduced.
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Fig. 10.1:Schematic of how the sealing layer will work for the SPNI micro-channels.

Thus it was desirable to investigate methods of sealing the channels that were compatible

with the other fabrication processes associated with the SPNI. Both sealing layers of polyimide

and PDMS were investigated during this work, and in the end itwas 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 fieldof microfluidics where micro-

fabricated structures are designed to handle small quantities of fluids for drug delivery or for

biological analysis. There has been a recent drive toward drug-delivery systems and complex

chemical analysis of small quantities of fluids, using microfluidic devices [90].

For the interest of this thesis only the ability to make sealed micro-channels using polyimide

and PDMS is considered as it is possible to integrate these flexible polymers into the microfab-

rication of the SPNI, which needs to be highly flexible to be compatible with the rolling. For

this, it was envisaged that the simplest way to generate sealed micro-channels was to bond an

additional layer of the insulating material onto the top of the open channel structure, by an

appropriate procedure, and rolling the channels as before.This idea is illustrated in Fig. 10.1.

The bonding procedures that have been developed in MEMs fabrication are very different

for each material used, and have been carefully tailored to produce the best results for each

application. Bonding in this way can generally be split intothree categories that are most

common, they are;

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

brought into contact, without any significant external pressure, and are annealed together
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using a curing step that is typically between 600 and 1200◦C [91].

2. Alternatively, ‘Anodic Bonding’ is based on the joining of a material that contains electron

conductors and a material that has ion conductivity, the materials are heated and voltage

is applied to pull the surfaces together where they fuse. This technique is generally useful

for bonding samples that have intermittent layers of glass or polycrystalline silicon [92].

3. Finally, ‘Adhesion Bonding’ is performed via an adhesionmaterial flowing or deforming

at the interface to make a bond. After the bonding has taken place, the materials should

be sufficiently hardened to maintain the bond, and is typically performed using organic

polymers.

For a review of the different bonding processes used in MEMs fabrication, that potentially have

a direct translation into the sealing of the SPNI channel structures, the references [93, 94] are

useful. And for adhesive bonding in particular, that most applies to the adopted processing

mechanism for the sealed SPNI, there is a review from Niklauset al [95].

The methods of bonding that were investigated for use in the SPNI are adhesive related,

bonding two polymeric materials together to provide a seal on the micro-channel structures.

For this, the basic principle is that once the two materials are bought into a sufficiently close

contact, they will adhere. This adhesion is caused by the deformation of at least one of the

material surfaces, which can happen via a process of ‘wetting’ of the surface, plastic or elastic

deformation or diffusion of a solid material [95].

Most of the studies on adhesive bonding have focused on the bonding of two wafers with an

intermediate adhesive layer. In the case where a polymer is used, the polymer adhesive deforms

to fit the surfaces to be bonded via a liquid (or semi-liquid) phase that is able to flow to match

the surface profile. This is the process of ‘wetting’, and is seen as being crucial for successful

adhesive bonding using polymers [95]. The more the adhesivepolymer material is able to flow

the better the resulting bond quality will be as any unfilled space on the surface can allow for the

migration of water molecules or gas bubbles between the bonded surfaces, potentially causing

areas of weakness. Thus, it is reasonable to suggest that thepolymer adhesive must exist in a

liquid or semi-liquid state during the bonding process, andthen must transform from this state

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

µm-thick layers of PSPI were spin coated onto silicon wafers, with a chrome/aluminium sacrifi-

cial layer, and channels were fabricated using photolithographic techniques. After the structures

had been shaped, the samples were cured at 300◦C and 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 (5-30µm-thick) was spun onto Mylar foilTM, that

had been attached to a silicon carrier wafer with vacuum grease, and soft-baked to 150◦C. After

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◦C 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 (PI-2611) and PSPI (Durimide 7020)

were spin coated onto silicon wafers, soft-baked and bondedtogether using a flip-chip bonder

(Laurier M9 ultra high precision bonder, BESI). The thickness of each polyimide layer, both

PSPI and PI, was kept at 20µm as polyimide is flexible and durable at this thickness.

Several problem were discovered when attempting to utilisethis procedure. Although pos-

sible with some work it was difficult to align the two wafers before the bonding was performed.

Thus, it was decided to bond the two sheets of PI without alignment, only ensuring that the two

wafers weren’t overlapping, which could be achieved by monitoring the bonding process by

eye. Using this set-up, it was found that during the curing ofthe polyimide sheets, out-gassing

solvent can create ‘voids’. The solvent out-gas caused large areas of the polyimide surfaces not

to be bonded, which ultimately caused the bonds to fail. Thisvoiding has been reported in other

adhesive bonding processes, and can significantly weaken the bond [96].

This could be prevented by defining ‘venting’ tracks in the polyimide layers that would

allow the out-gassing to happen in a controlled manner, avoiding the voids. However this would

require significant investigation and the necessity to align the two wafers.

To reduce the effect of the voiding, it was decided to investigate ability to bond fully cured

PI to a partially cured sheet of PI. This may have led to a weaker bond, due to only one of the

adhesive surfaces having the ‘wetting’ properties, discussed earlier, but may also have reduced

the voiding. However, for this set-up it was found that the bonding forces required to create

durable bonds were very high, at the maximum operating pressure of the bonder. Very high

bonding pressures were undesirable as these could potentially damage the final SPNI devices,

although this was not tested.

This is perhaps why Metz et al [22], first submerged the cured polyimide structures in NMP

to cause them to swell. The bonding pressure is not describedin Metz’s work, but it is assumed

that it would not be too great to damage the underlying polyimide structures. Since NMP can

be used to strip uncured polyimide, it was felt that it would be likely to cause delamination

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

10.3 Use of PDMS to seal the channels

An alternative to the lamination bonding procedure was discovered by spin-coating a thin

PDMS layer onto a carrier wafer that could then be released and laminated onto the polyimide

channels. The bonding method has been developed that utilises the fact that PDMS swells in

contact with IPA [97] [98], which can be applied between the two bonding surfaces. As the

IPA evaporates, the two surfaces are bought into contact andthe PDMS shrinks, due to the out-

gassing of the IPA. An adhesive bond is formed between the twosurfaces that is durable enough

to survive the rolling into the spiral configuration and the subsequent insertion into the silicone

tube. After the SPNI has been inserted into the tube it was possible to confirm that the PDMS

layer has sealed the channels visually using a microscope. Unfortunately, it was not possible

to test whether the channels had been sealed ‘electrically’, using impedance spectroscopy or

otherwise.

10.3.1 Fabrication of thin PDMS layers

To achieve a reliable sealing of the channels between the rolls of the SPNI it was decided

that a 10-20µm-thick layer of PDMS would be appropriate, as this was expected to offer the

mechanical durability required. To fabricate an isotropiclayer of this thickness it was necessary

to use a spin coating method. To find which spinning protocol would give the desired thickness

of PDMS, several spin speeds were used during the fabrication process, and the subsequent

thickness of the layers generated was measured using the Dektak surface profiler.

It is well known that uncured PDMS adheres very well to silicon and glass wafers during

the curing process thus, as was the case with PSPI, a suitablesacrificial material was needed to

ensure a safe release of the thin PDMS layer. For this, PMMA was again the sacrificial material

of choice, as it could be spin coated into flat layers and dissolved at the end of the fabrication.

The mechanism for releasing the PDMS is slightly different than the PSPI, and a lot faster, as

in contact with IPA and MIBK solvent mixture, the PDMS swellscausing a de-lamination, and

the release is made permanent by dissolution of the PMMA underneath. This process takes a

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

To make the thin, flat PDMS layers;

1. A 3 µm sacrificial layer of PMMA was deposited and baked on a 4” silicon wafer as

before

2. To make the PDMS, (Sylgard-184, DOW Chemicals) was mixed with a curing agent

(Dimethyl, methylhydrogen siloxane) in a ratio 10:1 by weight. The mixture was contin-

uously stirred for 3 minutes and allowed to stand for a further 5 minutes

3. The PDMS was applied to the centre of each wafer and allowedto spread out so that it

covered at least 20% of the wafer surface. The PDMS was spun at500rpm for 30 seconds

before ramping up to the final spin speed, which for the initial investigations was between

1000→2400rpm, and held for 1 minute.

4. After spinning, the wafer was placed on a hot plate at 20◦C and ramped up to 100◦C at

16◦C per minute. The wafer was further ramped to 150◦C at 25◦C per minute and held at

150◦C for 10 minutes. The wafer was removed from the hotplate and allowed to cool for

20 minutes before being released.

5. To release the sample, the wafer was placed in a mixture of MIBK and IPA at a ratio of

3:1, where the PDMS could be seen to wrinkle as it swelled and de-laminated from the

carrier.

6. After 5 minutes the PDMS was removed from the solvent mixture and placed on a clean

silicon wafer where it was allowed to dry. As the PDMS was fully cured at this point, the

thin layer did not permanently adhere to the silicon wafer.

To measure the thickness of the PDMS layers generated, sections of the PDMS were carefully

cleaved using a scalpel and placed on a glass slide. The Dektak was used to measures the

distance between the top of PDMS and the glass slide underneath, to give the step height. The

PDMS spin-coat profile is shown in Figure 10.3. The profile suggests that to achieve a thickness

of 10-20µm a spin speed of approximately 1800-2500rpm should be used.At 1000rpm the

sample was approximately 60µm thick, however this was at the maximum of the dynamic

range of the Dektak surface profiler, so this result should betreated with caution.
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Fig. 10.3:Variation of PDMS thickness for different spin coating speeds

10.3.2 Bonding to Polyimide

After it was confirmed that it was possible to make and releaseflat, thin PDMS layers the

next step in developing an appropriate sealing layer was developing the adhesive bonding. It

was found that a bond could be made between the PDMS and cured polyimide channels by

implementing IPA as a bonding intermediate. As mentioned before, the PDMS swells as it

exposed to IPA with an approximate 5% weight gain reported for a PDMS sample soaked in

IPA for 10 minutes [97]. As the IPA evaporates, the swelling reverses with a−5% weight change

after the solvent has been driven off using a hotplate in reference [97]. It was theorized that this

swelling and contracting of the PDMS could lead to adhesion between the two polymers, as a

result of the surface of the PDMS being made temporarily wet-able by the IPA. This is similar

to the process outlined in Kim et al’s paper on the use of PDMS as ‘Micro-contact Mould’

for patterning three-dimensional structures [99]. This paper discusses the wetting of a PDMS

mould with a solvent and describes the liquid solvent as being able to fill the recessed regions

of the PDMS mould in order to minimize the liquid/vapour interface area and maximise the

solid/liquid interface. Kim et al suggest that as the elastomer is compliant it adheres to surface

of the polymer that they are moulding, forcing out the excesssolvent. In their study the mould

was allowed to remain on the surface of the ‘printed polymer’for 5 minutes to allow the solvent

to dissipate, and then the stamp was peeled away.

The process developed for the sealing of the SPNI mimics thisprocedure, only omitting the

final peeling step. A small amount of IPA is applied to the polyimide channels using a pipette.
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Fig. 10.4:Left; Microscopy of the liquid IPA in the adhesion bonding process, Right; A PDMS sealing
layer that has been cleaved. For both images, the channel walls are 50µm wide and the
channels are 100µ across.

Fig. 10.5:Comparison of channels sealed with PDMS(right) and unsealed channels (left). For both im-
ages the channel walls are 50µm wide and the channels are 100µm across.

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

using tweezers. Once the solvent has evaporated, the PDMS adheres to polyimide as desired.

To test this, 100µm-thick polyimide channels were fabricated onto a silicon wafer using the

photolithographic techniques and cured.

PDMS was made spun onto a silicon wafer with an intermediate sacrificial layer of PMMA.

10µm thick layers were spin coated and the PDMS was baked and released using the described

methods. After the release the PDMS film was placed onto the SPNI channels that had been

soaked with a small amount of IPA, flattened using tweezers and left to bond for 5 minutes.

Fig.10.4 shows the distribution of the IPA during the bonding process, as the IPA evaporates

it exits the channels leaving them bonded. Fig.10.5 suggests that the channels are unaffected

by the bonding process, as there is no noticeable difference. It was found that it is easier if the

PDMS is applied on top of the channels as a large, flat sheet. For this procedure, many SPNI

devices were arranged on a silicon wafer, or in a Petri dish, and IPA 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 solventin which it had been released

and applied directly onto the SPNI channels. As the solvent does not evaporate instantly, it is

possible to arrange the PDMS layer as necessary, ensuring that it is flat and there are no creases,

before it is allowed to bond for at least 30 minutes. After 30 minutes the PDMS can be shaped

using a scalpel, and the sample can be rolled into the spiral configuration using the same method

as before. During these experiments, it was found that 10µm-thick PDMS layers were hard to

manipulate, and some regions of the channels were not sealed, where creases had formed in

the PDMS, an example of which is shown in Fig.10.6. For this reason, it was decided that 20

µm-thick PDMS layers were used in further investigations. One disadvantage of the thicker

layer is the increase in overall diameter of the spiral configuration. In the conventional SPNI,

before sealing, the rolled section was inserted into a silicone tube that had an internal diameter

of 1.5mm. With a thick sealing layer, a larger diameter tube is necessary. For a sealing layer

of 20 µm-thick PDMS, it was found that a silicone tube of an internaldiameter of 2mm was

adequate to give a tightly wound spiral, with good sealing ofthe layers. To test the ability to

bond and roll the 20µm-thick PDMS layer, the fabrication process was repeated with the new

spin-profile (based on Figure 10.3) to produce the layer shown Figure 10.7. The PDMS was

removed from the solvent and flattened out over passive SPNI samples, that were fabricated

without electrodes and had been immersed with IPA. The passive SPNIs had been laid out on

an upturned petri-dish, as shown in Figure 10.7. The PDMS wasleft to 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 PDMS in MIBK:IPA, Right: Sealing
of passive SPNI samples

The sample was carefully placed in the tweezers and rolled using the hand operated mecha-

nism. The rolled sample was inserted into a silicone tube of an internal diameter of 2mm. This

gave tightly spiralled channels, with a sealing layer, as shown in Figure 10.8.

It is logical to assume that the direction of rolling is important for a successful sealing of

the SPNI channels. In the previous procedure for producing the spiral, the SPNI was rolled so

that the channels were facing the inside of the device, as canbe seen in Figure 10.1 and Figure

10.2. This configuration results in the top of the channels being slightly closer together than the

bottom of the channels, which may cause the PDMS to sag into the channel possibly occluding

it for any regeneration. As the channel needs to be as clear aspossible, rolling the devices the

other way, with the channels facing outwards, makes the topsof the channels slightly further

apart than the bottom of the channels. This stretches the PDMS, avoiding any sagging, as shown

in Figure 10.10. In can also be seen that the PDMS has sealed the polyimide channel by noting

how the PDMS appears to be pressed against the roll of substrate that envelops it. The PDMS

appears to be compressed between the top of the channel and the substrate of the channels on the

adjacent roll. At this point, this sealing layer has not beenincorporated into a full SPNI device.

To implement the sealing layer the main body of the SPNI, including the substrate, channel

structures and gold electrodes and interconnections, could be fabricated in the same method as

used previously. After curing and release from the silicon carrier wafer the SPNIs could be

placed on the surface of an upturned Petri dish, as shown. Theregions that are designed to be

connected to could be left on the outside of the dish, so that the PDMS layer could be deposited
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Fig. 10.8:Sealing of the passive SPNIs, the PDMS layer can be seen to be sealing across the top of the
channel structure.

Fig. 10.9:Sealing of the passive SPNI
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Fig. 10.10:Extra PDMS can overhang and block the channels. This is most likely caused by the manual
shaping of the PDMS layer.

into the middle of the dish, flattened and left to form the adhesive bond without covering the

area for the micro-rivets. The PDMS layer could then be cut toshape, as described earlier.

Once the PDMS has bonded to the SPNI, the channel layer could then be rolled, with the

channels facing the outside, and inserted into the siliconetube. The SPNI is then bonded to an

alumina PCB using the Microflex technique described in chapter seven.

10.4 Problems with this Fabrication Process

Although the images presented suggest a good sealing for theSPNI implant there are some

problems that need to be addressed if this fabrication method is to be developed further. As

the PDMS layer is structured by hand there is a lack of controlover the final dimensions of

the sealing layer and the excess PDMS can overhang and partially block the micro-channel,

as shown in Figure 10.10. To prevent this from happening, photolithography could be used

to define the sealing layer prior to, or post, bonding to the channels. However, it would be

difficult to spin-coat photoresist onto the uneven PDMS layer after bonding, as the photo-resist

would tend to pool in the troughs of the surface, leading to errors during the exposure. Also,

the photoresist layer would be difficult to soft-bake on a hotplate, although it would be possible

to bake the layer in a convection oven. Thus it would be desirable to define the PDMS layer

first, before aligning over the channels. If the PDMS is made slightly 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 to bonding using a mould. PDMS is

conventionally moulded, even with very thin layers, as Thangawng et al [100] have reported

the fabrication of both ultra-thin (>1nm) and relatively thick (≈100 µm) PDMS layers onto

a prepatterned mould of Teflon or photoresist via spin-coating. After the spin coating, the

photoresist could be washed away using acetone to leave the PDMS structures. If the mould

and the PDMS, were fabricated onto a sacrificial layer of PMMA, the PDMS could then be

released. Similarly, it has been reported that PDMS could befabricated using moulds made of

SU-8 [101]were it is possible to peel the moulded PDMS structure away from the substrate.

Another consideration of this application is the stress caused to the channel structures after

rolling. Although no major defects have been found so far, one sample shown in Fig.10.10

seems to suggest that the channel may be collapsing due to thePDMS layer. In general PDMS is

more flexible than polyimide, however some stress may be effecting the stability of the channel

in the sample shown. This would need to be tested by fabricating and rolling more sealed

samples. If the PDMS layer is causing weakness in the channels, perhaps a thinner layer could

be used.

Finally, rolling the channels in the other direction will change the relative position of the

metallized layer to the neutral plane of the SPNI. In the previous studies it is thought that the

gold film was under tensile compression relative to the neutral plane, whereas in the updated

design the wiring will be under tensile extension. This may influence the ability of the device to

transfer the signals detected at the electrodes to the external electronics as the gold tracks may

fracture. All of these factors require further investigation before it can be stated with confidence

that the PDMS sealing layer is an improvement for the SPNI device.



11. CONCLUSIONS AND AREAS FOR FUTURE WORK

The main achievements presented in this thesis are the novelprocessing routes that have been

discovered for neural interfaces. These include; the ability to spin-coat layers of PMMA as

a suitable sacrificial material for photosensitive polyimide and thin layers of PDMS, the abil-

ity to utilise photosensitive polyimide as a substrate layer for neural interfaces, the ability to

incorporate Microflex interconnections with the photosensitive polyimide substrate, the abil-

ity to pattern inhomogeneous surfaces (steps) using photolithography and the ability to seal a

micro-channel array with a thin layer of PDMS.

These fabrication processes have been optimised to fabricate a regenerative implant with

the intention of providing a chronic neural interface in thePNS of a nerve injured patient. The

thesis presents the processing routes that have been investigated and shows which materials are

compatible and which fabrication processes are most suitable.

The use of PMMA as a sacrificial material allowed the ability to create neural interfaces

out of photosensitive polyimide in an efficient manner. Although PMMA has been used for

non-photosensitive polyimide it has not previously been demonstrated to be compatible with

photosensitive polyimide before this study. Although careis required and the amount of solvent

that can be used in the fabrication process is limited, this represents a novel application of

PMMA.

After discovering that PMMA could be used to fabricate photosensitive polyimide struc-

tures, it was possible to investigate the incorporation of Microflex technology into the fabrica-

tion of the regenerative implant. The thickness of the polyimide and the size of the hole that is

compatible with this technology has been optimised, such that the thickness of the polyimide

layer should not exceed 20µm and the via hole should be a square with sides of length 50-70

µm.

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

the SPNI had been incorrect, and so it was necessary to apply the elastic theory of bending
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to estimate the strain on the thin gold film. An updated model has been described for the

bending of the SPNI structure for which the SPNI substrate isonly allowed to bend between

the rigid channel walls. This new model predicts that the original SPNI was experiencing 1-4%

of compressive strain. The effects of compressive strain on the flexible electronics is notyet

known and further investigation is required.

Both single and dual-substrate samples were fabricated that incorporated Microflex inter-

connection technology and it was shown that the added substrate thickness was not necessarily

changing the electrode characteristics, as no noticeable difference between the impedance and

phase spectra could be observed. This is further evidence that tensile compression is less prob-

lematic, as for the bending model described the electrode tracks on the thinner substrate are

subjected to 1-2.5% compressive strain in the roll, compares to 2-6% compressive strain for the

thicker substrate, from Figure 7.18. This suggests that themechanism that allows for the gold

tracks to withstand 1% compressive strain allow further compressive 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 limited. As the complexity of the

fabrication process reduced the yield of the dual-substrate due to failure of the metallized layer

during curing. This difficulty in curing the SPNI leads to the suggestion that the maximum

thickness of the dual substrate is≈ 40µm, which limits future development of the SPNI using

this process.

A theoretical model of the electrochemical behaviour of gold electrodes in saline was pre-

sented so that the impedance spectroscopy could be used to assess the quality of the fabrication

processes. This model was created by breaking down the physical phenomena of the electrode

interface into mathematical expressions that depend on thegeometry of the electrode, the poten-

tial and frequency of the signal and the ionic strength of thesolution (amongst other thermody-

namic factors). These physical phenomena were then calculated using values from the literature

and applied to generate impedance and phase spectra over a large frequency range. The theoret-

ical model predicted that a planar, gold electrode of the equivalent size of the SPNI should have

an impedance of≈ 100 kΩ at 1000 Hz. The model also suggested that for a completely sealed

micro-channel the solution resistance should be in the region of≈7×104 Ω, compared to a solu-

tion resistance of≈1×103 Ω for the non-sealed case. Thus, it was suggested that the impedance
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spectroscopy could be used to test whether the micro-channels had been sealed. Based on this

prediction, it can be said that none of the electrodes demonstrated impedance spectra that would

be consistent with perfectly sealed micro-channels.

When comparing the measured impedance of the electrode to the modelled spectra of a

dispersive interface (n=0.8) there was much agreement in the lower frequency range. However,

as the frequency increased the measured impedance showed behaviour that was consistent with

neither a perfectly sealed channel nor a planar electrode. This suggests that the micro-channel

may have been partially sealed, although this sealing has not yet been quantified. Furthermore,

the higher frequency behaviour may have been effected by a leakage capacitance, the origin of

which has not yet been determined.

The impedance spectra of a ‘failed’ electrode is also included to highlight both the ability

of the impedance spectroscopy to detect fractures in the metal layer and to show that there

was no instrumental artefacts in the measured impedance at higher frequency for the successful

samples.

One failure of the experimental work is not to include impedance measurements of the same

sample both before and after rolling. This would perhaps be the most illuminating test as it may

be possible to show direct changes between the solution resistance’s of sealed and unsealed

channels. Unfortunately, due to the complexity of the fabrication process this was not possible

for this study, but should be included in further investigations.

Nevertheless, experimental work presented in this thesis suggests that the fabrication pro-

cess was flawed and needed revising in order to seal the channels. This was addressed by

introducing a laminating layer of PDMS into the fabricationthat seals the top of the channels.

This technique has not yet been tested electrically, but visually the initial results were promis-

ing. However, in order to stop the PDMS layer from blocking the micro-channels the SPNI had

to be rolled in the opposite direction from previous studies. Using the new model of bending it

is suggested that this will cause the metal layer to experience tension (the magnitude of which

depends on the substrate thickness). This potentially problematic in future designs of the SPNI

and should be investigated further.

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

overhang the micro-channels which would block regeneration. New fabrication models should
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be investigated to accurately shape the PDMS layer before itis laminated on the SPNI channels.

This may be possible using micro-moulding.

Mechanical testing was conducted to determine whether the Microflex interconnections

were at least as strong as the substrate layer. Although the Microflex interconnection survived

the mechanical loading, the testing highlighted a possibleweakness in the SPNI design. The

narrow neck of the device was a common point of failure in the earlier SPNI, the updated de-

vice did not survive more than 30% strain as would be expectedfor polyimide. The testing only

loaded the SPNI in the longitudinal direction, whereas the final neural interface would be ex-

pected to survive multiple modes of stress in many directions. Thus it is advisable to investigate

methods of reducing the strain at the neck of the device, or toremove the neck completely, in

the updated SPNI design. Further fatigue testing should be performed to test the durability of

the SPNI.

11.1 Future Experimental Testing

11.1.1 Assesing the Bending Model

To determine the effect of bending on the metallization and to determine a mechanical limit of

the strain that the gold can endure more SPNI samples should be made of varying thickness

and rolled in each direction. Electrochemical impedance spectroscopy of each electrode would

then show whether the SPNI was viable for the given thicknessand rolling orientation. This

data could then be used to determine whether the SPNI with theadded sealing would survive

the fabrication, and what adjustments need to be made.

A simpler test could be performed by changing the design of the gold layer so that each

electrode is shorted together, as shown in Figure 11.1. The continuity of the gold layer could

then be assessed by testing for short circuits (using a multimeter) between electrodes connected

in series, and any open circuits would suggest that the gold layer had failed. By doing so it

may be possible to isolate which electrodes had failed and relate this to the amount to the strain

relative to its position within the array. Thus it may not be necessary to create a range of SPNI

with different substrate thickness in order to test different levels of strain. Similarly, the new

model predicts that if the substrate is of an equal thicknessto the passivation layer the strain
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Fig. 11.1:Diagram of modified gold layer that could be used to test each bending model

on the metallization is minimised. By creating a batch of SPNIs that satisfy this condition this

hypothesis can be tested. If it can be shown that the electrical behaviour does not change when

the direction of rolling is reversed then this will be an important result.

Assessing the Durability of the Interface

To assess the ability of the SPNI to withstand the physiological environment fatigue tests should

be performed. By submerging a sample in a salty environment held at a fixed temperature (phys-

iological conditions≈40◦) and monitoring the impedance of the electrodes over an extended

period of time it may be possible to show whether there is any degradation in the interface. As

the materials used can uptake water, swelling in the interface may cause problems in the chan-

nel sealing that should be investigated. By using careful controls, including testing samples

that have not been exposed to the physiological conditions)it should be possible to conclude

whether or not the SPNI has a reliable functionality over an extended period of time. This could

be done on samples that both include the PDMS lamination and don’t, to see if there is any

difference.

Other research groups also subject their implants to accelerated fatigue by submerging them
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in a salty environment held at a very high temp (>80◦) and monitoring their progress. By

repeating this type of approach the durability of the SPNI can be tested for extreme conditions.

This type of testing will be imperative if the SPNI is ever going to reach a clinical application.

11.1.2 Assessing the Sealing of the SPNI

It is desirable to test the sealing of the channels beyond thevisual inspections that have been

presented so far. It may be possible to perform a T-Peel test to compare the adhesion of the

PDMS to the top of the channel to other adhesive bonding techniques. Ultimately however,

as long as the adhesion is durable enough to survive the rolling into the spiral, this method of

testing may be inappropriate. Instead, work should be done to test whether the sealing layer

has improved the electrical performance of the device. As has been demonstrated in the theo-

retical modelling, a perfectly sealed channel should have avery large (& 7 × 104 Ω) solution

resistance. Using the same protocol as has already been demonstrated it should be possible to

detect whether the micro-channels have been sealed effectively.

To test the amount of crosstalk that exists between electrodes of the sealed and unsealed

SPNI, impedance spectroscopy could be performed between neighbouring electrodes of both

sealed and unsealed implants. If there was a noticeable change in the impedance spectra be-

tween neighbouring channels it suggest that the channels had been sealed.

In this case the spectroscopy would be performed using a two-electrode set up connected to

the network analyser in a saline solution, where the first electrode would be one electrode of

the SPNI and the second would be a neighbouring electrode. Asthere is no reference electrode

and the micro-fabricated electrodes are of similar areas this measured impedance would not be

considered as an accurate measurement of the impedance of the micro-fabricated electrodes, as

the result will be a combination of both impedances.

Using the two-electrode set-up in the sealed case, the current path would be forced to travel

along the length of one micro-channel, out of the micro-channel array and into the channel

that contains the second electrode under test. This would lead to a solution resistance that is

approximately double that of a single micro-channel. If there was no sealing the current path

would not be blocked in this way and the resultant solution resistance would be much lower.
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Fig. 11.2:Possible reduction in the width of the SPNI though incorporation of MFI

11.1.3 Translation of Fabrication Techniques into New Technology

A project has started that aims to translate these novel processing routes into an updated SPNI

device that will be integrated with signal processing inside the biological target. The miniatur-

ization offered by the improvement in the connection regime, via the Microflex technology, has

lead to the ability to construct an implant that will; capture the neural activity from the regen-

erated tissue, employ differential amplification to extract the important features ofthe signals

and perform analog multiplexing to provide a way extractingthe information through a single

cable. The use of MFI can offer a significant improvement in future designs of the SPNI as the

connection pads can be reduced in size and have a much finer pitch, increasing the amount of

connection pads that can be included in a given area. Before the implementation of the MFI

technology, the connection pads of the SPNI were 400µm wide with a pitch of 500µm, which

resulted in 20 electrode pads occupying a width of 1 cm. UsingMFI, it is envisaged that these

proportions can be brought down to an electrode pad that is≈150µm, to incorporate a 70µm via

hole with≈40µm of PSPI either side, to give a pitch of≈200µm. These values are illustrative,

and have not yet been tested for the SPNI, but similar connection regimes have previously been

reported[70]. This suggests that the connection area can bereduced down to a total width of 4

mm, which would remove the need for a neck, which has been a point of significant weakness

in the progression of the SPNI. This is illustrated in Figure11.2.

Once the adjustments had been made to the SPNI it should be relatively easy to couple the

devices to the alumina PCB via MFI, which offers the ability to include signal processing at
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Fig. 11.3:Schematic of updated SPNI that is integrated to chip that is able to perform signal processing
signal

the interface. To perform the signal processing, the SPNI device will be mounted onto a chip

(RHA2216, Intan Technologies) via the alumina PCB. The chipand the PCB will be integrated

so that a single home-made helical cable can be used to carry all the input to control the chip,

and carry out the processed information from the device. TheSPNI will have 16 electrodes

that are coupled to the alumina PCB via Microflex technology.An illustration of the design is

shown in Figure 11.3.

All the components of the interface, including the SPNI, electrical components, and helical

cable are designed to be integrated onto a PCB that is mountedonto the surface of the chip. The

surface area of the chip is 8 x 8 mm square, and the PCB is 5.5 x 5.5 mm square so that it can

be mounted onto the chip without covering the connection pads. A schematic diagram of the

chip is shown in Figure 11.4.

The surface area of the PCB determines the maximum size of connection area that can is

available for the SPNI. For this project, the connection area fits in a space that is 2600µm square

(total surface area= 676000µm2), to allow for all the other components that are necessary for
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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 area of 5×107 µm2.

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 many different

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 without difficulty.
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Fig. 11.5:The updated connection of the SPNIs onto the Intan chip, the other features are the passive
components (the three white block are resistors and the blueblock is a decoupling capacitor)
the green sections are screen printed gold. The red section is the chip, with the grey ground
plane. The black sections in the edges are the connection pads of the chip.
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Fig. 11.6:Technology that has directly led from the novel processing routes discussed in this thesis.
The top two images are microscopy of an array of electrodes that are designed to fit around a
zebrafish embryo in order to record electrophysiological activity from the surface of the skin.
The top right picture shows how the array is able to bend whichis important as the arrays have
fingers that are designed to conform to the surface of the embryo. The bottom image shows an
electrode array that has been designed to record from the surface of a rat’s brain.



APPENDIX



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: 100µm

• Electrode Wiring Width: 30µm

• Electrode Dimension: 30µm x 100µm

• Connection pad: 400µm x 1000µm

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: 100µm

• Electrode Wiring Width: 30µm

• Electrode Dimension: 30µm x 100µm

• Connection pad: 400µm x 1000µm

• Via hole for microflex interconnection: range from 35-70µm square
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Fig. A.1: Photomasks for the original SPNI device, Designed by EdwardTarte and Samia Benmerah.
Yellow section used to pattern photoresist for electrodes,Pink used to pattern passivation layer,
Red used to pattern channel layer

A.3 SPNI: Latest Design

• Width at connection Pads: 2.7 mm

• SPNI Length: 4 cm

• SPNI width at channels: 4 mm

• SPNI channel Width: 100µm

• Electrode Wiring Width: 30µm

• Electrode Dimension: 30µm x 100µm

• Via hole for microflex interconnection: 50µm square

• Connection pad: 150µm x 1000µm
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Fig. A.2: Photomasks for the updated SPNI device incorporating MFI, Designed with help from Samia
Benmerah. Brown used to pattern first substrate layer, greenused to pattern second substrate
layer, yellow section used to pattern photoresist for electrodes, 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 patternfirst substrate layer, green used
to pattern second substrate layer, yellow section used to pattern photoresist for electrodes, pink
used to pattern passivation layer, red used to pattern channel layer



B. PUBLICATION PLAN

• Publised: Richard Barrett, Samia Benmerah, Andreas Frommhold and Edward Tarte;

"Spiral Peripheral Nerve Interface: Updated fabrication process of the regenerative im-

plant", 35th Annual Int. Conf. of IEEE EMBS, July 2013

• In Preparation: A paper that describes the method of sealingthe microchannel array

• In Preparation: A paper to describe the results of implantation of the latest SPNI design

including the signal processing

• In Preparation: A paper that describes the zebrafish recording array, to be finalised once

ECG has been recorded.

• In Preparation: A paper that describes the EcoG recording array, to be finalised after in

vivo testing has been performed.
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