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Abstract

This research aims to propose a design and fabrication process for a novel

miniaturized electrode which can be potentially exploited to record EVestG signals

and ear electrical activity from the middle inner parts, including semicircular canals

and otolith organs, by an extra-tympanic electrode. This thesis covers EVestG

signal recording, its currently used electrode, and the associated current challenges,

followed by a review of micro-fabrication techniques, including Micro Electro

Mechanical Systems (MEMS) conventional fabrication techniques (sputtering), 3D-

printing micro-fabrication technologies (Stereo-lithography or SLA), and Bio-MEMS

electrode fabrication for new electrodes design with their associated technical

challenges. It also presents some methodologies to cope with the challenges in our

design, studying their feasibility. Then, it adopts one of the presented methodologies,

which seem more feasible regarding our accessible facilities and resources. The

methodology was chosen for a new needle-electrode design (potentially for EVestG

recording) and it was fabricated using various technologies such as air-actuation using

medical balloons, Flexible Printed Circuit Board (FPCB), 3D-printing, and MEMS

fabrication. The fabrication process, from basic steps to the latest developments,

is reported illustratively. Finally, the performance of the designed and fabricated

micro-needle electrodes from impedance against pressure variation is investigated

via some in-vitro experiments. The experiments demonstrate impedance reduction

of the fabricated plastic silver-sputtered SLA-3D-printed micro-needle electrodes as

the pressure increases.
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Notice:

It should be stated that the proposed electrode design,

application, and fabrication procedures presented and

discussed in this thesis are just experimental and have

not been confirmed medically safe, standard and

commercial, and have not been approved by any

medical or standard organizations.
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List of Symbols

σr Radial stress

σl Axial stress

p Balloon pressure

Pb Balloon burst pressure

d Balloon diameter

t Balloon thickness

Trs Radial tensile strength

Area Electrode area

s Arc length

lc (Electrode) Cylinder length

r Canal radius

dc Canal diameter

θ (Electrode) Sector in radian

Vin Input voltage

Re Electrode interfacing resistance in the experiment

R2 1 kΩ resistor

i Electrode current

V1 Input voltage

V2 1 kΩ resistor voltage

|Ze| the absolute value of the electrode interfacing impedance

f Input voltage frequency in Hz

xxi



R Resistance (of a typical electrode)

ρ Resistivity (of the electrode)

l (Electrode) Resistor length

A (Electrode) Resistor area

C (Electrode) Capacitance

ε0 Vacuum permittivity

εr Relative permittivity

dcap Capacitor plates distance (in association with the electrode)

Acap Capacitor plates area (in association with the electrode)

ω Frequency in rad/sec

Z (Electrode) Impedance

Xc (Electrode) Reactance

d Balloon inflated diameter

L Electrode mounting length over the balloon

Lt Balloon total length without considering balloon necks

Lpn Balloon proximal neck length

Ldn Balloon distal neck length

β Balloon canonical angle

dip Internal diameter of the proximal neck of a balloon

dep External diameter of the proximal neck of a balloon

tpn Wall thickness of the proximal neck of a balloon

tdn Wall thickness of the distal neck of a balloon

did Internal diameter of the distal neck of a balloon

ded External diameter of the distal neck of a balloon

teb Thickness of the expandable body of a balloon

El Electrode

fr French size; 1 fr = 1
3 mm
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Cu Copper

Ni Nickel

Au Gold

Al Aluminum

Si Silicon

Pt Platinum

Ti Titanium

Cr Chromium

PtCl Platinum chloride

Ag Silver

AgCl Silver chloride

IrOx Hydrated oxohydroxide of Iridium

SiO2 Silicon oxide

Si3N4 Silicon nitride

HF Hydrofluoric acid

KOH Potassium hydroxide

SU-8 A commonly used epoxy-based negative photoresist

PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

MWCNTs Multi-walled carbon nanotubes

HNA Acidic mixture of hydrofluoric, nitric, and acetic attacking silicon

DI Deionized or Demineralized (water)

PDMS Polydimethylsiloxane; a biocompatible elastomer

IPA Isopropyl Alcohol

EDOT Ethylenedioxythiophene (organosulfur compound)

PSS Polystyrene sulfonate

CHF3 Fluoroform (trifluoromethane) for plasma etching of SiO2 and Si3N4

γ-MPS γ-methacryl-oxypropyl-trimethoxysilane (adhesion promoter)

xxiii



Sc Area of conic microneedle electrode

Sp Area of pyramidal microneedle electrode

Scw Area of elliptic cotton-wool electrode

as Length of the base square side

nm Number of the cones in a microneedle electrode

rm Cone base radius in a microneedle electrode

hm Cone height in a microneedle electrode

hp Pyramid height in a microneedle electrode

acw Ellipse minor axis diameter

bcw Ellipse major axis diameter
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Introduction

Nowadays, non-invasive electrophysiological measurements are common, safe and

relatively cheap. Some well-known ones include Electro-cardiography (ECG)

for monitoring/diagnostics of the cardiac muscle, Electromyography (EMG) for

measurement of muscle electrical activity in response to its nerve stimulation,

Electroencephalography (EEG) for detection of brain electrical activity, and

Electroretinography (ERG) for detecting function of the retina, photo-receptors

(rods and cones), and light and ganglion cells. The frequency range of the

signals is between 0.01 to 10 kHz, while their amplitudes span from µV

to mV . These measurement systems mainly comprise three parts: electrodes

(signal transducers), instrumentation electronic circuits, and hardware/software

filtering/signal conditioning/signal-processing-and analysis tools. As probably the

most crucial part and the first intermediate touching the human body or bio-

tissue, the electrodes may usually be built or enhanced by MEMS micro-fabrication

technologies.

Bio-MEMS are MEMS used in medical/biological applications or are devices

which have medical/biological/physiological functions. As an example, one may

refer to three famous commercialized Bio-MEMS applications as follows: 1)
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capability and improved contact-surface of micrometer-sized features brought

about by MEMS fabrication.

• Micro-needle geometry design can remarkably decrease impedance and

eliminate conductive gel usage.

• They might improve spatiotemporal resolution and reduce financial costs and

patient time preparation. They provide device portability and make point-of-

care and self-usage accessible to consumers.

• The most applied procedures are photolithography, wet etch, RIE, LPCVD,

sputtering, PDMS casting, and plasma surface treatment.

• The MEMS bio-electrodes can be integrated with instrumentation amplifiers

on a single electronic board.

• The MEMS bio-electrodes possibly show more robustness against corrosion in

long-time durations.

• The MEMS fabrication procedures have been mainly exploited for the following

bio-electrodes deeming the signal range (milli and micro volts): EMG, ECG,

and EEG.

• Most of the materials exploited in the fabrication of MEMS bio-electrodes

are doped silicon, titanium, chromium, gold, copper, and silver as conductive

material, Polyamide, PDMS, SU-8, and Parylene as insulation and structural

material, and some polymers as the end-interfacing bio-compatible material.

• Bio-electrodes with structural materials of Polyamide, PDMS, Parylene and

other types of flexible/stretchable polymers could be exploited to enhance

conformability.

• Modified polymers and recent technologies such as MWCNT and PEDOTPSS

could be exploited to improve electrical conductivity and bio-compatibility,

which might be deposited via electrodeposition, sputtering or 3D printing.

• Flexible/stretchable printed circuit board technology can be considered a
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