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Abstract

In this thesis, we are microfabricating neural cuff electrodes that will be implanted in the human upper
limb and will be utilized for neuroprosthesis. This is a research-based thesis that has been conductedin
collaboration with the EEA Grants named “ARMIN”. The goal of this projectis to design a neuroprosthesis
arm, which can mimic the human upperlimb’s motoractions and sensations. The whole prosthesisis the
integration of neural implantable electrode including its fabrication, electronics interface, low power
wireless communication, a mechanical arm, and its control system. Parts of the mechanical hand will be
equipped with artificial skin which will help to receive sensorial feedback. Having many integral parts, this
work set its center of attention on the fabrication of MEMS implantable nerve cuff electrodes.

Inthis thesis, the fabrication of the nerve cuff electrode is described briefly. The task was assigned for the
microfabrication of implantable electrodes for neural signals acquisition in the upper limb (am)
neuroprosthesis. Forthat, three different microfabrication methods are described with the experiments
conductedinthe cleanroom. For the fabrication material, Pure gold was chosen due to its 100% continuity
and conductivity and PDMS was used as substrate materialforthe electrode. PDMSis used due toits high
tensile modulus, physical toughness, elongation, and also it is a good biocompatible material.

Afterthe fabrication of the electrode, laboratory functionality tests were conducted where the electrode
was tested with measuring its conductivity, adhesion, rolling test, and biocompatibility test. Different
fabrication methods showed different results where the final test showed acceptable results. The
adhesion test showed good adhesion between PDMS and gold also conductivity was also measured all
overthe electrode. Moreover, the biocompatibility test also showed positive results.
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1 Introduction

People living with limb loss has beenincreasing profoundly in the recent decade. In United States alone,
according to a survey, approx. 1.7 million people suffer with the upper limb loss[1]. In total there are
approx. 2 million people in the United States suffering with limb loss[2]. These losses can be categorized
in two terms, traumatic and non-traumatic losses. The traumatic losses or amputations are those which
are caused by wounds or injuries which destroy the vessels of blood, and can origin from e.g. road
accidents, gunshot wounds or any mechanical equipmentaccidents[3]. Onthe otherside, non-traumatic
losses or amputations are caused by impaired blood flow. These amputations happens most frequently in
patients of vascular disease, diabetes, infections or certain types of cancer[3]. For this, numerous
techniques have been developed from different research to answerthe problem of loss of functionality.
One of the prostheses technologies of interest is the neuroprosthesis that interact directly with the user’s
peripheralnervous system. Thisis made possible by the advancements in micro- and nanotechnology. In
the past decade, several different kinds of implantable neuroprosthesis electrodes have been introduced
to the world that interface with the peripheral nervous system of the human body. Each of these
electrodes have their own way to connect with respective muscle or nerve to the anatomical level. The
implantable electrodes are designed to acquire signals from the nerve orto stimulate the nerve, in which
nerve stimulation is usually done by electric stimulation of the nervesand/or muscles. Materials used for
the fabrication of implantable electrodes should comply with biocompatibility standards as wrong
material can easily leave bad impact onthe nerve, which can resultin the form of nerve irritation or nerve
swelling. During implantation, these electrodes should provide good charge transfer to avoid current
losses, low impedance to avoid neural damage and long-term electrochemical stability[4]. There are
multiple kind of nerve electrodes such as surface electrodes ( cuff electrodes), penetrating electrodes and
regenerative electrodes[5]. Among these electrodes, cuff electrode has best output results due to its
ability to have complete grip on target nerve surrounded by cuff electrode from all sides. These kinds of
electrodes have been widely used in both research and clinical practice like vagus nerve[6] stimulation,
recording electroneurograms(ENGs), and bladder control[7].

Microelectromechanical Systems (MEMS) devices are now highly involved in the fabrication of
implantable neural electrodes. MEMS as its names define, consist of a process flow technology which is
utilized forthe fabrication of devices combining both mechanicaland electrical components at microlevel.
Due to their capability of controlling, sensing, and actuating on the micro level, they can produce results
at macro scale. With the advancement in biotechnology, MEMS has also been introduced in the field of
medicine and biological applications, and is therefore known as BioMEMS|8]. Using standard fabrication
processes from MEMS, miniaturized biocompatible devices have beenintroducedforthe commercial use
serving hundreds of thousands of patients worldwide. Some of the most common BioM EMS devices
includes blood glucose monitoring machine where transducer of the size of letters on coin works for
providing accurate glucose level, and example of Point-of-Care (POC) device used for performing lab
experiments with the help of Lab-on-a-Chip (LOC) at micro level, saves both money and time[9].

In this master project, focus is on the microfabrication of an implantable MEMS designed cuff electrode
for nerve signal acquisition. It will be used to integrate nerve electrode in a neuroprosthesis where the
goal is to provide accurate signals to control a prosthetic arm based on nerve electric signals instead of
using electromyogram (EMG) which aims to work by receiving signals from muscles[10]. The master
project work is in collaboration with an EEA Grants project named ARMIN “Arm Neuro Prosthesis
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Equipped with Artificial Skin and Sensorial Feedback” and the center of attention is to fabricate electrode
that can be implanted and used in an arm neuroprosthesis. The motivation behind the implantable
electrode is to remove the intermediate path between the electrode and the nerve i.e., muscles using
neuralinterfaced electrode from where signal will be acquired. The whole prosthesis is the integration of
neural implantable electrode including its fabrication, electronics interface, low power wireless
communication, a mechanical arm, and its control system. Parts of the mechanicalhand will be equipped
with artificial skin which will help to receive sensorialfeedback. Having many integral parts, this work set
its center of attention on the fabrication of MEMS implantable nerve cuff electrode. In that respect,
literature study regarding the cuff electrode fabrication also becomes an important part before the
fabrication process is started. The cuff electrodes designed and fabricated in this projectare meantto be
wrapped around target nerve so the substrate for the electrode should be flexible and the electrode
material should have good electrical conductivity.

This thesis has been organized in different chapters where each chapter discusses in detail about their
respective topics and information residing in them. Starting from Chapter 1 where background of human
nervous system, evolution of neuroprosthesis, statistics of amputees and prostheticarm, and overview of
different types of nerve electrodes have been discussed thoroughly. Chapter 2 is associated with the
materials and methods studied and utilized in this research project, where in depth details are provided
regarding the scientific methods, hypothesis, and microfabrication processes that has been considered.
In Chapter 3, results achieved from the methods experimented in Chapter 2 have been discussed with
detailed tables and figures. Whereas Chapter4is correspondingto the discussion that has been observed
from the results section. Chapter 5 explains the method for the insulation of the electrode with PDMS.
Chapter6 shows the biocompatibility tests conducted with different samples. Lastly, Chapter 7 winds up
the project and gives ideas regarding future work that can be boughtin toaccount and Chapter 8 consists
all the referencesthat has been used in this thesis regarding to literature study and lab work.

1.1 Nervous System

In the Peripheral Nervous System (PNS), there are several nerves made of axons of sensory and motor
neurons. They are organized in groups known as fascicles and are covered by the sheath that holds
fascicles in bundles, and this fascial layer is surrounded by the nerve itself. The anatomical complexity of
the PNS is considered high while designing any device which interfaces with it. The peripheral nervesare
bidirectional that means they transfer the signals both for sensation and motor commands to and from
spinal cord. In extreme cases like fatalaccidents or gunshot wounds, these pathways are suspected to get
blocked or destroyed and resultin loss of function when sufferthrough severeinjury [11].

This thesis focuses on how neuroprosthesis can facilitate from the deficit of human functionality by using
implantable electrodes. Before proceedinginto depth of the microfabrication of implantable electrodes,
it is important to learn how our nervous system works and what parts of this system are utilized by the
prosthesis.

Our nervous system has been categorized in two parts, namely Central Nervous System (CNS) and
Peripheral Nervous System (PNS). The CNS consists of the working of brain and spinal cord, and the
combination of these two systems helps human body in functioning and sensing, including sensations,
thoughts, speech, and movement. The brain controls all these functions while some of the reflex
movements are done with spinalcord[12]. Figure 1 shows the basic structure of ournervous systemand
its classes.
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Brain

Spinal cord

Peripheral nervous systemj

[l Central nervous system

Ganglion

Nerve

Figure 1: Nervous System classified in its two types: Peripheral Nervous System and Central Nervous System . Reproduced with
permission of Oregon State University[13].

Whereas the PNS controls all the nervesthatare lying outside of the CNS. Its main purpose is to connect
the CNS with the organs, limbs, and skin. This system actually lets the brain and the spinal cord to transmit
and capture information to the other parts of the body that allows us to react in certain situations[14].
The nervous system of ahuman being consists of billions of nerve cells known as neurons. These neurons
are also called messenger cells which transmit messages from one part of the body to another part of the
body. The neurons are comprised of a cell body and one or severalfibers. These fibers are of two types,
as shownin Figure 2. One which carry information towards the cell body called “dendrites” and the other
which carries information away from the cell body called “axons”. The nerves are packed in bundles of
nerve fibers [15]. Later, these neurons are divided into different types namely sensory neurons, motor
neurons and association neurons. The sensory neurons transmit information about the stimulation like
heat, light, or touch both from inside or outside of the body and transmits to central nervous system. The
motor neurons are those which delivers instructions from central nervous system to the other parts of
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the body which includes muscles or glands. Whereas, the association neurons are those that connects
sensory neurons to motorneurons[14].

Terminal buttons
(form junctions
with other cells)

Cell body Dendrites
(soma) (receive messages )
from other cells) Dendrites
(from another
ﬂ neuron)
Axon /\

(passes messages away
from the cell body to
other neurons, muscles,
or glands)

Action potential

(electrical signal

traveling down Myelin sheath

the axon) (covers the axon of some
neurons and helps speed
neural impulses)

Figure 2: Neuron structure with its neighbors. Reproduced with the permission of BC Campus open education [16].

All these neurons carry and transmits information in the form of electrical signals which is termed as nerve
impulses as depictedin Figure 3. Neurons have to be excited in order to create an impulse which can be
in the form of light, sound or pressure[15].
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Figure 3: The image shows how electrical impulse arrives in the cell and how it is transmitted to other neurons through the
axon[17].

1.2 Evolution of Neuroprosthesis

As discussed in section 1, use of neuroprosthesis can be explained by severalmeans. Issues causinglimb
losses are definingthe need of neuro technologies like neuroprosthesis to help and aid with the patients
of limb loss. Neuroprosthesis is a sort of devices, which can help restoring the physiological motor
functioning, and sensations toits users. Neuroprosthesis merges physiological processes of human body
with state of the art engineering concepts to create a functional replacement[18]. Neuroprosthesis is
dedicated to the ones suffering from limb loss functionality and by taking advantage of the remaining
neural pathways, neuroprosthesis can assist them by controlling robotic limbs[19], [20]. The availability
of sensory feedback in neuroprosthesis over other traditional prosthetic arms gives neuroprosthesis
dominance and also it is an active area of research in bioengineering world[21].

The neuroprosthesis is comprised of several components depending on its purpose of function. These
devices are invasive and must have a sensor or electrodes that interface with the nervous system for
recording or stimulating the nerves, aprocessing unit where theinputand output signal will be controlled
with the help of defined algorithms and a robotic arm which will be interfaced with the sensors and
electrodes on PNS. Furthermore, for the external device i.e., robotic prosthetic arm has some common
components which are related to hardware, processing unit for controlling and routing signals and sensors
forthe feedback purposes bases on the requirement depending if the system needs to function in forward
motor control for adjusting artificial limb or the feedback through sensors forrestoring sensations [18].

Before moving ahead, it is important to understand difference between motor and sensory prosthesis.
For motor prosthesis, nerve electrodereads neuralsignals generated from amputees’ brain and forwards
it that is why the devices related to it are known as forward prosthetic devices. On the other hand, in
sensory feedback the sensors read the data and assign it to the neural interface which gives perception
to the amputee. In prosthetic devices, both these functions need to work along each other to replicate
real limb functions. For that, the flow of information is said to be reversed in the prostheticdevices as for
in forward motor prosthesis, the signals acquired from the nerves are assessed by the processing unit and
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then are forwarded to the prosthetic arm. And in feedback sensory devices, using sensors, data is sent
back to nervous system after being processed by microcontroller. While some actions/tasks are
predefined in the microcontroller such as for reflex pathways like having sudden grip on slippery object
or sensation of pain. These bidirectional devices adds challenges for both hardware designing, fabrication
and assigning algorithms for dealing with various signals including filtration of signals[18].

Neuroprosthesis offers wide advantages whenit interacts with the PNS as there is no intermediate path
between the electrode and the nerve and signals can be acquired directly from the nerves having low
Signal-to-Noise ratio (SNR) compared to the myoelectric signals where signals are acquired through the
muscles. Figure 4 Shows the concept of neuroprosthesis. Further, evolution of neuroprosthesis is
discussed giving brief idea on the changes and advancements in neuroprosthesis with time.

Somatosensory cortex

)
Sensory signal \ ( Signal
acquisition JPT transformation

\

Cortical
stimulation

Peripheral nerve
~ stimulation

Tactile sensor ‘

Figure 4: Concept of Neuroprosthesis. Reprinted with the permission of John Wiley and Sons, Neural Prostheses (Nitish V.
Thakpr, Joseph L. Betthauser, Luke E. Osbern)[18]

The first automatic and body-powered upper limb prostheticarm was developed by German dentist Peter
Bailiff in 1818[22]. This prosthesis usesthe tensioninthe transmission with the help of leather straps and
let the intact muscles in the shoulder and trunk girdle[23] by which, motion in the terminal device
attached to amputation stump was obtained. This was for the first time when an amputee was able to use
the prostheticarm with motion in flow with the body ratherthan a distinct separate object. Laterin 1916,
another German surgeon Dr Ferdinand Sauerbruch reported a design which allowed the digits to be
controlled with transmission of upperarm muscle movements shownin Figure 5[24]. With this prosthesis,
amputeeswere able todrink from cups and even they could light a cigarette with matchstick[25].
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Figure 5: Sauerbruch's prosthetic hand design. Reproduced with the permission of the SAGE Publications.[26]

The Bowden cable body powered prosthesis was introduced afterthree decades in 1948. It changedthe
way of using prostheticarm with its durability, portability, and affordability as shownin Figure 6. Rather
than using heavy and bulky straps with the sleek, it usesthe cables to operate the two prolonged hooks
as with the help of cables, changing the tension via shoulder and body movements as shown in below.
The amputee must sense the tension in the string so amputee can predict and adjusts the hooks
accordingly. This prothesis was not comfortable as well as motored tasks were limited and appearance

was notthat good as well[27].

Mechanical Hook

Control Cable

Triceps Cuff

Cable Housing

Figure 6: Bowden cable powered prosthesis. Reproduced with the permission of the SAGE Publications[26].
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In late 20" century, myoelectric prosthesis, a prosthesis functions by reading electrical signals from
muscles, became common option forthe amputees around the world[28]. Myoelectric prosthesis as with
its name, is comprised of electrical signals from the muscles. The sensors fabricated in the prostheticarm
reads the nerve signals allowing the prosthetic arm to function[29]. As the technology was getting
modernized with the time, improvement in materials and electronics with miniaturized designs was
helpingthis prosthesis. Italso helped with the replacement of compressed gas, which had a bulky design
and was not portable, with nickel-cadmium batteries, and made these prostheses more reliable[30]. The
compressed gas prosthesis was controlled by a vacuum tube amplifier[31]. As shownin Figure 7 it can be
noticed that comparing myoelectric prosthesis with body-powered prosthesis in Figure 6, myoelectric
prosthesis gave highly increased amount of comfortand aesthetics, also there was no use of mechanical
cables in these prostheses anymore. The electric signals fromthe muscles became easyto detectas the
process is noninvasive and its working is similar to that of normal limb[32]. In this prosthesis, control of
the arm varies with the level of patients amputation, as transradial amputees[33] uses preserved wrist
flexorand external muscle to control the prosthesis while the transhumeralamputees[34] have to involve
biceps and triceps muscle to control the prosthesis[35].

Electric Hand

EMG Electrodes

Figure 7: Myoelectric Prosthesis, controlled by Electromyographic(EMG) Signals from remains of muscle at the amputation
stump. Reproduced with the permission of the SAGE Publications|[26].

Eventhough myoelectric prosthesis was appreciated more compared to body-powered prosthesis, it has
some issues of its own, like regularly requires recharging battery and its replacement[36], requirement
of complex movements articulations at the fingers, wrist and elbow movement was not possible, delay
between initiation and its mechanical response, and sweating issues which may interfere with EMG
signals[35]. All theseissues have beenin areas of concernto the researchers and scientists, which have
made prosthesis to work on more advanced techniques and methods.

Inthe start of 215t century, a major developmentin the field of intuitive limb control with the help of using
targeted motor reinnervation (TMR) technique was explained by Dr Todd Kuiken and Dr Gregory
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Dumanianin the US[37]. The mechanism of TMR works by rerouting the peripheralnerves fromthe limbs
that are amputated with the target muscle, by which, the resultant EMG signals of the target muscle will
then convertit into motorinput forthe missing limb muscle [38] as shownin Figure 8.

Ulnar nerve

Radial nerve

Musculocutaneous nerve
Electrodes

Prosthesis
controller

Figure 8: Connection paths and working of targeted motor reinnervation Reprinted with the permission from John Wiley and
Sons, Neural Prostheses by Nitish V. Thakor, Joseph L. Betthauser, Luke E. Osborn[39]

With the help and bioengineering technology, combined with surgicaltechniques and suitable prosthesis
can provide a way to overcome deficits faced in old prosthetictechniques[40].

1.3 Types of Nerve Electrodes

Upper limb prosthesis has enhanced the ability to assist the amputees at certain level, but on the other
side, it has also caused several problems which have made the prostheticarm notreliable enough. Some
of the problems includes non-availability of sensorial feedback, malfunctioning of prosthetic arm due to
uncleanliness of sensorsresiding inside arm(specifically in myoelectric prosthesis) and limited availability
of access in movementof arm[41]. With the passage of time and advancementin bioengineering, a high
demand of sensory feedback was noticed which can give an amputee experience same as of real human
arm. For this, high quality recording of electric signals and stimulation of nerve is required[42]. And to
extract signals form the nerveswith low loss of signals, neural electrodes play a vital role. There are various
numbers of electrodes that has been introduced in the field of biotechnology in past two decades which
consist of different design and their way of use as perthe need[43]. These electrodes are discussed in
detail underwith their pros and cons and compared on the scale of their performance.

For the fabrication of nerve electrodes, itis mandatory that the material used to fabricate avoid any sort
of reaction to the nerve which can leave devastating results by using non compatible or non-
biocompatible materials. Longevity/persistence is one of the basic requirements by which it means that
electrode should be good enough to work for a long time using them in chronical in vivo implantations.
Secondly, a higher spatial resolutionis required for the electrode. Spatial resolutionin electrodes can be
defined as the interface of electrodes with the fasciclesin the nerves orthe area of nerve covered by the
electrode. Though implanting several electrodes is unappealing as it might cause irritation to the patient
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and risk of sensitivity willincrease and to avoid this, an electrode should be fabricatedand designed where
it can both cover less area and gives best spatial resolution for recoding and stimulation of nerve [44].

1.3.1 Longitudinal Intrafascicular Electrode

Longitudinal Intrafascicular Electrodes (LIFE) are flexible wire electrodes, which are insertedin the nerve
until it reaches the fascicle. The wire is insulated apart from the area which will be used for recording
signals and that are in contact with nerve fascicle. The electrode is inserted in the nerve using surgical
round needle and is aligned parallel to the nerve with fascicle[45]. This electrode is of the size from 25-
50um in diameter and the material used in its fabrication of LIFE electrodes is either platinum (Pt) or
platinum-Iridium (Pt-Ir). The insulated area of the wire is covered using Teflon or medical-grade silicone,
and for acquiring the signals an area from 0.5 to 1.5mm is left uncovered[46][45]. Figure 9 shows
illustration of LIFE electrode in nerve within contact of fascicle.

-){:ascicle

Figure 9:Visual description of LIFE electrode. Reprinted from Biosensors and Bioelectronics, Volume number 26, (Tim Boretius,
Jordi Badia, Aran Pascual-Font, Martin Schuettler, Xavier Navarro, Ken Yoshida, Thomas Stieglitz), A transverse Intrafascicular
multichannel electrode (TIME) to interface with the peripheral nerve, Pages No.62-69, Copyright (2010), with permission from
Elsevier."[47].

Later, an updated version of LIFE electrode called thin-film LIFE (tfLIFE) was introduced which has
specification of more contact sites within electrode allowing more data recording from various groups of
fiberand with new substrate thatis more flexible [48].

Initially fabricated electrodes were said to be stiff and hard causing the movement of electrode along with
the fascicle, and difficulty for electrode to record signal and reduce noise signals. The implantation of LIFE
electrode was done on rat on which results were gathered after duration of 3 months[49]. Slight and
reversable damages were observed inthe nerve. There was an low inflammatory reaction and no sign of
nerve degeneration was observed[50]. Despite having 8 individual electrode sites, the electrode was not
reliable enough to stimulate or record signals form the specified fascicle if required. Proximity of tfLIFE
muscle activation was 2.00+0.89 in an experiment conducted on piganimal[51].
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1.3.2 Transverse Intrafascicular Multichannel Electrode

The Transverse Intrafascicular Multichannel Electrode (TIME) is meant to be inserted in the nerve
transversely which will provide closer contact with the fibers. Beingin contact with severalfascicles, it can
provide good amount of datato record and analyze. Also due toits transversalinsertion, less cross section
of tissue will be covered avoiding the error of material mismatch with the tissue of the nerve [47]. Figure
10 shows schematic diagram of TIME electrode implanted in median nerve.

Figure 10: Schematic diagram of a median nerve implanted with TIME electrode. Reprinted with the permission of IEEE
Copyright© [2014][51].

These electrodes are developed using platinum material with polyimide substrate as an insulation. The
basic electrode is comprised of 10 electrode sites with the gap of 230um in-between each electrode site.
There are already researches made on this TIME electrode as they have been used for the sensory
stimulation as feedback for controlling the prostheticarm[52].

To check biocompatibility of TIME electrodes, they wereimplanted in Gottingen minipigs forthe duration
of approx. 40 days. As TIME interfaces with multiple fascicles in one implant, the risk of damaging nerves
is minimized. Moreover, fibrosis[53] which is thickening and scarring of the tissue was observed but no
necrosis[54] thatis dead body tissue was observed[55]. Additionally, it was subjected that with the ability
of TIME electrode to be in closer contact with the fascicles, it would help in recording and stimulating in
required or specificfascicle which was not possible with LIFE electrodes. Here to o, pig animal experiments
were conducted which activated 3.68+1.49 selective muscles[51].

1.3.3 Utah Slanted Electrode Array

ForUtah Slanted Electrode Array (USEA), an array of electrodes is setin a plane with the spacing of 400um
between each electrode. The aim of this electrode is to record and stimulate fascicles present at different
distancesin a nerve. Thisis a 10 by 10 electrode array usually made of p-doped silicon substrate with the
platinum on the tips of electrode for making it conductive with the silicon nitrate or glass to create
insulation. An updated version of USEA is also available where electrodes are aligned with different
heights to again record data from different fascicles for betterresponse [56]. Figure 11shows comparison
between UEA and USEA electrode with differences in them.
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Figure 11:Comparison of the Utah Electrode Array (UEA) and the Utah Slanted Electrode Array (USEA).A) All Electrode with same
length. B) Electrodes with variation in length. Reprinted with the permission of Journal of Neurophysiology, (Almut Branner,
Richard B. Stein, Richard A. Normann), Volume No. 85, Copyright(2001), Page No.1585-1594 [56] .

This is of the most delicate and fragile electrode as the array consists of large number of wires and a high
number of electrodes in it which can break during implantation or post-surgery by movement of
surrounding fascicles and tissues[57]. It can also cause serious damage to the nerve and will result in
decaying of electrode as with the passage of time, recording of the signals will decrease [58]. To avoid the
sensitivity and increase the longevity of the electrodes, it was proposed to make the electrode
wireless[59]. From different studies different period were noticed till they observe chronic damages, a
research conducted in 2004 showed little damage after 7 months[58], in 2014 after 8 weeks of
implantation[60]. In another study the inflammatory reaction was observed after a year of
implantation[61].

It was anticipated that with good number of electrodes in USEA, various fascicles can be activated. In a
study, two humans with amputated arms were subjected with implantation of 96 recording and
stimulating USEA electrodesin median[62] and ulnar nerves[63] for duration of 30 days. It was reported
that the subjects were comparatively and equally controlling each finger of a virtual robotic hand [64]. In
another study of an animalmonkey experiment, it was observedthat using USEA, 5to 10 different musdes
were activated in the monkey arm|[65].

1.3.4 Regenerative Electrodes

Regenerative electrodesworking is different from the other electrodes that has been described until now.
These electrodes use the method of regeneration which helps to grow nerve around the electrode.
Regenerative electrodes have been divided into two different categories as per their requirements,
namely sieve electrodes and regenerative multi-electrode arrays. The concept of sieve electrode is that a
piece of material having conductive micropores is placed at the center of the nerve that has to be used
for signal acquisition. Once it is placed the nerve regenerates itself through the micropores in the
material[66]. The other category of multi-electrode arrays in regenerative electrodes work as same
methodology of USEA electrodes but in this, the electrode spikes are designed in a hollow tube covering
the nerve[67][68]. Figure 12 shows side and front view of regenerative electrode.
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Figure 12: Left side of the image shows the concept of the sieve regenerative electrode while the right side of the image shows
the front view of the electrode with 64 channels residing inside. Reprinted with permission of IEEE Copyright© [2016]. [69]

Apart from the other electrodes, before placing the regenerative electrode, the selected nerve must be
split down. This is completely different procedure which takes around period of 1 week to a month to
regenerate nerves though the electrode|[70]. As being one of the most invasive electrodes, complete
regeneration of nerve differs in any sort of in vivo experiment. Though in these types of experiments, it
has been observed that fascicles in every implant do regenerate through electrode and is capable of
recording or stimulating signals up to 3 to 4 months and it was shown that the regenerative electrode
array can activate 2.9+0.6 neurons surrounding electrode[71][72][73][74].

1.3.5 Nerve Cuff Electrodes

Nerve cuff electrodes are also known as surface electrodes as they are wrapped around the nerve surface.
The principle of cuff electrodesis to acquire and measure the electrical potential of the nerve when there
is transmission of signal through the nerve fascicles[44]. There are several types of cuff electrodes like
split ring electrode, where a ring type electrode is split from center and is placed around the nerve[75].
The othertype is of self-curling or self-wrapping electrodes aroundthe nerve which was designed to avoid
fixed sizes of cuff electrodes and helps in safely implantation of electrode [76]. Flat Interface Nerve
Electrode also known as FINE were also introduced as a modified form of cuff electrode. They were
designedinsuch a waythatwhen covered around the nerve, the electrode (flattens the nerve which gives
betteraccessibility to electrodes to acquire the signals[77]. Figure 13 shows how cuff/surfaceelectrodeis
rolled overthe nerve.
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Figure 13:Visual description of LIFE electrode. Reprinted from Biosensors and Bioelectronics, Volume number 26, (Tim Boretius, Jordi
Badia, Aran Pascual-Font,Martin Schuettler, Xavier Navarro, Ken Yoshida, Thomas Stieglitz), A transverse Intrafascicular
multichannel electrode (TIME) to interface with the peripheral nerve, Pages No.62-69, Copyright (2010), with permission from
Elsevier." [47].

Cuff electrodes provides many advantages over other kind of electrodes like having electrodes on surface
and intramuscular level. It reduces the intensity of stimulation required so that the damage ratio of nerve
is reduced[78]. Other than that, as electrode is rolled over the nerves, it can acquire stimulation of
different axonalfascicles within the nerve. Lastly, cuff electrodes are saferand more reliable than that of
interfascicular electrodes which are meantto be placed inside of fascicles and in direct touch with target
fiberof nerve[7].

As being covered on the surface of nerve, these electrodes are considered to have bestlongev ity among
otherimplantable electrodes. The results of these electrodes implanted on human peripheral nervous
system are said to be good and stable in the study conducted up to 10.4 years[79]. Though beingon the
surface of nerve, achieving good recording from fascicles inside is difficult, whose solution was given in
the modified form i.e., FINE electrodes which by reshaping the nerve can provide better and closer
proximity to the fascicles. FINE has minor effects on the nerve functionality due to its working mechanism
and pressure applied on nerves through it. Though, another study shows that with the passage of time,
nerves have capability to recoverand will no longer be disturbed by physiological effects, as the nerve can
be reshaped apartfrom any damage for 3 months of implantation [80][81]. It is reported in another study
that using cuff electrodes, researchers were able to stimulate 10 to 15 different precept areas on a
phantom hand for the duration of 1 to 2 years. Also, better stability can be carried of using these extra
neural electrodes which can helpin generating sensory feedback[82].

Each electrode has their own specific points which can be viewed and used at the situation they can be
used at. In this section, different electrodes with their experimental data, usage and complications have
been discussed. Table 1 summarizes the types of electrodes reviewed from the literature papers based
on theirlongevity/persistence and spatial resolution.

Table 1: Electrodes comparison between their Longevity/ Persistence and Spatial Resolution.

Electrode Type Longevity/Persistence Spatial Resolution

LIFE: Inserted in the nerve using | Research  shows slight ~ and | Large numberof electrodes does not
surgical round needle and is | reversable damages has been | help in recording or stimulation of

14| Page




aligned parallel to the nerve with
fascicle

observed in the nerve. Low
inflammatory reaction and no sign
of nerve degeneration was
observedin 3 months[49].

nerve. In experiment, muscle
activation was limited to
2.00+0.89[51].

TIME: Inserted in the nerve
transversely and is meant to
provide closer contact with the
fibers.

Research shows fibrosis layer tissue
has been observed but no necrosis
layer or any inflammatory tissue
was observed after period of one
month[55].

As beingcloser to the nerve fascicles
can provide good information for
recording and stimulation of nerve.
Activated  3.68t1.49 selective
muscles in pig animal
experiment[51].

USEA: An array of electrodes is
set in a plane with the spacing
between each electrode and can
also be aligned with different
heights to again record data from

Different studies showed different
results, as some had mild and no
inflammatory response after 8
weeks to 7 months, and some had
inflammatory reaction after a

In a human experiment, 13 different
movement on offline decodingand 2
different movements after online
decoding were observed|[&4].
Another study showed 5 to 10

different fascicles for better | year[58][60] [61]. different muscles were activated in
response. the monkeyarm|[65].

Regenerative: Uses the method | Research shows thatit Cantake up | Having numerous micropores inside
of regeneration through | toone month forregeneration with | the electrode, it may provide good

conductive micropores which
helps to grow nerve around the
electrode.

no surety and maximum recording
observed after regeneration was
for 3to 4 months[71][72][73][74].

specificity and high stimulation. Can
activate 2.9+0.6 neurons
surrounding electrode [74].

Cuff: Surface electrodes which
are wrapped around the nerve
surface. Measures the electrical
potential of the nerve when there
is any transmission of signal
through the nerve fascicles.

Research  shows that cuff
electrodes has stable stimulation
for long time period on humans
reportedly up to 10.4 years[79].

Using spatial filtering, data from up
to 5 fascicles can be recorded and
from 10 to 15 different percept areas
can be activated[82][83].

Reviewing the study on neural electrodes, it can be concluded that the cuff /surface electrodes
show higher longevity and good spatial resolution as with in the less covered area, it can
record/stimulate nerve better than others. On this basis the fabrication of electrode in this
research project is focused on nerve cuff/surface electrode.
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2 Materials and Methods

In this thesis, MEMS design, fabrication, and preliminary testing of implantable nerve microelectrodesis
described. Gold (Au) is used as the conducting material because of its high conductivity and well-suited
biocompatibility. Gold is known forits high strength, and it provides a good resistance to corrosion[84].
Chromium (Cr) is used as an adhesion layer between gold and PDMS because it provides high binding
strength with oxygen and can depassivate other material surfaces[85].PDMS (Polydimethylsiloxane) is
used as deposition layer or substrate for gold due to its stretchable electronics applications. It has good
substrate properties consisting high tensile modulus of 1.8MPa, physical toughness of 4.77MPa and
elongation up to 160%. In addition to this, PDMS is also well known because of its high biocompatibility
and nontoxic properties, which makes it feasible to use it as an implantable substrate[86]. PDMS has also
wide area usage in the field of sensitive skin, stretchable interconnects and microelectronics for neural
interface[87]. As this is a research-based project, different approaches and scientific methods were
studied and implementedduring the project work, and results from these scientific methods are analyzed,
tested, and discussed.

Scientific method can be defined as a process, a process by which different hypotheses are
evolved/developed, experimented and by examining the results, it is either accepted or rejected. Itis
conducted in an organized way where provided scientific theories are carefully observed and tested. A
process flow is planned prior to the experiments to define research path and conduct experiments
accordingly. The systematic flow of scientific method works in a way that purpose of conducting the work
is defined first. After that, a hypothesis is constructed on the base of which experiments are conducted
and results are collected. Later, the collected data is analyzed on which conclusions are drawn [38]. Our
scientificresearch methodology is conducted on the basis of Research and Development R&D work where
the focus is mostly on developing a product on the needs of the targetmarket. It also focuseson collecting
information about the needs and requirements and figuring out feasible ways to improve on an existing
product satisfying the identified needs.

Before performing experiments on the fabrication of electrodes various scientific methods were studied
in detail and only the methods providing promising results were opted and experimented during the
project period. Figure 14 illustrates the process flow of how this research work has been conducted. The
aim of this work is to use MEMS technology to fabricate implantable nerve electrodes with low complexity
and provide affordability for using in neuroprosthesis. Emphasis has beenon cuff type electrodes because
of its wide area advantages discussed in section 1.3.5. So, while studying different literature ease of
fabrication, and cuff type electrode were of main concern. Keeping these parameters in mind, three
research papers were opted due to their feasible fabrication techniques . This thesis discusses (three)
different methods forthe fabrication of implantable electrodes. First trial methodis based on literature
study from a research paper and it was implemented with some variations in it[89]. Standard
microfabrication processes of photolithography have been applied for designing electrodes.
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Figure 14: Research Project Work flowchart

Whereas, the second fabrication technique is a bit different thanthe first method[90]. It was carried out
in three different stages, fabrication was divided into various sections and merged in the last stage. For
this fabrication method, an additional functionalized layer (3- mercaptopropyl) thrimethoxysilane
(MPTMS) for enhancing the bond between PDMS and gold was introduced. The fabrication technique
here has been divided into three parts for carrying out the whole process.

The third methodis based on an hypothesis that has be experimented by undergoing different research
papers[89][91]. The processflow has been plannedin a bit opposite to what these research papers have
experimented. Where, instead of depositing gold on PDMS substate, PDMShas been deposited on etched
and patterned gold waferand was peeled off after curing of PDMS.
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All these techniques are described and discussed accordingly in their sections below so that they can be
followed up with each otherrespectively.

Experiments for the fabrication of electrodes were conducted in MEMS labs at the Department of
Microsystems, University of South-EasternNorway[92]. As the fabrication of electrodes hasto be in small
feature size and clean, all the experiments were conducted in cleanroom of ISO Class 7 and Biochemistry
lab. Fabrication approach used in this project consist of layering the patterned gold on PDMS substrate.
Oxygen Plasma Treatment was used and applied by Plasma Cleaner PPS(3032) to activate OH- groups on
PDMS which enhancesthe bond betweenCrand PDMS. The conducting layer of Au and adhesion layer of
Cr was deposited by using Thermal Evaporator Moorfield MiniLab chamber T25M(4030). To pattern the
gold electrodes, Mask Aligner MA56 from Karl Suss was used as of its ability to generate small features
reliably[89]. Wet lon Etching was used to build orifices on the materialfollowed by removal of photoresist.
The details regarding thicknesses, amount of chemicals used, and types of materials used are described
in their respective sections below.

The electrodes that are meant to be fabricated in this master project are predesigned. Two different types
of electrodes were designed where each of them has their own features. These designs were made for
different animal experiments. The electrode in Figure 15 is updated as compared to Figure 16, it has a
reference contact pad and four nerve contact pads. The contact pads are 1000um wide and 4000um long
while conducting path to the bottom connector is ~57500um long. Reference electrode is there for
measuring potential difference between the signals generated by nerves. While electrode in Figure 16 is
consisted of basic design having only four contact pads with no reference electrode. Here, the width of
contact pads is 500um, and length of contact pads are 10000um while conducting path to connectors are
of 100um width and 12500um long.
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Figure 15: Electrode Design for Animal Test.
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Figure 16: Electrode Design for Animal Test.

2.1 Fabrication Process with Chromium as Adhesion Promoter

In this experiment, PDMS substrate is spin deposited on Silicon(Si) wafer and then cured in oven. After
curing, the PDMS substrate on Si wafer is placed in thermal evaporation chamber for the deposition of
chromium and gold. The materials (chromium and gold) are placed inside the chamberona small crucible
and are melted by applying current to the crucible and lowering the pressure of chamber which was
followed by first chromium deposition and then gold deposition till the desired thickness is achieved.
Before patterning of gold electrodes, positive photoresist is spun on the wafer and then using predesigned
mask, electrodes are patterned on gold which are later developed using specific chemicals. In the last
step, wet etchingtechnique is used to etch gold and is followed by removal of photoresist. Electrodes are
then carefully diced from the Si wafer using surgical blade and are processed ahead for testing. Figure 17
shows step wise fabrication technique.
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Figure 17: Fabrication Process Description[93]

2.1.1 Preparation and Deposition of PDMS Substrate

For preparing elastomer substrate, PDMS (Polydimethylsiloxane) a biocompatible material is used which
is also utilized in implantation within the body because of its nontoxic properties[94]. (Sylgard 184 ©, Dow
Corning) at 10:1 PDMS prepolymer is mixed to curing agent ratio. This mixture was spun at 2500 RPM for
4 minutes in Speed Mixer DAC followed by vacuuming the mixture for ~10 minutes to get rid of air
bubbles. The mixture was then left for ~20 minutes at room temperature. This mixing process of PDMS
was appliedin all the experiments.

For the deposition of PDMS substrate, 4-inch (100mm) Si wafers with 525um thickness were used. The
wafers were treated with sequential rinsing with Acetone, Isopropanoland deionized (DI) water and soft
baked for 20 minutes on hot plate before deposition of PDMS Substrate. Wafer was then gently placed
on Spinner 2 AB Plast Spin 150 and PDMS mixture was poured in center of the waferto be evenly spread.
The spinnerwas seton 350 RPM for 60 seconds. The RPM of spinnerand time were kept constants forall
the experiments. The wafer was then carefully removed from spinner and placed in oven binder for ~2
hours at 60°C for curing the PDMS.

2.1.2 Plasma Treatment

Afterthe curing of PDMS on Si waferand before the deposition of Chromium and Gold, PDMS surface was
activated with Oxygen layer. Plasma Cleaner PPS(3032) was used to activate OH- layer on surface of PDMS.
This was done to give supportto Cr to adhere with PDMS and Cr has good adhesion with oxides. To learn
about how plasmatreatment affects the PDMS, different parameterswere setincluding change in oxygen
doze duration, and different thickness of material. Table 2 discusses the parameters that were applied to
the PDMS.
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2.1.3 Deposition, Patterning and Etching of metal layer.

Thermal Evaporator Moorfield MiniLab chamber T25M(4030) was used for the deposition of chromium
and gold. Thermal Evaporation was preferred as for the deposition of materials on wafer because of its
high purity due to low pressures, easy to use/control, and ease in availability. To provide good adhesion
between gold and PDMS substrate, a chromium layer from 2-20nm was deposited on PDMS substrate
followed by 200nm of gold. As both materials have different properties, their deposition rate must be set
carefully. Deposition rate of chromium was setto ~0.05-0.1A/s while for gold it was ~0.3-0.4A/s. Rotation
of PDMS wafer was setto 30RPM during the whole deposition process as the thickness of material should
be same at each point of PDMS substrate.

Conventional method of photolithography and etching was applied on the metal deposited wafer to
pattern the electrodes. Before exposing wafer to the UV light for patterning of electrodes, positive
photoresist 1813 was spun on waferusing spinnerfollowed by exposure of Mask Aligner-Karl Suss MA56
covering it with photomask. Exposure time of the UV light was set to 60 seconds. To develop electrode
patterns on Au layer, the wafer was dipped in a developer solution. Etching was done by washing the
wafer with GE6 solution (Kl,l, in H,0) and again washed with Isopropanol, Acetone and DI water. Lastly,
to remove photoresist, the template wafer was washed with Isopropanol, Acetone and DI water.

2.1.4 Peeling off PDMS substrate from Silicon Wafer

Once the Au has been properly etched and photoresistis removed fromit, the electrodes are ready to be
diced and peel off from the silicon wafer. Using surgical blade, marks have been made around the
electrode and later, using tweezers, the electrode is lifted from one edge of the electrode and then
manually peeled off from the Silicon wafer. Figure 18 shows the image of electrode peeled off from the
silicon wafer.

Figure 18: Electrode 1 peeled off from Si wafer.

2.1.5 Electrode Rolling Tests
This test is performed to replicate the placing of cuff electrode around the nerve. Due to the shape of
nerve, the electrode has to coverthe surface of nerve by rolling over. For this, the electrodes are placed
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on a round glass tube of ~6.3mm in diameter and rolled around which is almost near to major median
nerve diameter of 5.95mm[95]. The tests were repeated several times, checking both the adhesion and
conductivity of the electrodes before and afterthe rolling. Figure 19 shows illustration of electrode rolled
overthe glass tube.

Figure 19: Electrode rolled over glass rod.

2.1.6 Adhesion and Conductivity Test

Following the rolling tests, the electrodes were ready for adhesion and conductivity measurements.
Adhesion tests were performed using scotch tape test[96]. A piece of tape was gently placed and pressed
on selected electrode. Then the tape was smoothly taken off manually at an angle of approx. 90 degrees
from the substrate. Conductivity was measured by measuring resistivity between the two end points on
each electrode conductor. Forthis a multimeter (FLIRMODEL DM284) was used.

2.2 Fabrication Process with (3- mercaptopropyl) trimethoxy silane (MPTMS) as
Adhesion Promoter

The second method has used another technique to create good adherence of gold and PDMS. A new ssaline
named (3- mercaptopropyl) trimethoxy silane (MPTMS) was now used instead of an adhesion promoter
material like chromium to have good and strong adhesion between gold and PDMS substrate. This
fabrication is divided into three stages. In the first stage, PDMS substrate was deposited on a silicon wafer
and was cured in oven until it stabilizes. Before treating PDMS substrate with the saline, it was placed in
plasma cleaner for a specific time to activate OH- bonds on surface of PDMS. Following that, the PDMS
substrate was immersed into the (MPTMS) saline and left until they have SH-Si-O bonds. After a given
period, the PDMS substrate is dried well in vacuum chamberand thenthe substrate was peeled off from
Siwafer. Figure 20 shows process step of activating MPTMS layer on PDMS.
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Figure 20: Activating MPTMS layer on PDMS.

The second stage consist of developing patterned Au electrodes on silicon Dioxide wafer as shown in
Figure 21. The silicon Dioxide wafer of 4-inch (100mm) with 525um thickness was first deposited with Au
film through thermal evaporation and then standard photolithography was applied. The patterned Au
waferwas etched using wetion etching process.
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Figure 21:Au deposition and etching of electrodes on Si wafer.

In the last stage, the diced PDMS substrate is evenly bonded with Au patterned wafer and left until it
achieves strong bond. The diced PDMS substrateis peeled/lifted off from patterned gold electrodes wafer
as illustrated in Figure 22.

Stage 3

Step 1

Binding MPTMS
treated PDMS
with patterned Au

PDMS
R AU JOOCRRIRN .ﬁ.ﬂ

Step 4
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Figure 22: Bonding and peeling off MPTMS treated PDMS with Au.

24 |Page



2.2.1 Preparation of (3- mercaptopropyl)trimethoxy silane (MPTMS)

MPTMS saline is based on the mixture of two chemicals i.e., ethanol and MPTMS saline itself. These two
chemicals are mixed in specific amount (92ul of MPTMS is diluted in 20ul of Ethanol)to achieve the
required amount of saline[97]. It works as Self-assembled monolayer (SAM) and due to its different
capabilities of two terminal groups, it has versatile usage. It works in such a way that the three methoxy(-
OCHj;) group cohere with the oxide surface of plasma activated OH- layer, and the thiol(-SH) functional
group attach to the metalsi.e. Auin ourcase[98].

2.2.2 Treatment of PDMS Substrate in MPTMS Saline

For the treatment of MPTMS with PDMS, protocols followed in section 2.1.1, and section 2.1.2 were used
to deposit PDMS on Si waferand activation of OH-layer on surface of PDMS. Here again, different plasma
duration was applied to the PDMS substrate before it was immersed in the Saline. To form the MPTMS
solution, ethanol of 20ml was mixed with 92ul of MPTMS in a petri dish and plasma activated PDMS
substrate was immersed in the MPTMS saline and left for duration of 60 minutes. The petri dish was
placed on Chemical Shaker (GFL 3006) at 100RPM for 60 minutes so the PDMS surface can be evenly
treated with MPTMS saline. Later, the PDMS substrate was dried in vacuum chamber for a period of 15
minutestodry liquid presenton surface. PDMS substrate was then peeled of f from Siwafer using surgical
blade before bondingit with deposited patterned Au wafer. Figure 23 shows PDMS immersed in MPTMS
saline on chemical shaker.

Figure 23: PDMS deposited waferimmersed in MPTMS on chemical shaker.

2.2.3 Deposition and Etching of Gold on Si Wafer

In parallel to section 2.2.1 and 2.2.2, a silicon dioxide waferwas deposited with 200nm of gold film using
Thermal Evaporator Moorfield MiniLab chamber T25M(4030). The electrode patterns were formed on the
gold film using standard photolithography procedure and the gold patterns were etched following the
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same procedure as discussed in section 2.1.3. The gold waferis then ready to bond with MPTMS treated
PDMS substrate.

2.2.4 Bonding of MPTMS Treated PDMS with Gold

To transfer patterned gold electrodes on PDMS substrate, two different techniques were implied. One
was to directly place PDMS substrate (not peeled from wafer) on Au patterned waferand the otherwas
to peeloff PDMS substrate from waferand then place it on Au patterned wafer. In both cases PDMS was
gently placed on top of patterned gold electrodes wafer. An equal light weight covering the area of the
whole waferwas placed on top of PDMS substrate to enhance the bonding. Moreover, this bonded wafer
was placed on hot plate for 20 minutes at ~60°C to improve the bonding. Later, the PDMS substrate was
carefully removed from the Si wafer and patterned gold electrodes were transferred to the PDMS
substrate. Figure 24 and Figure 25 shows PDMS substrate placed of Au patterned electrodes and its soft
baking, respectively.

Figure 25:Soft Baking for enhancing PDMS and Au bonding.
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2.3 Fabrication Process with Depositing PDMS Substrate on Patterned Gold Electrodes
The third fabrication method has a simple procedure that has been planned on the hypothesis developed
aftergoing through different research papers[89][91]. Inthe hypothesis, it was proposed that instead of
depositing Au on the PDMS substrate, the reverse procedure can also be applied with some proven
justifications. The procedure consisted of simple fabrication steps where PDMS is deposited to the
patterned gold wafer and is left for curing. Later, the PDMS is peeled off from the silicon dioxide wafer
which had complete gold transfer on it and were tested further ahead for conductivity, adhesion, and
biocompatibility. The fabrication process flow is shown in the Figure 26 below and results are discussed
in their respective sections.

Fabrication Method
Step 4 .
Au
Development

Step 1 Step 5
Deposition of Au Wet Etching . .

Au on Si Gold

Wafer

Step 2 Step 6

e Y "R -~

Positive_ Removal of m . .

Photoresist Photoresist
Step 3 Mask . .
Mask Exposure Step 7
Photolithography PDPMS on Au . .
patterned wafer
Step 8
Peeled of Au Au PDMS
Electrode
from wafer

Figure 26: Fabrication Process for the Third Experiment.

Followingthe section 2.1.1 the PDMS substrate was prepared and was deposited on Silicon Dioxide wafer
which was pre deposited with Au and patterned with different Au thicknesses following the section2.1.3.
The deposited PDMS was left for curing in oven at 60C for ~2-2.5 hours. After completion of the curing,
the PDMS was left for cooling till it reaches room temperature. Using surgical blade, the PDMS was
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carefully diced and usingtweezers, it was peeled off from the Silicon Dioxide wafer. Peeling off PDMS was
conductedin two differentangles. One afterdicing the PDMS on waferwas peeled off ~90° to the wafer
and second was on 135° to the wafer. Electrode was later tested checkingits conductivity, adhesion, and

biocompatibility. Figure 27 shows the illustration of patterned gold electrode on PDMS rolled over a
plastic tube imitating the nerve.

Figure 27: Electrode rolled around plastic tube imitating the nerve.
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3 Results
3.1 Fabrication Process with Chromium as Adhesion Promoter

3.1.1 Deposition of Substrate

The deposition method of PDMS substrate on silicon waferwas the same for each experiment, spinning
RPM and time was constant which gave approximately same PDMS thickness between 600-800um for
each wafer. Figure 28 and Figure 29 shows the deposition and thickness of PDMS substrate, respectively.

Figure 29: Measurement of PDMS thickness.
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3.1.2 Plasma Treatment

Different parameters were applied to each wafer or part of wafer during its treatment with plasma.
Oxygen was used in plasma treatment with different number of dozes to each wafer. Table 2 shows
results of the applied parameters.
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Table 2: Different plasma dozes with different Adhesion thickness

Parame Plasma
ter cr Au Treatment Results Pictures
4 [nm] [nm] [ P:300W,
02:200sccm
1 20 200 360s N/A N/A
2 5 200 180s
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5 2 200

540s

N/A

3.1.3 Thin Film Deposition of Au and Cr

Thermal evaporatorchamberwas used to deposit thin layers of chromium and gold. The wafer was placed
upside down in chamber and chromium was set to deposit first as an adhesion layer follow ed by the
conductive Au layer. The results can be seenin Table 2. Figure 30 shows different plasma treated metal

depositions.

3.1.4 Patterning and Etching of Gold Film

The standard method of photolithography was applied to transferelectrode pattern on the substrate and
was dipped in developer to enhance the photolithography results. The process was followed by etching
gold by dipping the electrodes patterned wafer in gold etchant and was later cleaned and dried with DI
water and nitrogen gun, respectively. Result after etching of Au can be seen in Figure 31. After etching,
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the thickness of Auwas checkedthrough profilometer, and it was noticed that the actual thickness of Au
was ~110-120nm.

Figure 31: Patterned electrode after Au etching.

3.1.5 Electrode Rolling Test

Afterdicing electrodesfrom the Siwafer, the thickness of the electrode was measured, and the fabricated
electrode was ~224um thick. Later, these electrodes were tested forthe rolling tests to know how change
in PDMS shape affects patterned Au. The rolling electrodeswerelater observed under microscope to have
bettervisual of the Au surface. Figure 32 shows surface morphology afterelectrode was diced and peeled
off from Si waferand Table 3 shows results of before and after performing rolling tests.
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Figure 32: Electrode surface on PDMS after peeling off from Si wafer.

Table 3: Surface Morphology of Electrode before and after Rolling Test.

Electrode Before Rolling Test and Peeling from Si After Rolling Test
Sample Wafer
1
2
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3.1.6 Adhesion Test

Patterned electrodes after etching need to be tested by its adhesion strength and its conductivity. The
standard scotch tape and a multimeterwere used for the respective testing. Table 4 shows the results of
adhesion before and after of different parameters.

Table 4: Pictures of Electrodes before and after adhesion test

Parameter Before Adhesion Test After Adhesion Test
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3.1.7 Conductivity Test

The conductivity tests were performed by using a multimeter where connection paths resistance was
measured. The multimeter showed conductivity at contact pads but not on the conducting path to the
endtill the connector. Conductivity was also lost due to sharp and edgy probes. Figure 33, Figure 34, and
Figure 35 shows how probes of multimeter affected the thin gold layers.

Figure 34: Parameter 3 showing cracks from multimeter probes.
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Figure 35: Parameter 4 showing cracks from multimeter probes.

3.2 Fabrication Process with (3- mercaptopropyl) trimethoxy silane (MPTMS) as
Adhesion Promoter

3.2.1 Deposition and Etching of Gold Film

A thin film of 200nm of gold was deposited on SiO, wafer using thermal evaporation. As there was no
adhesion layer used prior to deposition of gold layer, the gold was peeling of easily while cleaning it with
isopropanol, acetone, or DI water. Secondly, bubble type structured started appearing on the Au surface
after some hours. Figure 36 shows the Au film right after SiO, wafer was taken out from thermal
evaporation chamberand Figure 39 shows bubble structure on wafer after some hours. Figure 37 shows
peeling off Au from the SiO, wafer while cleaning and Figure 38 shows the patterned Au electrodes after
etchingon SiO, wafer. Here too asreportedin section 3.1.4, Au thickness was measured with profilometer
between ~110-120nm.
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Figure 36: Thin Au Film on Si wafer

Figure 37: Peeled of Au from Si wafer after rinsing.
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Figure 38: Patterned Au electrodes on Si wafer.

Figure 39: Bubble structure on Au thin film.

3.2.2 Bonding of MPTMS treated PDMS with Gold

PDMS substrate was placed on patterned gold wafer and left on hot plate for ~20 minutes. Heating the
waferworked as enhancingthe bond between PDMS and gold. Patterned gold was transferred on PDMS
substrate but some of the structure was not transferred. Figure 40 shows the transferred gold from SiO,
waferto the MPTMS treated PDMS.
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Figure 40: Au electrodes transferred on PDMS Substrate.

3.2.3 Plasma Treatment

Like section 3.1.2, different plasmatreatments were experimented to get enough OH- activated layer on
PDMS substrate without having cracks on it. Following Table 5 shows different plasma durations and
their results.
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Table 5: Results of different plasma duration on bonding.

Parameter | Plasma Microscopiclmage Optical Image
Doze(min)
Power:100W,
0,:100sccm
1 3
2 5
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N/A

Fromthe table, it can be noticed that plasma duration for parameter 1 had no cracks in the PDMS surface
and the Autransfer onto PDMS was smooth. But complete transfer of electrodes was not achieved. While
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for the parameter 2, a good transferof Au patterns can be noticed with smooth surface as compared to
parameter 1. For parameter 3, transfer of Au patterns can be observed but with most of the patches
missing as well as the surface of Au patterns is not smooth anymore. Lastly, parameter 4 shows best of
Autransferfromthe remaining parameters but under microscope, it still shows cracks with some buckling
in Au. It is important to mention here that for parameter 1 and 2, PDMS was not peeled off from Si wafer
and Au patterns were directly bonded on it. Moreover, forthe parameter 3 and 4, PDMS was peeled off
from Si wafer before bonding with Au patterns. Parameter 5was not used forthe transfer of Au pattems
as afterits treatmentin plasma for 12 minutes cracks started to appearon PDMS surface.

3.2.4 Conductivity Tests

Conductivity tests were performed on both techniques i.e., one by before peeling of PDMS from Si wafer
placing PDMS substrate on Au patterned wafer and second by first peeling off PDMS substrate from Si
waferand then placing it on Au patterned wafer. The probes of multimeterwere placed on edges of the
electrodesto check full path conductivity or if there is any discontinuation. For the first technique, due to
smooth surface of printed Au, the paths were endto end conductive. But, for the second method, mid-
range conductivity was observed i.e., the paths were conductive at some points and were nonconductive
at the rest of test points. This was occurring due to cracks formed in the Au patterns. Though cracks in the
surface of parameter 3 and 4 can be seenfrom Table 5 the path at some test points were still conductive
where Auwas buckled.

3.3 Fabrication Process with Depositing PDMS Substrate on Patterned Gold Electrodes

3.3.1 Transfer of Patterned Gold Electrodes

Asthe PDMSwas spun deposited onthe patternedAu electrodes, the PDMS moldeditself around the thin
Au films which helpedin bettertransfer of Au electrodes to the PDMS. Though, thickness of the Au films
had an impact on the transfer of Au on the PDMS substrate. There were two different wafers prepared
with the Au films of having thickness of 200 and 300nm. Figure 41 and Figure 42 shows transfer pattems
of 300nm and 200nm thickness.
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Figure 41:Au transfer on PDMS with 300nm thickness.

Figure 42:Au transfer on PDMS with 200nm thickness.

Peeling off with two different angles showed different results as well. When PDMS was peeled off with
~90° to the wafer, Au patterns did not completely come off with the PDMS while for the ~135°, Au
patterns smoothly and completely came off with the PDMS showing completetransfer of Au electrode on
PDMS. Table 6 shows comparison between different anglesas how peeling off angles affected the transfer
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of Au on the PDMS. The actual measured thickness of Au on 200nm deposited Au was ~115nm and on
300nm deposition through thermal evaporatorwas ~205nm.

Table 6: Comparison Between Different Peeling Angles.

Au Thickness 90° Angle Peel off 135° Angle Peel off
200nm —

300nm

3.3.2 Rolling, Conductivity and Adhesion Tests.

Afterthe successful transfer of the Au with thickness of 200nm, the electrode was proceeded further with
the tests to check if the electrode has good conductivity over the electrode, has good adhesion when
bought in contact with other materials and if it remains conductive after the electrodes goes though
surface changesi.e., rolling of the electrode.

These tests have to be performed systematically so the strength of electrode can be measured and
observed stage wise. For that, the first tests performed were the rolling tests following the protocols in
described in section2.1.5. Later, the conductivity of the electrodes was tested which was followed by
adhesion tests using the protocol from section 2.1.6. Table 7 shows the microscopic images of the
electrodes taken before and after rolling and adhesion tests.
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While results for the 300nm thickness were not that promising, the conductivity was missing at several
test points as well as the adhesion was not good enough onit. Figure 43 and Figure 44 shows conductive
and non-conductive areas of electrode while Figure 45 shows lack of adhesion on 300nm of Auon PDMS.

Figure 43: Conductive Part of 300nm Au Electrode.

Figure 45: Failed Adhesion test for 300nm Electrode.

Conductivity was tested using multimeter to measure the resistivity between electrode pads till the
connector. Figure 46 shows measurement of conductivity between the reference pad of the electrode
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and the contact pad of the electrode to the other end of the electrode in 200nm thickness of Au. The

resistivity measured in the electrode had variations in it. For the reference electrode, the range was in-
between ~40-60Q and for the contact pads, it varied between ~20-40Q.

Figure 46: Conductivity tests of contact pad and reference pads on 200nm Au Electrode.
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4 Discussion
4.1 Fabrication Process with Chromium as Adhesion Promoter

4.1.1 Deposition of Substrate and Plasma treatment

The deposited PDMS substrate showed equal thickness of PDMS layer on wafer. It was noticed that if the
poured amount of PDMS exceeds the required amount, it goes beneath the wafer creating problems for
using it later, so an estimated required amount of PDMS should be deposited to avoid the PDMS from
going beneath the wafer.

Different parameters of Plasma treatment showed different surface morphology on the PDMS substrate,
due to a setof different dosages (changein time) of oxygen. It was noticed that differencein dosage does
not put any effect regarding adhesion promoter. The difference in microcracks and buckling can be seen
in Table 4. Different parameters weresetfromthe lowest dosage to the highest, but the results were not
satisfying as plasma does not affect much in increasing adhesion consequently showing not good
conductivity as well. Though, thickness of chromium layer had a greatimpact on adhesion that is discussed
in the section4.1.2 below.

Plasma was used as adhesion promotor between Cr and PDMS, as Cr itself does not have any adhesion
to PDMS so using plasma, the surface of PDMS was oxidized as Cr has good adhesion with oxides. With
this, residual tensile stress was introduced in PDMS when it was exposed to oxygen plasma. Plasma
treatment can cause cracks (from tensile stress)[99], [100] or wrinkles/buckles (from compressive
stress)[101], [102] depending on the pressure of oxygen and duration of exposure. So, a measurable
controlled plasma treatment should be used which can create OH-layeras well as not to generate much
heat that causes cracks in the PDMS.

4.1.2 Thin Film Deposition and Etching of Au and Cr

Metal deposition plays a vital role both as an adhesion and conductivity. As per the assigned parameters,
it was concluded that extreme thin Cr adhesion film cannot hold Au film on to PDMS substrate. During
adhesiontest 2nm thick Cr layershows no adhesion at all. While at 5nm thickness and upwards, it shows
adhesion. Afterthat, Au layer whose thickness at 200nm showed good adhesion and conductivity to some
extent.

Afteretching, it was noticed that the actual thickness of Auwas not 200nm. It was found to be ~110nm
thick film of Au. This offsetof Audeposition happened because tooling factor of thermal evaporator was
not adjusted. This resulted in achieving different thickness from the target thickness. This factor was
noticed after multiple depositions. Also, it was observed that after several depositions, thermal
evaporatorwas giving the actual (deposited) thickness of Auaround ~110-120nm in the depositions. To
encounterthisissue, the thermalevaporatorneeds to be calibrated before the deposition of metalso the
target deposition of metal can be achieved.

Moving ahead, as cracks were observedin each of the technique and parameterapplied, upon research
it was observed that during deposition of Au on PDMS substrate, the thermal evaporator chamber
created heatinside the chamberwhich led to the swelling of PDMS at some extent. Itis good to mention
here that PDMS is stable thermally till 150°C and its thermal expansion coefficient of PDMS is 310( um/m
°C)[86]. On the otherside, thermal expansion coefficie nt of Auis 14.4(um/m °C)[103] which is clearly less
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than that of PDMS. The temperature inside thermal evaporator chamber was unknown making it is the
major drawback. Anotherfactorwhich is important to be mentioned is the residual tensile stress of thin
metal films(both Cr and Au) is occurred because of the metal melting points, their deposition rate and
temperature of the substrate. Allthese factors are important when metalis being depositedon the PDMS
with OH-layer on it[100]. Therefore, with these facts, it can be concluded here that as PDMS expands
while Cr and Au thermal deposition, as the temperature inside the thermal evaporator rises more than a
150°C, causing expansion of PDMS and when it is removed from the chamber, the PDMS will start curing
itself again at room temperature, thus causing cracking in Au leadingto non-conductivity of material. So,
a controlled deposition of metalis required which can bear the max thermal expansion of PDMS and a
good metal deposition can be achieved with it. Electrode Rolling Test

While implanting nerve cuff electrodes, they need to be rolled overthe nerve to get full grip and control
of it. Electrodes rolling tests were performed to replicate the procedure before actual implantation to
view how it affects the surface of electrodes whenthey are rolled over nerve which was replicated by a
glass tube. Before proceeding to rolling test, electrode site has to be diced and peeled off from the Si
waferwhich can be seenin Figure 47 which clearly shows change in surface morphology of Au electrodes.
As PDMS substrate was stretched while peeling off from the Si wafer, it created stress on deposited Au
whichin result left cracks and formed buckles on the surface of Au. Moreover, from Table 3, it was noticed
thatthere is more change in surface of electrodes before and after rolling overaglass rod. On both tested
samples, cracks became denser on Au surface. This occurred due to more mechanical stress on the Au
film while beingrolled around a rod.

While the diced Au electrode was being peeled off from the Sisubstrate, tensile stress was forming on
the surface, whereas, by rolling it onthe glass rod, a compressive stress was forming on the surface of Au
electrode. Figure 47 and Figure 48 shows microscopic results after peeling off and after rolling around a
rod, respectively.

1 mm

Figure 47: Au electrode on PDMS after Peeling off from Si wafer
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Figure 48: Au electrode on PDMS after rolling on glass rod.

4.1.3 Adhesion Test

Thickness of adhesion layer is important regardless of plasma treatment dosage. From the Table 4 it can
be noticed that only on first trial of adhesion test, the patterned Au film peeled off with the tape leaving
blank PDMS substrate behind having no adhesion in it. While for the tests with 5nm and 20nm, it shows
adhesionto some extent. Butitisimportant to mention that the patterned electrodes after adhesion tests
had broken contacts from several places which was not an acceptable result. Therefore, conductivity tests
were performed priorto adhesion tests to check conductivity in electrodes.

Anotherreason affectingthe adhesion is the thermal expansion of PDMS. After plasma treatment when
PDMS is keptinthermal evaporation chamberfor Crand Au deposition, as PDMS expands with theintemal
heat, this expansion of PDMS disturbs the OH- layer activated by plasma which resultsin decreasingthe
adhesion between Cr and PDMS. PDMS is a stretchable substrate with high elongation factor, while the
OH- layer on it does not stretch as that of PDMS comparatively so when PDMS swells, it disturbs the
activated OH- layer reducingits effect. This might be the reason for not achieving good adhesion between
Cr and PDMS. To reduce the thermal expansion of PDMS, the deposition temperature is required to be
controlled.

4.1.4 Conductivity Test

The conductivity was tested with measuring resistance using a multimeter. Conductivity was not constant
for each fabricated electrode with different parameter. As probes of multimeter were sharp and larger
than the size of fabricated electrodes, they were leaving scratches on the patterned Au onthe substrate.
These scratches were one of the reasons of breakage in conductivity. Itis important to mention here that
there was no conductivity found from edge-to-edge electrodein any of these experiments. Forimproving
conductivity, changesin parametersare required as well as to avoid scratching material while measuring
conductivity.
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4.1.5 Comparison with the Reference Method

The fabrication technique used in this technique has been taken into account with alterations from the
reference method([89]. As the changes made in the fabrication technique were not critical, results were
expected to be similar or somehow nearto the original results. But it was not the actual case, significant
differences were encountered after the fabrication was completed and are mentioned as under.

Firstly, differences of etching process were observed, the reference method follows the Reactive lon
Etching (RIE) method whereas, in our fabrication method, metals were etched using wet etching
technique. Secondly, the reference method has bought serpentine electrodes traces(parallel and
intersecting) for the fabrication of Au electrodes, as pertheir results, it increased the overall elasticity of
the electrode. Theirresults shows that the intersecting serpentine trace is 8% more stretchable than that
of normal straight design which fails if exceeds the limit of 3%. Our design onthe otherhand had straight
design, which if stretched a bit, starts losing conductivity at several points. Thus, it is worth noticing that
serpentine trace specifically intersecting trace shows advantage over others. Lastly, testing of conductivity
also plays an important role as we used multimeterto check the conductivity, it left scratches on the Au
causing loss of conductivity also due to the cracks in the PDMS, conductivity was only measured at the
contact pads but not completely to the end of the conducting path i.e., till connector. At several places
conductivity was missing due to sharp edges of multimeterwhich resulted in not accurate measurement
of conductivity. Conversely, the reference method used spectrum analyzer with silver wire by dropping
Hanks Balanced Salt Solution(HBSS) on the electrode pad. This helped avoiding the directing contact
between the electrode pad and the lead by which, electrode can be utilized for several different testings.

4.2 Fabrication Process with (3- mercaptopropyl) trimethoxy silane (MPTMS) as
Adhesion Promoter

4.2.1 Deposition and Etching of Gold Film

Au film was deposited on silicon dioxide wafer without any prior adhesion layer on it. As the aim was to
transfer Au patterns on PDMS substrate smoothly, so using adhesion layer would have made it difficult.
On the other side, not having adhesion layer on such thin Au film causes issuesand errors as well. After
deposition of Au in high vacuum, bubbles type structure was formed on surface of Au film as shown in
Figure 49. Moreover, while washing Au surface with Acetone, Isopropanoland DI water, Au was peeling
off from surface. To overcome such situations, it was suggested to wash Au deposited waferin a beaker.
The Au wafers were immersed in beaker filled with Acetone, Isopropanol and DI water separately and
were rinsed gently to avoid peeling off Au structures.
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Figure 50: Au pattern without bubble structure.

For the bubble structure on Au patterns, through some research and experiments it can be stated that
these bubbles can occur due to two reasons. One is lack of proper cleaning of Si wafer prior to deposition
and secondly due to stress on Au film. Due to pressure build inside the metal deposition chamber, it
creates stress on the metalwhile deposition and while releasing the pressure, thusmight resultin forming
bubble structures. Toresolve thisissue, Si wafer were carefully cleaned with Isopropanol, Acetoneand Dl
water followed by drying with nitrogen gas and after that, application of plasma treatment for a minute
before deposition was done. Also, the deposition rate was monitored strictly to avoid sudden changesin
deposition due to internal temperature of chamber. Figure 50 shows results of Au pattern after
application of the suggested method. This showed us the successful deposition and etching of Au on
wafer, ready to be broughtin contact with MPTMS treated PDMS.

4.2.2 Bonding of MPTMS Treated PDMS with Gold

Bonding PDMS substrate afterits treatment with MPTMSwith Au patterns are a crucial stage and requires
firm handling of PDMS substrate while making its contact with Au patterns. As PDMS is treated with
MPTMS to increase the adherence, itis important to handle it with care and in no-dustenvironmenti.e,,
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in cleanroom. Moreover, PDMS substrate becomes sticky after MTPMS treatment, so it is foremost to
grasp it gently. Structure shown in Figure 51 is an example of when PDMS is not carefully and properly
layered on Auwafer, it can destroy the patterns easily.

Figure 51: Misprinted Au Pattern on Si wafer

As the transfer of patterns were made in two differentways i.e., one before peeling off PDMS substrate
from waferand bonding with Au patterned waferand second by first peeling off PDMS substrate from Si
waferandthen placingit on Au patterned wafer, two different surfaces of transferred Au electrodes were
noticed. While placing PDMS substrate(on wafer) directly on Au patterned wafer, the transfer of Au
electrodes is smooth, and no cracks were observed on the surface of Au. On the other hand, by peeling
PDMS substrate first and then placing it on Au patterned wafer, cracks were observed on the surface of
Au. This caused due to bending of PDMS while peeling. while peeling off, the Au patterns are stretched,
and cracks are formed onthe Au .

Another technique that can give more understanding regarding formation of cracks on Au is peeling off
PDMS from Si wafer afterthe bonding is completed. This will helpin comparing both ways of before and
after peeling off and to find significant changesin them.

4.2.3 Plasma Treatment

Table 5 shows interesting results for the bonding in which duration of plasma was varied. It can be noticed
from the table that plasma does affect the surface of PDMS which helps OH- layer cohere with the three
methoxy(-OCH;) group of MPTMS. Though, it is worth to mention that calculation of the duration of
plasmadoze is mustto keep PDMS layeractivated and not cracked. The low dose i.e., 3 minutes of plasma
does not crack the PDMS surface but not completely activates the surface. Furthermore, high doze i.e,,
12 minutes can crack the surface of PDMS which, if the bond between PDMS and Au patterned electrodes
are made, will leave cracks in the Au patterns as well as which will affect the conductivity. By performing
severalexperiments, an optimum duration was identified to be 9minutes. It activated the plasma surface
completely and did not leave cracks on it. Moreover, the transfer of Au patternsis also found to be good
but not perfect.
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Uponresearch, it was observed that cracks that are provoked in the PDMS layer using plasma occur when
dose exceeds 1.5kJ and no cracks were observed under this value i.e., <1.5kJ which is approximated as
50W of powerand 30s of duration having pressure of 40Pa[100]. The same phenomenon can be applied
in section 4.1.1. Therefore, it can be concluded that to achieve complete transfer of electrodes without
impacting the surface of PDMS, more modifications are required e.g., varying oxygen rate of power watts
or duration forthe plasma dose.

4.2.4 Conductivity Tests

Fromthe results of conductivity test, it can be observed that transfertechnique of Au from Silicon dioxide
waferto PDMS substrate plays an important role. Bending of PDMS substrate more than the stress level
of Aucan leave cracks in it causing discontinuity in the path irrespective of compressive or tensile stress.
Thus, it is important to calculate stress level of Au by which, adjustment in the PDMS substrate or
deposition rate can also be varied to achieve required conductive path.

4.2.5 Comparison with Reference Method

The fabrication process used in this experiment has been taken from another published paperwhere the
paperdescribestransfer of Au patternson PDMS with the help of MPTMS saline [90]. The technique and
methods used forfabrication in both reference and our fabrication process are nearly same.Though, after
performing experiments, difference in results compared to the reference method has been observed.

The reference method shows that using MPTMS as an adhesion promotor, a good bond can be achieved
between plasma treated PDMS and Au patterns. As OH- layer formed by plasma treatment bonds with
three methoxy(-OCH;) group of MPTMS, a strong bong can be achieved which adheres Au-Sbond to form.
The same technique was utilized in our fabrication method, but the expectedresults of complete transfer
were notachieved. Figure 40 shows the transfer of Au achieved after the bonding but some patches were
still missing from the Au transfer. Severaltrials were made but no complete transfer was observed. This
could be occurring due MPTMS treatment did not formed uniform bonds overthe electrode area. Also,
as described in research paper, for high temperate deposition of Au, fluorination of Si wafer is required
prior to deposition on Au. Fluorination is a technique of depositing release layer prior to deposition of Au.
They spin deposited the release layer solution on Si wafer. The need of release layer addition before the
Au deposition is to avoid forming eutectic alloy between Au and Si wafer as they form bond at high
temperatures[104][105]. The eutecticalloy starts forming at ~363 C betweenAu and Silicon so this might
be anotherreason for not complete transferas there might be eutecticbond[106]. Moreover, In thermal
deposition, thermocouple are not nearto the template during evaporation, so it might also be the reason
that actual temperature is high enough to reach the eutecticpoint forming eutecticalloy[90].

This might be the prime reason in our fabrication method for not achieving complete transfer of Au.
Though good transfer of Au has been achieved without usingthe release layer. Butit is worth to try using
the release layeras to confirm this theoretical factorin our experiments.

4.3 Fabrication Process with Depositing PDMS Substrate on Patterned Gold Electrodes
4.3.1 Transfer of Patterned Au Electrodes on PDMS

For the transfer of Au patterned electrodes, two SiO, wafers were prepared with Au patterns of different
thicknessesi.e., 200nm and 300nm. The idea was to observe the transfer ratio as which thickness adheres
more with the PDMS. Moreover, it was also the point of concern that how Au cracking or buckling affects
the conductivity, adhesion and while rolled over a tube in a deformed shape. From the results, it was
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noticed that the higher thickness did not performed well as that of the lower thickness. For the 300nm
thickness, buckling was observed including missing Au patterns. While for the 200nm thickness,
symmetrical buckling was observed. PDMSwhile curing caused the stressin Au resulting in buckling of Au.
The bucking in Au formed because of stress form the PDMSwhen it was cured as forces from the PDMS
curing impacted the Au. From Table 7 it can be observed thatthe difference in buckling before and after
rolling testdoes not changes. Aftertestingadhesion, minor changes or addition to cracks were observed.
Table 8 shows the difference in cracks and buckling of both 200nm and 300nm thick Au, respectively.

It can be observed that on 300nm Au thickness there is higherimpact of cracking compared to the 200nm.
This may be because of the stress forces from the PDMS have more impact on Au and due to that, the Au

reached to cracking point. Research is required for understanding impact of thicknesses when PDMS is
curedon Au.

Table 8: Buckling and Cracking Difference between 200nm and 300nm Thickness.

Thickness Optical Image Microscopiclmage
200nm

AL

T

300nm

l ‘ " | . ‘
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Another parameterthat affected the transfer of Au patterns on cured PDMS, is how PDMS is peeled off.
As peeling from PDMS was experimented in two angles, two different transfers of Au on PDMS were
observed. With ~90° peeling off PDMS, Au patterns were not completely transferred to the PDMS. While
forthe ~135°, Aucompletely transferredto the PDMS. It can be suggested or concluded from these results
that PDMS adhesion to Au can affect differently when peeled off in differentangles. As forces acting on
the Au patterns from the PDMS might act differently. Further research on these parameters is required
where possible answers can be mentioned with scientific proofs and reasons.

4.3.2 Rolling, Conductivity, and Adhesion Tests.

After the complete transfers of Au patterns were observed on the PDMS, they were tested ahead
observing their conductivity and adhesion after rolling test. The conductivity test for 200nm thickness
showed good conductivity at all the tested points, while for the 300nm, conductivity was rarely observed
on the electrode. Due to deep cracks and missing Au traces in the electrode, it was difficult to check
conductivity overthe electrode. Though at some points, conductivity was measured but not throughout
the whole electrode.

For understanding the effects of thickness and its relationship with the adhesion, more research is
required so that possible changes can be made, and justified explanations can be mentioned for the
furtherresearch.
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5 Insulation Layer for the Cuff Electrode

Apart from the microfabrication of the nerve cuff electrode, insulation of electrode is also a crucial part.
As while rolling the electrode over the nerve, the conducting paths needs to be insulated from the
conducting pads to avoid any sort of short circuit. The reference and contact electrode pads and needs to
expose to the nerves so that they can acquire signals. For this, a 3D printed mold was made by which

conducting path of the electrode can be insulated apart from the contact pads and reference electrode.
Figure 52 shows design of 3D mold for the insulation of electrodes.

Figure 52: 3D Printed mold for Electrode Insulation.

To check how the mold works, an experiment was performed in which the mold was placed on top of
already deposited plain PDMS. The mold was then filled with PDMS in it and left for curing in the ovenfor

2 hoursat 60°C. Afterthe PDMS was cured in the mold, using surgical blade, the mold was diced outside
fromthe edgesand peeled off from the Si waferas shownin Figure 53.
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Figure 53 :Extracted PDMS Mold from Si wafer.

The PDMS structure was then carefully taken out from the mold not to destroy the insulation layer or the
mold itself. Again, surgical blade was used to make incision inside edges the mold edges for extracting the

PDMS. Figure 54 shows the side view of the insulation layer while Figure 55 shows top view with
comparison to the fabricated electrode.

Side View of Insulated mold

= = ]

I

. Insulation Layer
. Base Layer

Figure 54: Side View of Insulated mold.
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Top View of Insulated Mold

r—) Reference Electrode

Nerves Contact Pads

] 1l

t :‘ Connection for cables.

Figure 55:Top View of Insulated Mold with comparison to electrode design.

It can be noticed from the images that there is some thin PDMS layer on the reference electrode, contact
pad electrodes and at area for the cable’s connection, this happened due to material of the 3D printed
mold as it was non resistive to PDMS and while PDMS was curing in oven some small amount of PDMS
wentunderthe mold and it also caused trouble while extracting the PDMS from the mold. This problem
needs to be encountered by either using PDMS resistive material for 3D mold or to cover edges of this
available mold with rubberor other synthetic material so that it can avoid letting PDMS under it.
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6 Biocompatibility Tests

Biocompatibility is related to the assessment of medical devices that are in contact with the host (patient)
in sort of direct or indirect contact. These devices are evaluated in specific environment, like location
where it will be implanted or bring in contact with the host, how they react with the host body both by
direct or indirect contacts and if it is good enough to remain stable biologically without causing problem
tothe host[107][108]. For this these devices must undergo International Standards Organization (ISO)and
the local standards to examine their biological capabilities when bought in contact with the body, apart
from there other properties from physical, chemical and mechanical aspects[109][110].These biological
properties are verified by inspecting the cytotoxicity, acute systemictoxicity and a number of other tests
that are the device must to undergo before it enters the clinical environment so that the safety of the
host can be ensured[111]. Cytotoxicity is measurement of how toxicthe cells are afterthe cells have been
treated with any agentorprocess[112], whereas acute systemictoxicity is checked to examine short-term
toxic effects thatemerge aftersubstance is either swallowed, absorbed through skin orinhaled[113].

From these tests, cytotoxicity is one of the chief biological assessing and screening test which is performed
by using cell tissues in vitro for the observation of cell growth reproduction and morphological effects
caused by the medical devices[114]. The cytotoxicity tests has developed with time giving more
information regarding determining the damages in cell, morphological changes in cells, their metabolic
properties and they have grown more from qualitative to quantitative evaluation[115]—[118].

After the completion of microfabricated cuff electrode, it is now important to test its biocompatibility
before the electrode is proceeded ahead for animal tests. For that, an experiment was conducted
following the protocol[119] and prerequisites forthe protocol[120]—[122]. The biocompatibility test was
prepared to check the reaction of electrodes including the chemical used and for the substrate as how
theyreact in cell cultures. For that, a 24 well plate was chosen where the wells were filled with test cells
and small pieces of electrodes were placed in the wells. Figure 56 shows the setup arranged for the
biocompatibility tests.
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Figure 56: Setup on a 24-well plate for Biocompatibility Test.

Each column consists of four samples which will be used in the end to find mean/average and standard
deviation from all four wells. The first column has the positive control which in our case were only Mouse
Preosteoblastic cell line, MC3T3-E1 . After24 h of growth, test substrates were added to the wells of
columns 2-6. The second column had only PDMS substrate init. In third column, each well was given small
piece of PDMSthat was only treated with the MPTMS saline with no Auon it. The fourth column had the
electrodes fabricated from the 2.2 i.e., second method. The fifth column had electrodes fabricated from
the section 2.3 i.e., third fabrication method. And lastly, the sixth column had negative control which was
copper, as copperis highly toxic to the cells. The plate was then incubated for 24hours before cell growth
and metabolism was investigated. Metabolism was measured by adding the
reagent PrestoBlue (Invitrogen) to each welland was placed in BioTek Synergy2 plate readerto read data
using the fluorescence technique (Excitation filter 530/25 (nm), Emission filter 620/15nm) from each well.
After the data was collected, a graph was plotted to visualize the differences in each column Figure 57
and shows the metabolicactivity of the cells.
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Figure 57:Metabolic Activity of PrestoBlue Reagent.

The cell counts were done after the metabolic activity test using inverted Microscope (Olympus IX51)
where samples from each well were transferred to haemocytometer (instrument using for counting
number of cells in a fluid) using a pipette.
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Figure 58:Cell Count from each Sample using Hemocytometer.

From the cell counting, it can be seen from the Figure 58 that being a toxic elementto the cells, copper
shows no cells in its each well, Electrode 2 that had been fabricated from the third fabrication method
shows the high cell count afterthe positive control. This can be due to the reason that no otherchemical
was used in the fabrication. While electrode 1 and PDMS with MPTMS treatment shows low cell count
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than that of Electrode 2. This can be due to using chemical saline MPTMS in the fabrication of Electrode.
The PDMS itself had good cell count showingits feasibility of using forimplanted electrodes.

From the graph an uncertainty can also be noticed as PDMS has lower cell count from that of Electrode 2
fabrication where Au and PDMS are used for the fabrication of electrode. This uncertainty might be
because experiments with the cell culture, sudden cell death was observed and that might be due to
Mycoplasma cell contamination. This usually spreads by aerosols and particulates created during the
treatment of the mycoplasma contaminated cell culture[123]. Moreover, due to this factor, variation
inside each column was quite high. Overall, the test results are justified as it can be concluded that the
materials used in the fabrication of electrodes are in good scale of biocompatibility.
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7 Conclusion and Upcoming Work

Limb loss cases are commonly worldwide. And can be caused by traumatic injuries like road accident,
gunshotwound orotherinjuries to non-traumaticinjuries like heart and vascular diseases. Effect of these
cases have been profoundly noticed in the demand of neuroprosthesis over a decade. Biomedical
engineers and scientists have made plenty of research in the respective area and due to that the world
have seen prostheticarms from cable powered prosthesis to updated myoelectricarms. And the research
does notstop here, there is huge research stillgoing on in the field of neuroprosthesis[124]. This research
master project was planned to contribute to the development of neuroprosthesis currently happening
around the world which can be utilized in the field of bionic prostheticarms.

The motivation of this master project work is the microfabrication of animplantable neural cuff electrode,
which can be used for the acquisition of signals from nerves and can become an integrated part of a
neuroprosthesis arm. Hence, a thorough literature study was required before moving ahead to the
fabrication prosses. Different techniques were studied and a few of them were considered based onthe
feasibility of the fabrication process and availability of equipment’s. Three fabrication procedures are
performed during the project which are well documented with their fabrication description, results, and
discussion. Au was used as conductive electrode metal and Cr was for promoting adhesion between
PDMS and Au. MPTMS saline was used replacing Cr for promoting adhesion and strong bond between Au
and PDMS, PDMS was used as a substrate materialfor Au and lastly, oxygenplasma treatment was utilized
to promote adhesion between Crand PDMS.

Both the theoretical part and the practical part of the thesis were extensively conducted as being in a
research project. The goal was to achieve results which can be useful for future work and experiments.
From the three chosen fabrication methods, different results were observedand each of these results are
beneficialin theirrespective way.

In first fabrication method, Au with an adhesion layer of Cr was deposited on PDMSsubstrate using oxygen
plasma treatment on PDMS. A 224um thick electrode was fabricated using standard photolithography
technique consisting of ~200nm Au, ~20nm Cr. From the results it was concluded that plasma treatment
can be beneficial for the depositing metals on PDMS substrate if doze of oxygen plasmais used in right
amount. Secondly, residual tensile stresses can be expected to observe both from plasma treatmentand
metal deposition which can be causing effect of cracks. This caused missing conductivity in the electrodes.
Different parameters related to Au, Crthickness and plasma treatment were applied which exhibits good
research data and will be helpfulforfuture research and fabrication.

From the second fabrication method, a new technique of having Au patterns on PDMS substrate were
experimented. Using a saline namely MPTMS, on plasma activated PDMS Au was transferred to it by
boding Au patterns(deposited on SiO, wafer)and MPTMS treated PDMS. The results from the experiment
were valuable defining importance of plasma treatment for the bonding of metals. Applying different
parameters of plasma, it was observed that cracks in plasma can be avoided using optimal oxygen doze
and using MPTMS saline, strong bond between Au and PDMS can be achieved. Though, a complete
transfer of Au was not observed but as results from these experiments are usefulfor future work.

Lastly, the third fabrication method enables simpler fabrication of neural cuff electrodes. Implementing
the hypothesis after researching from several research papers, a new method was experimented . The
electrode in this fabrication method was achieved by depositing freshly prepared PDMS onto the
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patterned Au wafer. Then by curing the PDMS in oven, PDMS was molded around the Au giving good
strength of adhesion. Buckles were observed onthe Au surface that were caused due to residual tensile
stressfrom the PDMS when it was cured. Though, this does not affect conductivity or continuity from the
electrode. Also, a good adhesion between Auand PDMS was also observed when scotch tape tests were
applied. The electrode fabricated from these techniques was of ~118um thickness.

All these experimented methods revealed using various techniques for the fabrication of neural
electrodes. Using different techniques and parameters, desired neural cuff electrode can easily be
fabricated. These electrodes also have the potential for affordable fabrication. Though more work is
required but this work on electrode fabrication contributes to the completion of the ARMIN project. .

Due to current and previous unfortunate conditions occurred from the COVID lockdown, some of the
research work was leftbehind and is in needto be completedin upcoming stages. One of the important
tasks is the insulation of electrode that is mandatory before the electrode is being implanted. In this
research, we successfully illustrated and fabricated double PDMS layer using a mold and this technique
can be used ahead to cover Au between the two PDMS layers. The Au will be sandwiched between the
two PDMS layers and will only allow the required contact pads with the nerves and with the module to be
exposed only. Secondly, further tests are required related to conductivity by connecting the electrode
with the microcontroller and using oscilloscope, test signals can be generated and passed through the
electrode to check SNR and conductivity all overthe electrode. Lastly, more biocompatibility tests will be
beneficial after having insulation of PDMS on both sides of the Auto checkif there are some changes as
perthe results achieved and mentioned in this research thesis.
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