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ABSTRACT

Reliable chronic neural recording from focal deep brain structures is impeded by insertion injury
and foreign body response, the magnitude of which is correlated with the mechanical mismatch
between the electrode and tissue. Thin and flexible neural electrodes cause less glial scarring and
record longer than stiff electrodes. However, the insertion of flexible microelectrodes in the brain
has been a challenge. A novel insertion method is proposed, and demonstrated, for precise
targeting deep brain structures using flexible micro-wire electrodes. A novel electrode guiding
system is designed based on the principles governing the buckling strength of electrodes. The
proposed guide significantly increases the critical buckling force of the microelectrode. The
electrode insertion mechanism involves spinning of the electrode during insertion. The spinning
electrode is slowly inserted in the brain through the electrode guide. The electrode guide does not
penetrate into cortex. The electrode is inserted in the brain without stiffening it by coating with
foreign material or by attaching a rigid support and hence the method is less invasive. Based on
two new mechanisms, namely spinning and guided insertion, it is possible to insert ultra-thin
micro-wire flexible electrodes in rodent brains without buckling. I have demonstrated successful
insertion of 25 pm platinum micro-wire electrodes about 10 mm deep in rat brain. A novel
micro-motion compensated ultra-thin flexible platinum microelectrode has been presented for
chronic single unit recording. Since manual insertion of the proposed microelectrode is not
possible, I have developed a microelectrode insertion device based on the proposed method. A
low power low noise 16 channel programmable neural amplifier ASIC has been designed and
used to record the neural spikes. The ability to record neural activity during insertion is a unique
feature of the developed inserter. In vivo implantation process of the microelectrode has been
demonstrated. Microelectrodes were inserted in the Botzinger complex of rat and long term
respiratory related neural activity was recorded from live rats. The developed microelectrode has
also been used to study brain activity during seizures. In-vivo experimental results show that the
proposed method and the prototype insertion system can be used to implant flexible

microelectrode in deep brain structures of rodent for brain studies.
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1. INTRODUCTION

1.1 Neural Recording

The most complex organ in our body is our brain. It contains numerous neurons and glial cells
which convey information using electrical signals in the form of action potentials and chemical
signals in the form of neurotransmitter. As neuroscience research evolves and more questions
about the functions of the brain arise, the need for more advanced experimental tools also arises.
One such tool is a brain—machine interface (BMI) wherein the brain and machine communicate
via electrical activity using electrodes. Electrode as the BMI is the most important part in
recording neural activities [1-5]. There are various types of electrodes for recording various
neural activities in the brain. Some are noninvasive and some are invasive. Noninvasive
electrodes are used to capture signal such as electroencephalogram (EEG) from outside the skull.
Invasive electrodes are used to capture electrocorticogram (ECoG), local field potential (LFP) or
spike activity. Metal exposed tip or surface are used to record these neural signals. Single unit
spike recording requires high spatial resolution which can be obtained by using a microelectrode
with small exposed surface or with a sharp tip. Action potentials from specific neurons are
recorded to study neuronal behavior [6, 7]. Analyzing neural signals is important for discovering
specific mechanisms of brain functions and for investigating brain diseases such as Parkinson's

disease, epilepsy and chronic pain [8-11].

1.2 Penetrating Single Unit Recording Electrode

Implantable electrodes are referred to as the electrodes that are surgically implanted on the
surface of the brain (non-penetrating) or penetrated into the brain (penetrating) to record neural
activities from neurons. Single unit recording electrodes are the ones which can detect neural
spikes from individual neurons. Single-unit recording provides a method of measuring the
electro-physiological responses of single neurons using a microelectrode system. When a neuron
generates an action potential, the signal propagates down the neuron as a current which flows in
and out of the cell through excitable membrane regions in the soma and axon. If a microelectrode
is inserted into the brain, it can record the rate of change in voltage with respect to time. When

the exposed sharp metal tip comes closer to a neuron, it detects the potential change of the
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neuron. Glass micropipette is the first penetrating cortical electrode. It was made of an
electrolyte-filled glass pipette with a tip diameter of 1 micrometer [12]. These glass
micropipettes are mainly used to record intracellular activities but also can record extracellular
activities. However, the glass micropipettes cannot be used in chronic studies due to electrolyte
leakage, fragility and brain damage. In 1950, Woldring and Dirken report the ability to obtain
spike activity from the surface of the cerebral cortex with platinum wires [13]. In 1953, Dowben
and Rose developed the iridium micro-wire for recording [14]. In 1958, the stainless steel
microelectrode was developed [15]. In 1959, Hubel and Wiesel used single neuron recordings to
map the visual cortex in unanesthetized, unrestrained cats using tungsten electrodes [16]. In 1960,

glass-insulated platinum microelectrodes were developed for recording [17].

Metal electrodes are made of various types of metals such as platinum, tungsten, platinum-10%
iridium, gold, alloy, stainless steel, silver. They have high low-frequency impedance and low
high-frequency impedance. They are suitable for measurement of extracellular action potentials.
They have high signal-to-noise ratio (SNR) due to lower impedance for the frequency range of
spike signals. They also have better mechanical stiffness for puncturing through brain tissue.
They are easily fabricated into different tip shapes and sizes at large quantities. However, metal
electrode should consider chronic reaction for long-term neural recording. It the material is not
chosen properly, the electrode tip can dissolve in the tissue fluids and the whole electrode can
cause inflammatory reaction [18]. Therefore, researchers have evaluated the immune response of
the brain tissue for various metal micro-wires implanted into brain. According to their studies,
platinum and gold are considered as the most “non-toxic” metals for implantable electrodes [19].
Over the past few years these implanted microelectrodes have led to breakthrough discoveries
and technological innovations such as restoration of the cortical control of the upper limbs [22],
control of robotic end effectors [20, 21], discovery of fundamental mechanisms underlying

cognitive processes [23, 24] and discovery of neural activity during epileptic seizures [25, 26].

1.3 Inflammatory Reaction of Rigid Neural Probe

A fundamental problem with the rigid electrodes is the contradiction between the materials
properties needed for implantation and the properties required to minimizing long-term neural

trauma. Neural probes made of rigid wire or silicon substrate suffer from the mechanical
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mismatch between stiff electrode and soft brain tissue [27]. Due to this mechanical mismatch and
insertion damage, the immune response creates an inhospitable environment that isolates the
probe from the neural tissue of interest over time [28], [29]. An insulating sheath of astrocytes is
created between electrodes and neurons which isolates the neurons from the electrode surface
and moves the neurons away from the recording site over time [30], [31]. Therefore, although
stiff probes are easy to insert into soft brain tissue, they create foreign body response that
increases with time. Moreover, the relative micro-motion between the brain and the electrode
creates more glial scar encapsulating the probe and results in neuronal death [32]. Due to
persistent and progressive scarring caused by the foreign body response to electrodes, the
number of neurons near the electrode decreases with time [33]. Therefore, neural spikes of
interest are no longer visible and long-term chronic neural signal recording is not possible with

rigid electrodes.

1.4 Thin and Flexible Neural Electrode

Researchers have demonstrated that the scar formation minimizes for thinner and flexible
electrodes [34-36]. Because of much smaller cross-sectional area, thin wire electrodes displace
smaller volume of tissue and cause much less compression on the surrounding tissue compared
to thicker electrode. Also, when the electrode gets thinner, it becomes flexible which reduces
relative micro-motion between brain and electrode. The major drawback of the thin and flexible
electrodes in the surgical implantation: when the unsupported length of the electrodes is longer
than a certain length (1-2 mm), they buckle rather than enter the brain tissue [37]. Therefore,

insertion methods and devices are necessary to implant these electrodes.

1.5 Existing Insertion Methods and a Need for a Novel Insertion Method

Engineers have developed few insertion methods in the past years to solve the challenge. In 2001,
Rousche et al., fabricated polyimide-based intracortical electrode arrays which were inserted
after making sharp incision in the brain using a blade [38]. Since invasive incision is required,
unwanted brain damage can be associated in the implantation process. Moreover, the implanted
electrodes were only 1.5 mm in length. Insertion of electrodes in deep brain region is not

possible using this method.
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In 2004, Shoji et al. invented parylene based 3D flexible electrode and coated the electrode by
bio dissolvable polyethylene glycol, PEG to have necessary stiffness for insertion [39]. After the
insertion, PEG was dissolved in the neural tissue and the probe became flexible. The demerit of
this method is that it injects foreign particles inside brain which may cause brain damage or other
side effects. Also, the electrodes implanted in the experiment were only 1 mm in length. For
deep brain electrode, this method is not feasible. Other than PEG, sucrose gel, hydro gel sheath
was also used to increase stiffness of the electrode in some studies [40-43]. However, substantial
amount of coating material would be required for deep brain electrodes. Some researchers used
various rigid structures which were attached to the flexible electrodes while insertion and then
removed after insertion leaving the flexible probe behind [44-49]. The increased rigidity and
footprint of the stiffener-electrode assembly can aggravate the acute and chronic injury,
damaging or destroying nearby neurons and breaching the blood brain barrier [48, 50]. Also, a

substantial amount of brain cells is displaced and withdrawn with the rigid structure.

A magnetic tension-based insertion mechanism was proposed in [51]. Probes were constructed
from a sharp magnetic tip attached to a flexible tether. A pulsed magnetic field was generated in
a coil surrounding the electrode. The applied magnetic field pulls the electrode tip forward,
accelerating the probe into the neural tissue. The limitation of this method is that the probe has to
be made out of magnetic materials. Therefore, widely used materials such as platinum and gold
cannot be used as the electrode material. Another drawback of this method is that the penetration
depth of electrode is not well controlled because of the inhomogeneous density and variable
structure of the brain. Therefore, targeting a particular type of neuron is not possible using this

method. Also, adjustment of the electrode depth is not possible after shooting the electrode.

In recent years, a method based on a viscous drag force on the microelectrode applied by
flowing liquid in a micro-fluidic channel has been proposed [52]. A micro-fluidic actuation
device has been fabricated and used for this purpose. Carbon nanotube fiber microelectrode has
been inserted 4 mm deep in rat brain using fluidic micro-drives, though nothing is stated about
the condition of dura. Micro-positioning the electrode with this method is difficult. Also, the

electrode can only go inside the brain. Backward motion is not possible with the device. The
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feasibility of implanting longer electrode is unknown. Moreover, making contacts with the
microelectrodes after implantation is very difficult and most often the neural signal is lost while

making this connection due to micro motion.

A new technology to insert and precisely position flexible ultrathin electrodes without temporary
stiffening would significantly improve the robustness and utility of flexible electrodes while
minimizing excess damage to the brain from stiffeners. Due to the unavailability of such
insertion method, a novel insertion method is necessary for chronic neural recording from deep

brain structures.

1.6 Novel Insertion Method

In this dissertation, a method of inserting flexible micro-wire electrode in deep brain without
removing dura is proposed. The method is derived from the principles governing the buckling
strength of electrodes. Two new concepts are introduced to increase critical buckling force
(defined in Section 2.2) of the electrode and reduce brain penetration force. A novel micro-wire
single shank electrode design is provided. An electrode insertion device based on the proposed
mechanism is also presented. In-vivo experiments demonstrate the effectiveness of the proposed
insertion mechanism. The ultimate goal of this study is to develop and validate a technology
platform that is capable of implanting flexible micro-wire electrode into deep brain structures for

chronic brain signal studies.

Chapter 2 describes the novel microelectrode insertion method. Chapter 3 contains the design of
a novel ultra thin micro-motion compensated micro-wire electrode. The design of the flexible
micro-wire electrode inserter is given in Chapter 4. A low power low noise neural amplifier
integrated circuit (IC) design for recording spikes is shown in Chapter 5. Chapter 6 provides the
in vivo electrode implantation method and shows chronically recorded neural activity in rat.

Finally, Chapter 7 provides the conclusion of the study.
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2. FLEXIBLE MICROELECTRODE INSERTION METHOD

2.1 Buckling of Micro-wire Electrode

When a micro-wire cannot penetrate a medium, one of the three phenomena can occur. They are:
bending, buckling and rupture [53]. In case of micro-wire penetrating a medium, rupture does
not occur because of the properties of metal. In case of flexible micro-wire penetrating a brain,
bending normally does not occur because buckling occurs before bending takes place. Therefore,
I will focus on buckling of micro-wires for brain penetration. Figure 2.1(a) shows the buckling of
a platinum (Pt) micro-wire electrode while penetrating 0.6% agar gel [54]. The wire buckles
because it cannot provide the required penetration force on the agar gel. There are six modes of
buckling depending on the end supports as shown in Figure 2.1(b). For the system of Figure

2.1(a), the mode of buckling is “one-pinned end and one-fixed end”.
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(a) (b)

Figure 2.1 (a) Buckling of Pt microelectrode during insertion in 0.6% agar gel, (b) Six different
modes of buckling. Buckled shape of electrode is shown by red line. Mode 1 is called “both-
fixed end” and mode 2 is called “one-pinned end and one-fixed end” because of the end supports.
© [2019] IEEE Reprinted with permission from [57]
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2.2 Critical Buckling Force (CBF)

To develop an insertion method, we first need to know how much force a micro-wire can exert
before buckling. Critical Buckling Force (CBF) is a measure of the stiffness of a wire. CBF is
defined as the maximum force a wire can bear while staying straight. It depends on the geometry
of the wire and the elastic modulus of the wire material [55]. For a cylindrical wire, CBF is

theoretically calculated from the following formula [53, 56]:

p = Km3Er#

where, P.- is the CBF of the wire in Newtons, K is the effective length factor (dimensionless)
which depends on the end supports of the wire, £ is the elastic modulus of the material in Pascals,
L is the effective length in meters and 7 is the radius of wire in meters. This formula was derived
in 1757, by the Swiss mathematician Leonhard Euler and it is known as Euler’s column formula

because of its broad use in designing columns of buildings.

Table 2.1. Elastic modulus of commonly used electrode materials

) Elastic Modulus
Material (GPa)
Platinum 168
Iridium 528
Platinum-
10% Iridium 204
Gold 79
Stainless Steel 200
Silicon 130-185
Tungsten 400

Some commonly used electrode materials are platinum, iridium, platinum-iridium, tungsten, gold,
carbon fiber, stainless steel and silicon. The elastic modulus of some materials is listed in Table
2.1. And in the “one-pinned end and one-fixed end” mode of buckling, the value of K is 2.045.

Now Figure 2.2 shows how CBF varies with the length of wire for three different diameters
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(25pum, 50pum and 75pum) of platinum- 10% iridium (Pt10%Ir) wires. I also have measured the
CBF using a micro-force sensor, S256 (10 gm) from Strain Measurement Devices, Wallingford,
CT 06492, USA, and the data are shown in Figure 2.2. The experimentally measured CBF values
match with the theoretical values. Figure 2.2 shows that a 10 mm length 25 um diameter Pt10%]Ir

wire can only apply 0.8 mN force on the brain surface before buckling.
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Figure 2.2 Critical buckling force of Pt10%Ir micro-wire. The yellow marks show the length of
the corresponding electrodes at which penetration failure starts to occur.

2.3  Self Penetration Length

Various lengths of Pt- 10%Ir micro-wires with different diameters and tip geometries have been
inserted in rat brains. Each wire having specific length, diameter and tip geometry has been
inserted 3 times at 3 different locations in the hippocampus of rat brain, and the numbers of
penetrations without buckling and the numbers of buckling occurrences have been counted
which are given in Table 2.2-2.4. The probability of successful penetration for a specific wire is
graphically shown in Figure 2.3. Figure 2.3 shows that for a successful penetration of 25um Pt-

10%Ir wire with a scissor cut tip, its length has to be less than 1 mm. Now relating Figure 2.2 to



24

Figure 2.3, it is found that it takes more than 10 mN (80 mN) force for a sharp (scissor cut) 25um

electrode to penetrate the dura.

Table 2.2 Number of penetrations and number of buckling occurrences of 25 um micro-wire for
various lengths and tip geometries

] Scissor Cut Tip Round Tip Sharp Tip

Egrgth No. of No. of Total | No. of No. of Total | No. of No. of Total

(mm) Penetra- Buckling No. of | Penetra- Buckling No. of Penetra- Buckling No. of
tion Trial tion Trial tion Trial

1 3 0 3 3 0 3 3 0 3

2 2 1 3 3 0 3 3 0 3

2.5 1 2 3

3 0 3 3 0 3 3 1 2 3

4 0 3 0 3 3 3 3

5 0 3 3

Table 2.3 Number of penetrations and number of buckling occurrences of 50 um micro-wire for
various lengths and tip geometries

Scissor Cut Tip Round Tip Sharp Tip

Wire Total Total

Length No. of No. of No. No. of No. of No. No. of No. of Total

(mm) Penetra- . Penetra- . Penetra- . No. of
i Buckling | of i Buckling | of i Buckling Trial
ion Trial ion Trial ion ria

4 3 0 3

5 3 0 3

6 2 1 3

7 0 3 3 3 0 3

8 0 3 3 3 0 3

9 1 2 3

10 0 3

11 0 3

12 3 0 3

13 3 0 3

14 2 1 3

15 0 3 3

16 0 3 3
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Table 2.4 Number of penetrations and number of buckling occurrences of 75 um micro-wire for
various lengths and tip geometries

Wire Scissor Cut Tip Round Tip Sharp Tip

Length No. of No. of Total | No. of No. of Total | No. of No. of Total
Penetra- . No. of | Penetra- . No. of | Penetra- . No. of

(mm) tion Buckling Trial tion Buckling Trial tion Buckling Trial

10 3 0 3

11 3 0 3

11.5 2 1 3

12 0 3 3 3 0 3

13 0 3 3 3 0 3

14 2 1 3

15 1 2 3

16 0 3 3

17 0 3 3

18 3 0 3

19 3 0 3

20 3 0 3

Length of Electrode (mm)

Blunt Tip
Round Tip
Sharp Tip
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B 100%

67%
33%
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Figure 2.3 Probability of successful penetration of Pt-10%lr wire in rat brain for various lengths,
diameters and tip geometry.
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2.4 Use of Electrode Guide to Increase CBF

It is clear from Section 2.4 that the CBF of the micro-wire needs to be increased to penetrate the
brain. One way to increase CBF is to increase » (Equation 1). Doubling  gives 16 times increase
in CBF. To have 10 mN CBF required to penetrate into cerebral cortex by a sharp Pt electrode,
the diameter of the electrode has to be 62.6 um. However, increasing » makes the electrode
stiffer, which is not desirable. Therefore, I chose the alternate solution which is using a guide to

restrict buckling.

One candidate for a guide could be a cylindrical tube as shown in Figure 2.4(a), but it is
problematic because the electrode gets stuck inside the tube when adhesive blood and
cerebrospinal fluid (CSF) quickly fill the narrow tube by capillary action during in-vivo
experiments. Moreover, retracting the tube after insertion is a problem because the electrode
socket cannot pass through the tube. Even if the electrode is detached from the socket before
retracting the tube, the tube displaces the electrode while retracting because of the growing
friction developed by blood and CSF with time. In addition, attaching the socket to the electrode
after insertion is very difficult. To overcome all these problems, I have proposed a new electrode

guide which is shown in Figure 2.4(b) [57].
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el

(a) (b)

Figure 2.4 (a) A cylindrical tube restricts the electrode from buckling, (b) Proposed electrode
guide. © [2019] IEEE Reprinted with permission from [57]
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The electrode guide is designed to reduce contact area between the electrode and the guide in
order to reduce friction due to blood and CSF. The guide consists of 4 pairs of separated arms
and each pair forms a micro-hole through which the electrode passes. The guide restricts the
electrode from buckling at points where the micro-holes are located. Since the electrode can only
buckle between two micro-holes, the effective length of buckling depends on the separation of
arms. The guided insertion creates a twofold increase in CBF. First, the guide reduces the
effective length of electrode allowed for buckling. Since CBF is proportional to //L?, the guide
significantly increases CBF. Second, by using a guide, buckling follows “both ends fixed” mode
rather than “one-pinned end and one-fixed end” mode when the electrode penetrates cortex [53].
When the electrode is inside brain, the mode of buckling for the portion of electrode above the
brain is still “both ends fixed” mode. In this mode, K = 4 which further doubles the CBF.
According to Equation (1), a guide having 5 mm separation between arms can increase the CBF
of Pt microelectrode to 5 mN, which is large enough to penetrate rat brain if the dura is removed
in advance. Therefore, I designed the guide with 5 mm separation between arms. The electrode

guide is described in Section 4.3 in detail.

2.5 Spinning During Insertion to Penetrate Dura

The proposed guide alone cannot make successful penetration of 10 mm long electrode when
dura is present. In this case, the electrode is spun slowly to pierce the dura. The spinning
electrode bores a micro-hole in the dura and penetrates through it. Although a higher insertion
force is required to penetrate dura [58, 59], the electrode pierces dura by its spinning motion. The
driving force for the electrode is the pressure applied to it. When the electrode touches brain
surface, it initially creates a small dimple, unlike with impact insertion [60, 61]. The electrode
then gradually slides inside the brain. Even after penetration, the dura sticks to the side of the
electrode and clutches it. Therefore, the electrode is kept spinning until it nears the target. When
the electrode reaches close to the target, I stop spinning. I then advance the electrode in micro-

steps into the brain until I find desired neuron.
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3. FABRICATION OF FLEXIBLE ULTRA-THIN MICRO-WIRE
ELECTRODE FOR SINGLE UNIT RECORDING

3.1 Electrode Fabrication

The flexible microelectrode is fabricated from 25um platinum (Pt) single core wire. The micro-
wire is obtained from AM Systems, WA, USA (catalog number - 764500). In this study, I have
used the electrodes to record from the brainstem region of rat brain. The target is about 10 mm
deep in the brain from the skull surface. I cut 17 mm long pieces of wire from the spool using a
micro-scissor (Fine Science Tools, Foster City, CA, USA, PN: 15000-11). Each 17 mm long
piece of wire is used to make one electrode. Among the additional 7 mm length of wire, 6 mm is
required by the design of the electrode inserter and 1 mm is used to attach a metallic socket to
the electrode to hold it during insertion. The micro-wire is attached to a thicker wire such as 0.3
mm tinned coated copper wire by spot welding as shown in Figure 3.1. The tinned copper wire is
then trimmed down to 1 mm. A gold-plated female socket, obtained from Plastics1, VA, USA
(catalog number E363/0), is attached to the micro-wire. The 1 mm tinned copper wire along with
the micro-wire is put into the socket and the socket is attached by crimping. The length of the
wire becomes 16 mm. The reason behind using a thicker wire instead of directly crimping the
socket to the micro-wire is to make a reliable and strong mechanical connection. Instead of spot
welding to a thicker wire and then crimping the socket, the micro-wire could also be attached to
the socket directly by soldering. However, soldering the micro-wire could burn and damage the
electrode. The curved micro-wire is then made straight by holding the socket in one hand and
pulling the micro-wire very gently along the length with the other hand. Figure 3.2 shows a 16

mm long electrode after straightening.

3.2 Micro-wire Tip Etching

The bare end is electrochemically etched to make a sharp tip for single unit recording. The
platinum wire is etched in 1.5 M CaCl; solution by dip etching. A thick spiral Pt wire is used as a
counter electrode. A 6V,, 60Hz sinusoidal voltage is applied between the micro-wire electrode
and the counter electrode. The micro-wire is dipped 20 times in the CaClz solution. For a fixed

amplitude of voltage, the sharpness of the tip increases with the number of dips. The rate of
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dipping is 30 dips/min. After etching, the electrode is rinsed with deionized water. Figure 3.3

shows the electrode tip before and after electrochemical etching.

(@) (b) ©

Figure 3.1 Fabrication steps of neural electrode using ultra-thin flexible Pt micro-wire. (a) Spot
welding of micro-wire to a thicker wire for stability. (b) Spot welded micro-wire. (¢) Trimmed
wire assembly ready to be crimped in female socket pin.

25 pm Wire Socket

Figure 3.2 Straightened 25 pm diameter Pt electrode after crimping socket. © [2019] IEEE
Reprinted with permission from [57]

3.3 Micro-wire Coating using Biocompatible Polymer

The sharp micro-wire is then insulated by coating with parylene C. Parylene C is a biocompatible
polymer [62]. The Specialty Coating Systems, PDS 2010 parylene deposition system is used to
coat the micro-wires. Parylene C is deposited by a chemical vapor deposition method. The
process temperature and pressure parameters used in this system are given in Table 3.1. The
average thickness of the coating is 2 pum. Before coating the micro-wire with parylene C, the

socket is covered with a silicone tube. The silicone tube is removed after parylene C deposition.
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(b)

Figure 3.3 (a) Microelectrode tip before etching. (b) Microelectrode tip after electrochemical
etching in CaCl; solution.

Table 3.1 Process parameters for parylene C coating and etching

Parylene C Coating Parylene C Etching
Furnace 690°C RF Power 50 W
Chamber Gauge | 135°C Pressure 50 mTorr
Vaporizer 175°C Gas Flow 50 sccm
Vacuum 15 mTorr Etching Time 30 min

3.4 Tip Deinsulation

After coating, the sharp tip of the micro-wire is exposed to provide electrical connection to the
neural tissue and lower impedance and electrical noise. This is done by etching parylene from the
tip using reactive-ion etching (RIE) technology. Conventional technique for deinsulating stiff
electrode by poking the electrodes through aluminum foil followed by an oxygen plasma etch
does not work for ultra-thin long flexible wire [62]. I have developed a new technique to
deinsulate the tip of ultra-thin long flexible wire. Figure 3.4 shows the schematics of step-by-step
process of tip deinsulation. First, the micro-wire is inserted into a 1.1 mm inner diameter glass
pipette having a tip of 100 um in diameter. Using a micromanipulator, the micro-wire is

positioned in the pipette such that the sharp tip pokes out about 100 um from the pipette tip. The
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pipette tip is then closed with a drop of photoresist (PR) AZ9260. The micro-wire tip pokes out
about 25-35 um from PR. This is the length of exposed metal tip after parylene etching. Variable
exposed metal tip length is obtained by controlling the length of the micro-wire poking out of PR
using a micromanipulator. A stiff rod holds the micro-wire socket inside the pipette and after
positioning the micro-wire, super glue is used to hold the rod in place inside the glass pipette

(Figure 3.5(a)). The PR is then baked at 90°C for 10 minutes in oven.

Exposed Tip

Plasma J

Coating . _
A'/ /\ Glass Pipette lll ll /\
. «—PR

Parylene

(a) (b) (©) (d) (e)

Figure 3.4 Schematics of micro-wire tip deinsulation process. (a) Electrochemically etched
micro-wire. (b) Micro-wire inserted inside a glass pipette in preparation for parylene etching. (c)
Pipette tip covered with PR AZ9260. Micro-wire tip pokes out of the PR. (d) Plasma etching to
remove parylene from the micro-wire tip. (¢) Electrode after parylene etching and PR removal.

After baking, the PR becomes hard. The pipette tip is shown in Figure 3.6(a) after baking. The
PR is added to cover the pipette tip so that plasma cannot enter inside the pipette. Also, it holds
the micro-wire which eliminates vibration while etching. The pipette is placed vertically with the
tip facing up in the plasma RIE chamber. A custom-made glass frame (shown in Figure 3.5(b)) is
used to hold the pipettes in the plasma chamber. Oxygen gas is used in the parylene etching
process [63]. The parylene etching process parameters are given in Table 3.1. The etching is
done in the Scifres Nanofabrication Laboratory cleanroom located at Birck Nanotechnology
Center, Purdue University. The Plasma Tech RIE system has been used. Figure 3.6(b) shows the
pipette tip after parylene etching. The tip of the micro-wire becomes shiny after parylene etching.

The pipette is then submerged in acetone to dissolve the PR and super glue. After 30 minutes, the
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socket along with the electrode is carefully taken out of the glass pipette. It is then rinsed with

isopropyl alcohol and DI water, respectively. Figure 3.6(c) shows the exposed Pt sharp tip.

(@) - (b)

Figure 3.5 (a) Micro-wire electrode inside of glass pipette. (b) A custom-made glass box holding
four glass pipettes vertically ready to be put in plasma chamber.

Figure 3.6 (a) Photoresist covered glass pipette tip after PR baking. Parylene coated electrode tip
pokes out of PR. (b) Photoresist covered pipette tip after RIE etching. Electrode tip becomes
shiny after parylene etching. (c) Sharp Pt electrode tip removed from pipette.
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3.5 Helix Formation for Micro-motion Compensation

The electrode presented so far is good enough for all acute experiments and most of the chronic
implantations where sufficient cement can be applied to anchor the electrode. However, in some
applications, due to extensive manipulation of the connecting leads during implantation or due to
dramatic movements of the rats after implantation, it is possible to displace the electrode from
the neuron by few microns which are sufficient for losing the neural signal. Therefore, I have
introduced a helical spring at the top of the electrode to compensate micro-motion of the
anchoring base. Figure 3.7 shows the micro-motion compensated electrode. Instead of the bigger
female socket (E363/0), a smaller socket is attached to the micro-wire which complies to the
connecting lead of the wireless telemetry device called Bionode. The fabrication process of this
electrode includes some additional steps. Before attaching the micro-wire to the socket, it is
straightened and wrapped around a thicker wire to form the helical spring. Then it is attached to
the socket by soldering at low temperature (550°F). The micro-wire is trimmed to 10 mm after

the spring. Figure 3.7(a) shows the electrode after this step. It contains four turns in the spring.

The micro-wire tip is then etched in CaCl, solution. After sharpening the tip, the helical spring is
also etched in CaCl, solution to make it more pliable. After making it four times more pliable
than an electrode having similar length and no spring, the electrode is coated with parylene C.
Then I put PR in the spring and bake it at 90°C for 20 min in oven. After baking, the electrode tip
is exposed according to the procedure described in Section 3.3. The purpose of using PR in the
spring is to make the spring stiff so that the electrode can be loaded in the glass pipette tube
without damaging the spring. After tip deinsulation, the PR is removed using acetone. Then the
spring is covered by a silicone tube to protect it during implantation. The silicone tube is
attached to the socket. To increase the stiffness of the electrode for inserting in the brain, the
silicone tube is filled with sucrose. After insertion and before affixing the electrode, the sucrose
is dissolved by pouring few drops of sterile saline over the silicone tube. It takes couple of
minutes to dissolve the sucrose. Figure 3.7(b) shows the sucrose filled micro-motion
compensated single unit recording neural electrode. A comparison of the compression forces of
electrodes with and without helical spring is given in Figure 3.8. It is seen from Figure 3.8 that

the addition of helical spring in the electrode reduces the force by four times as stated before.
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Figure 3.7 (a) Helical spring for micro-motion compensation. (b) Silicone covered and sucrose
filled helical spring electrode.
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Figure 3.8 Compression forces of electrodes with and without helical spring.

3.6 Electrochemical Characterization of Electrodes

The electrochemical impedance of the electrode is measured using Gamry Instruments
Potentiostat (Reference 600). Three-electrode cell configuration was used where the micro-wire
Pt electrode was connected as the working electrode (WE), a larger Pt spiral wire as the counter
electrode (CE) and an Ag/AgCl electrode as the reference electrode (RE) (see Figure A.l in
Appendix). Every microelectrode was characterized in a phosphate buffered saline solution (PBS
1x) by electrochemical impedance spectroscopy (EIS) (100 KHz to 10 Hz). Figure 3.9 shows the

electrochemical impedance of a typical microelectrode.
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Figure 3.9 Electrochemical impedance of the fabricated Pt microelectrode. (a) Magnitude of
impedance. (b) Phase of impedance.
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4. DESIGN AND PROTOTYPE DEVELOPMENT OF THE
MICROELECTRODE INSERTER

4.1 Overview

Manual insertion (i.e. insertion by hand) of the micro-wire electrode is not possible because of its
flexibility and the precise positioning required in finding and holding a desired neuron. Therefore,
an insertion device is necessary to implant this electrode. Since such a device does not exist, I
have proposed the design of the microelectrode inserter and developed a prototype of the
proposed inserter. This section presents my design of the motorized electrode inserter and

describes its working principal.

4.2 Design of the Microelectrode Inserter

The proposed inserter consists of 4 major parts: digital Vernier caliper, insertion motor, spinner
motor and the electrode guide. The last 3 parts are mounted on a digital Vernier caliper obtained
from AccuRemote, San Clemente, CA, USA (PN: 35-812). Figure 4.1 shows a 3D model of the
proposed microelectrode inserter. The model is designed in Fusion 360 and the mounting parts
are fabricated in FDM 3D printer using ABS material. The insertion motor is a variable speed
DC gear motor (obtained from Uxcell, Kwai Fong, Hong Kong, PN: a14052900ux0148) that
drives the electrode up and down. Linear motion is obtained by using a 100 mm long and 6 mm
diameter lead screw with 1 mm pitch. The spinner motor is a variable speed DC servo motor
(obtained from FEETECH RC Model Co., Ltd., PN: FS90R) that spins the electrode during
insertion. The electrode is attached to the spinner motor shaft using a holder shown in Figure 4.2.
The electrode holder is made of a 0.5 mm diameter stainless steel conductor with a non-
conductive motor shaft coupler. The other end of the holder plugs into the electrode socket
(E363/0). A custom-made socket, as shown in Figure 4.2, is used as a slip ring. The insertion
motor is attached to the caliper and the spinner motor is attached to the movable Vernier scale.
The Vernier caliper has a digital LCD display which shows the position of the Vernier scale.
When the insertion motor is on, it slides the Vernier scale over the fixed frame and the LCD
display shows the new position of the Vernier scale. Since the electrode is attached to the spinner

motor and the spinner motor is situated on the Vernier scale, the position of the Vernier scale can
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be treated as the position of the microelectrode. The resolution of the digital LCD display for
position measurement is 10um. Therefore, the smallest measurable motion of the microelectrode

is 10pm. However, by regulating the supply voltage to the insertion motor, insertion step size as

small as 4 pm is achievable.

(@) (b)

Figure 4.1 3D model of the microelectrode inserter designed in Fusion 360. (a) Front view of the

inserter. (b) Side view of the inserter. [1- Caliper Frame, 2- Support Rod, 3- Insertion Motor, 4-

Stereotaxic Arm Clamp, 5-Movable Vernier Scale, 6- Spinner Motor, 7- Lead Screw, 8- Neural

Amplifier Board, 9- Electrode Holder, 10- Guide Lifting Motor, 11- Electrode Guide] © [2019]
IEEE Reprinted with permission from [57].



39

| 6 cn | lom |
[ I |
= e T' - v —ily

Stainless Steel Conductor Slip Ring Coupler

Figure 4.2 Fabricated electrode holder. © [2019] IEEE Reprinted with permission from [57]

4.3 Design of the Electrode Guide

One of the basic components of the proposed electrode insertion method is the electrode guide
which is located at the bottom of the caliper (Figure 4.1). The guide is demonstrated in Figure
4.3 by inserting an electrode into agar gel. The top 3 pairs of arms are semi-flexible and the
bottom arms are rigid. Figure 4.3(a) shows the state of the guide and the position of the electrode
before insertion. The rigid arms and the lower two pairs of the semi-flexible arms are closed and
surround the electrode wire. The top semi-flexible arms are open because of the electrode socket.
The electrode is spun and slowly inserted in the agar gel through the guide. While inserting the
electrode, the semi-flexible arms open up one by one as the electrode socket pushes them
downward. Figure 4.3(b) shows the position of the electrode in the guide after insertion. The
electrode is in the agar gel and the electrode socket is above the rigid arms. The rigid arms are
then retracted, as shown in Figure 4.3(c), to release the electrode. Figure 4.3(d) shows a
computerized tomography (CT) image of the microelectrode inserted 10 mm in agar gel. The
semi-flexible arms are attached to the frame but the rigid arms are mounted on a support which
can slide up and down. The up-down movement of the rigid arms is controlled by a motorized
cam-wheel system shown in Figure 4.3(e) and 4.3(f). The cam-wheel is designed to provide 4
mm vertical displacement with 180° rotation. While retracting the rigid arms, the extruded rigid
frame (Figure 4.3(f)) restricts the motion of the rigid arms and forces them to rotate. In this way,
the rigid arms open up to make space for fastening the electrode in in-vivo experiments without

dislodging the electrode.
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(a) (b)

(c) (d)

Arm

(e) )
Figure 4.3 Demonstration of the electrode guide. The state of the guide and the position of the
electrode - (a) before and (b) after insertion. The semi-flexible arms open up one by one as the
electrode socket pushes them downward. (c) Opening of the rigid arms after insertion. (d) CT
image of the inserted electrode in agar gel. The electrode appears as a thin white line in the
image. (e) 0° position of the cam-wheel when rigid arms are closed. (f) 180° position of cam-
wheel to retract and open the rigid arms. © [2019] IEEE Reprinted with permission from [57]
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At the ends of the arms, there are micro-holes each with the shape of a half cone, so that when
two arms touch end to end, they make a complete conical micro-hole as shown in Figure 4.4. In
addition to the conical micro-hole, the rigid arms, when closed together, create a 3 mm long
micro-ferrule below the conical hole. This particular guide design ensures perpendicular
penetration in the brain, restricts the electrode from buckling during insertion, and minimizes
friction between the electrode and the guide, thus providing better insertion force. The height of
the micro-ferrule including the conical hole is 4 mm and the rigid arms retract by 2 mm before
opening. Therefore, the electrode has to be 6 mm longer than the depth of insertion. The

electrode guide is fabricated in a 10 pm resolution Autodesk Ember SLA 3D printer.

The fabricated prototype electrode insertion device is shown in Figure 4.6. The device is

fabricated in the Center for Implantable Devices (CID) at Purdue University, West Lafayette, IN.

(a)

Figure 4.4 (a) Conical holes at the ends of the guide arms. (b) Cross sectional view of the
electrode guide at mid-plane. © [2019] IEEE Reprinted with permission from [57]
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4.4 Control Panel

The electrode inserter has a control panel to operate it during electrode insertion. The device is
battery operated. A simplified block diagram of the control system is shown in Figure 4.5. It has
two rotary knobs, one single pole double throw (SPDT) switch, one single pole single throw
(SPST) switch, and two liquid crystal display (LCD) displays on the panel. The insertion motor
speed is controlled by one rotary knob and the spinner motor speed is controlled by the other
rotary knob. When the knobs are turned to zero, the corresponding motions stop. The rigid arms
of the electrode guide are lifted up and down by the SPDT switch. The device is turned on and
off using the SPST switch. The rotational speed of the electrode during insertion is displayed on
one LCD screen and the insertion depth is displayed on the other LCD screen. The position of
the electrode is read out from the Vernier scale and displayed on the screen. An infrared sensor is
used to measure the rotational speed of the electrode. The rotational speed is calculated from the
number of square pulses obtained per second from the IR sensor. An Arduino Uno micro-
controller board is used for doing the calculations and running the LCD screens. The entire
system is powered from two 9 V batteries (£9 V) placed inside the controller. The control panel

is shown in Figure 4.6.

: ]! oo .
' Insertion L : +9V On I
1 Motor : | Inserter :
1 1
. | " Off |
- — :
: Position : : :
1 [ Measurement | | I 9V —
' | | Position [
! : ! Display :
: Speed : ; Arduino i
! | Measurement ! : Uno Speed !
] | ! Display !
: 7 ! : R
1 1
' Spinner \ ! +9V !
! Motor : ! :
1 I 1
. : ! P |
| Guide Arm | ! | Down :
' Retractor | | -9V I
1
L : ————
Inserter Control Box

Figure 4.5 Block diagram of the inserter control system
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Figure 4.6 Prototype of the developed ultra-thin flexible microelectrode inserter. © [2019] IEEE
Reprinted with permission from [57]
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S. NEURAL SIGNAL RECORDING CIRCUIT: 16 CHANNEL
PROGRAMMABLE NEURAL AMPLIFIER IC DESIGN

5.1 Neural Amplifier IC Design

In order to record microvolt neural spikes with high signal-to-noise ratio (SNR) and amplify
them with appropriate bandwidth, a low noise neural amplifier is required. Neural amplifier
made from off the shelf components has poor common mode rejection ratio (CMRR) and noise
performance. Therefore, a low noise neural amplifier integrated circuit (IC) has been designed
and fabricated. Figure 5.1 shows the schematics of the design of neural amplifier. The amplifier
has 16 input channels. All the channels are differential. The outputs of the channels are
multiplexed and a single output is provided. Four digital control pins (M0-M3) are used to select
the channels. The 16 inputs are divided into two groups. These two groups are independently
programmable to tune for different gain and bandwidth setting. Eight input pins are used to
program each group of channels. Among them, S1-S2 are used for gain setting, S3-S6 for low
pass cut off setting and V1-V2 for high pass cut off and roll off settings. The control parameter
settings are provided in Table A.1 in Appendix.

Programmable Pins . Channel Select
(MO-M3)

(S1L-Ss6eL, V1L-V2L)

I’ \\

/ ‘Q C:h'énﬁe__l 1 —

Group 1

= Channél 8 SN

MUX ——> Output

—13  Channel9 [—>

N W
ionm

_—___...----————-_~~~
[
-~
~

16 Channel Differential Inputs

Group

-
-

.

\ Pm— Cﬁg n n.el: 16 —>

Programmable Pins
(S1R-S6R, V1R-V2R)

Figure 5.1 Schematics of the 16-channel programmable neural amplifier.
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Figure 5.2 Schematics of a single channel programmable neural amplifier.
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The schematic of the circuit diagram of the individual single channel amplifier is shown in
Figure 5.2. The amplifier consists of two stages. The first stage provides a voltage gain of 100
(40 dB). The second stage provides an additional voltage gain of either 1.25 or 10 depending on
the control settings (see Table A.1 in appendix) and a tunable high pass filter cut off frequency.
Therefore, the overall voltage gain of the amplifier is 125 (42 dB) or 1000 (60 dB). The voltage

gain, A of each stage is given by the following equation:

Vo Cs
=—=—= 5.1
Vi Cp
where, V, is the output voltage, V; is the differential input voltage, C; is the input capacitor and

C, is the feedback capacitor. The transfer characteristic of the amplifier is shown in Figure 5.3.



46

The amplifier is capacitively coupled to the electrodes to eliminate DC input voltage and any

unwanted low frequency baseline fluctuations.

70 . .
Gain=42dB

Gain =60dB
L. 60
Measurement Conditions
50
Gain 42dB Gain 60dB
s1 1 s1 0 | , i Ll
a 40
s2 0 s2 1 )
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©
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107 10™ 10° 10' 107 10° 10* 10°

Frequency (Hz)

Figure 5.3 Transfer characteristics of the neural amplifier. The amplifier can be programmed to
provide either 42 dB or 60 dB gain. The measurements are taken using Agilent 35670A dynamic
signal analyzer.

The high pass filter cut off frequency, f; is given by the following equation:

1
fu = 27RC

52

where, R is the pseudo resistance. The tunable cut off frequency is obtained by varying the
pseudo resistance. The pseudo resistance is realized by two p-type MOSFETs connected as
depicted in Figure 5.2 and is known as pseudo-resistance [64-66]. Variable resistance is obtained
by tuning the gate voltage /2. Increase in the gate voltage of the pMOS increases the channel
resistance and, therefore, decreases the cut off frequency. Figure 5.4 shows the variation of the
high pass filter cut off frequency with the second stage gate voltage V>. The first stage also
provides a tunable high pass filter cut off frequency. By tuning both stages, both 20 db/decade

and 40 db/decade roll offs can be achievable as shown in Figure 5.5. Variation in the low pass
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filter cut off frequency is obtained by connecting various capacitances at the output of the first
stage. Figure 5.4 shows the variation of the low pass filter cut off frequency by changing
capacitances. Increase in capacitance decreases the cut off frequency.

The values of the cut off frequencies for various control parameter settings are provided in
Appendix. While continuous variation is possible for high pass filter cut off frequency, the low

pass filter cut off frequency can have 16 discrete values.
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Figure 5.4 (a) Variation of high pass filter cut off frequency. (b) Variation of low pass filter cut
off frequency. The measurements are taken using Agilent 35670A dynamic signal analyzer.
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Figure 5.5 Two different high pass roll off of the neural amplifier. The measurements are taken
using Agilent 35670A dynamic signal analyzer.
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The basic building block of the neural amplifier is the operational amplifier (OPAMP).
OPAMPs are made of metal oxide semiconductor field effect transistors MOSFETs (M).
Different architectures are used to design an OPAMP. Two-stage Cascode architecture is widely
used in circuit design at places where high gain and high output impedance are required. Folded
Cascode architecture provides better performance than the Cascode OPAMP circuit [67].
Therefore, I have used the Folded Cascode architecture to design my OPAMP. The schematic of
the OPAMP circuit is given in Figure 5.6. An ideal OPAMP has infinite open loop gain and,
therefore, the gain of the designed OPAMP should be as large as possible. The open loop voltage
gain, 4, of the OPAMP can be derived as

A = Vout _ Vout

1
v = o = = Imal(Gm127012 ToallT612)H1(Gm10T010708)] 5.3
Vin+—Vin- 2Vin— 2

From the equation, we see that the voltage gain, 4, depends on the transconductance, g+ and on

the products gm12r012 and gmiorero. To increase the gain, we can increase these three terms.

. w 1 L
Since, gy, = /ZHnCoxTID and 1, = 7™ x o
w 1 WL
ImTo = zl'lnCox?ID *F X 2p-nCoxI_ 5.4
D \l D

Power consumption is an important design criterion of the neural amplifier. In future, this neural
amplifier will be used in implantable devices where available energy is very limited. Therefore,
the amplifier is designed to consume power as less as possible. Thus, the drain current, /p cannot
be increased. For a fixed drain current, we can increase both width (W) and length (L) of
transistors Mo-M 12 keeping the W/L ratio fixed so that the overdrive voltages remain the same. At

the same time, we can increase gn+ by increasing its width. In this way, I have increased the gain.

Low noise is another important criterion for recording neural spikes. Spike amplitude can be as
low as 10 pV. Therefore, the noise level at the amplifier output should be low enough to detect

the spike from the baseline noise. The output noise is inversely proportional to size of the input
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MOSFET. Therefore, I have increased the size of M3 and M4 as much as possible. The sizes of
all the MOSFETs in the OPAMP are shown in Table 5.1.

w7 [ s

% M9 j|o_—o|[ M10

M1 j|o__o| M2 9.5 MQ
— Vout

vine—d[ M3 M4 _|p—vin M11
9.5 MO % rJ M5 i - JIRE:
M M
/T
= M13
M6 :H :'J} j'E M14
1 L

Figure 5.6 Schematics of a folded Cascode differential input single ended output OPAMP.

Table 5.1 Size of the MOS transistors in the OPAMP

Transistor Name | Gate Length, L, | Gate Width, W | No. of Gates | No. of Multiplier
Ml 10 1 1 1

M2 10 1 10 2

M3, M4 4 40 10 1

M5 10 2 1 1

M6 20 1 1 1

M7 -M10 10 5 4 1

Ml1, M12 10 2 5 2

M13, M14 20 1 2 10
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5.2 ASIC Design and Fabrication

The 16-channel neural amplifier integrated circuit (IC) has been designed and simulated in
Cadence Virtuoso using 180nm CMOS process from ON Semiconductor. It has been sent to ON
Semiconductor for fabrication and the fabricated application specific integrated circuit (ASIC) is

shown in Figure 5.7.

EREREERRRRERE DN

|
|
|

0 L o 115

(a) (b)

Figure 5.7 (a) Fabricated 16 channel neural amplifier ASIC. (b) ASIC is wire bonded to a 64-pin
socket for characterization.

The layout of the amplifier IC is shown in Figure 5.8. The size of the chip is 2.8mm x 2mm. For
the resistor, rppolyhr was used and the metal-insulated-metal (MIM) capacitor was used for the

capacitor.
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Figure 5.8 Layout of the 16 channel programmable neural amplifier designed in Cadence
Virtuoso using 180 nm CMOS technology from ON Semiconductor.

5.3 Performance Characterization

The fabricated IC has been characterized using Agilent 35670A dynamic signal analyzer and
Agilent E4980AL LCR Meter and the results are given in Table 5.2 along with the performance
of the state-of-the-art neural amplifiers. The input referred output noise and the total harmonic
distortion are shown in Figure 5.9 and 5.10 respectively. Time domain output waveforms are

shown in Figure A.2 in Appendix.



Table 5.2 Performance characteristics of the neural amplifier

Parameter This Work [68] TBCS 2011 | [69] TBCS 2013 | [70] TCS 2013 | [71]JSSC 2014
Gain 42, 60 dB 49-66 dB 400, 600 60.9 dB 30-4000
Bandwidth Tunable Fixed Tunable Fixed Tunable
CMRR 82 dB 62 dB 73 dB 60 dB 60

Input Referred Output

Noise 3.45 pVrms 5.4 uVrms 3.2 uVrms 4 uVrms 3.2 uVrms
PSRR 74 db 72 dB 80 dB 70 dB 76 dB

Supply Voltage 1.8V 1.8V 1.8V 1.8V 1.8V

Input Impedance >100 MQ - - - -

Power Consumption 13.43 uW/ch 10.1 uW/ch 9.4 uW/ch 11.6 uW/ch 27.8 uW/ch
Total Harmonic 0.076% @42dB;

Distortion 0.186% @60dB | 0:33% e te

Output Range | Y - - - -

No. of Channels 16 32 100 100 52

Area Per channel 0.35 mm? 0.31 mm? 0.25 mm? 0.28 mm? 0.18 mm?
Process Technology 180 nm CMOS 180 nm CMOS 180 nm CMOS 180 nm CMOS | 180 nm CMOS
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Figure 5.10 Total harmonic distortions at the output of the neural amplifier
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The outputs of the 16 channels can be multiplexed using the built-in multiplexer (MUX). The
four channel-select pins take digital inputs and connect the MUX output to the channels
according to the digital signal. Figure 5.11 demonstrates four channel multiplexing. Four input
signals having different frequencies are fed into four channels and the output signal is a time
division multiplexed signal. The time required for the output to be stabilized from one channel to
another channel is 3.5 pus. For an analog to digital converter (ADC) requiring 1.5 ps ‘sample and

hold’ acquisition time, the sampling frequency would be 200 kHz or 12.5 kHz/channel.

Input

Ch.Select 1
Power |

Ch. Select_2

Output
MUX Output

-

- OIlV

0.2s

Figure 5.11 Four channels multiplexing.

5.4 Amplifier Board Design

After characterizing the neural amplifier IC, I have made a printed circuit board (PCB), as shown
in Figure 5.12, to program the chip and use the chip to collect neural signal. A microcontroller
(NRF52832) is used to program the IC. The board contains all other necessary active and passive
electronic components for operation. The schematic of the circuit diagram and the layout of the
PCB are given in Figure A.3 and A.4 in Appendix. The amplifier board has been used to record
most of the neural data in my PhD study. This board is attached to the movable Vernier scale of
the inserter. To protect the wire bonding, epoxy has been used to make globe top encapsulation
of the chip (see Figure A.5 in Appendix). Neural signal from the electrode reaches the amplifier
through the electrode holder and slip-ring. The ability to record neural activity during insertion is

a useful feature of the developed inserter.
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Figure 5.12 Neural amplifier PCB for recording neural spikes.
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6. IN VIVO IMPLANTAION AND CHRONIC SINGLE UNIT
RECORDING FROM RESPIRATORY NEURONS OF RAT

6.1 Evaluation of Rotational Speed of Electrode on Insertion

To evaluate different rotational and insertion speeds, electrodes were inserted at 1, 2 and 3
revolution per second (RPS) rotational speeds and at 100, 200 and 400um/s insertion speeds in
two rat brains. Each combination of rotational and insertion speeds was evaluated by 6 trials and
the number of failures is given in Table 6.1. The 1 RPS rotational speed has 1, 2 and 5 failures
and the 2 RPS rotational speed has 0, 0 and 2 failures when inserted at 100, 200 and 400pm/s,
respectively. The 3 RPS rotational speed has 0 failure at all three insertion speeds. These results
show that higher rotational speed allows faster insertion without failure. However, slow insertion
allows blood vessels and brain tissue to accommodate the electrode [72] and, therefore, it is
preferable. Thus, electrodes were inserted at 200pm/s in all the experiments. Since 2 RPS
rotational speed showed 0 failure at 200 um/s, electrodes were inserted at 2 RPS. Slower
rotational speed might result in insertion failure. Faster rotation likely would also allow insertion,
but given I had found a successful combination of speeds of rotation and advance; I did not

explore a wider range of values.

Table 6.1 Number of insertion failure for various rotational speed and insertion speed of

microelectrode
Insertion Speed Rotational Speed (RPS)
(um/s) 1 7 g
100 1 0 0
200 2 0 0
400 5 2 0
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6.2 Microelectrode Implantation: In vivo Experiments

Microelectrodes were inserted in a number of non-survival and survival experiments under
anesthesia. All surgical and animal handling procedures were performed in accordance with the
regulations of the Institutional Animal Care and Use Committee (IACUC) and approved by the
Purdue University Animal Care and Use Committee (PACUC). Female Long Evans rats (250-
274 gm) were anesthetized with Isoflurane (5% for induction and 0.5 - 3% for maintenance, both
in 2 L/min Oy). The rat was mounted on a stereotaxic frame using ear bars and a nose cone.
Butorphanol (0.5-2 mg/kg, subcutaneous (SC)) analgesic was injected. The surgical site was
shaved and cleaned with 10% betadine and alcohol swabs. A mid-line incision was made on the
skull. An ALM retractor was used to hold skin during surgery. The 'Botzinger complex (BotC)'
of the brainstem was selected as the target of insertion. The "BotC' is a group of neurons located
in the rostral ventrolateral medulla and ventral respiratory column [73]. In rat, the "BotC' is
situated at ~12.4 mm posterior to bregma, ~2.2 mm lateral to mid-line and about 10 mm deep in
the brain with reference to bregma as shown in Figure 6.1 [74]. The complex spans only about
0.5 mm in the coronal plane. To avoid penetrating the sigmoid sinuses (large blood vessels), the
electrode was inserted at an angle of 10° to mid-line. Therefore, a 2 mm craniotomy hole was
made in the skull at 0.5 mm lateral to mid-line instead of 2.2 mm. The dura was left intact. The
‘BotC' consists of respiratory neurons which generate inspiratory and expiratory activities [75-
77]. The relationship between the neural activity recorded from electrode during insertion and

the breathing of the rat provides a physiological marker for the target structure.

Now the inserter was attached to the stereotaxic frame for electrode insertion. An electrode was
attached to the holder and loaded in the inserter. The electrode was positioned at the end of the
micro-ferrule. The ferrule end was positioned on the craniotomy. In preparation for insertion, the
spinner motor was accelerated to a speed of 2 RPS. The spinning electrode was then advanced
into the brain at a speed of 200 um/s. Both motions were turned off when the electrode went
about 8 mm inside the brain. The electrode was then advanced in micro-steps without spinning
until a suitable neuron was found. A 3-electrode recording system was used. The scalp retractor
was used as the reference and an injection needle under the skin on the back was used as

amplifier ground. Some photos of the electrode insertion experiment are shown in Figure 6.2.



58

Insertion

Point

(a)
—— 0mm
(Bregma)
Electrode
Mid Line 0.5 mm Path
— —2mm
—— [ 0mm

stzinger Complex
AP-12 4mm Botzinger Complex

(b)

Figure 6.1 Location of the ‘Botzinger’ complex in rat brain. (a) A rat brain skull. The red dot on
the skull posterior to lambda shows the insertion site. (b) A rat brain section at 12.4 mm behind
bregma showing the location of the "BotC’ and the electrode insertion path. The electrode is
inserted at 10 degrees to avoid penetrating blood vessels. © [2019] IEEE Reprinted with
permission from [57]



Figure 6.2 Two photos of the in vivo electrode insertion experiment.
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In survival experiments, after reaching the target, the electrode was fixed on the skull as shown
in Figure 6.3. First, the rigid arms of the guide were retracted and they opened up without
dislocating the electrode. Silicone sealant and ultraviolet (UV) light cured dental cement were
applied to fix the electrode to the skull. Then the electrode holder was retracted and detached

from the electrode socket and the inserter was removed.

(@) o (b)

© @

Figure 6.3 In-vivo demonstration of the electrode fixing process in a survival experiment. (a)
Microelectrode inserted in the brainstem of a rat. (b) Opening of rigid arms after insertion. The
part of electrode above the brain is visible. (¢) Application of dental cement. (d) Holder detached
from electrode socket. (¢) Recording cable plugged into socket to verify neural activity. (f)
Plastic pedestal mounted on skull to secure electrode. © [2019] IEEE Reprinted with permission
from [57]
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Figure 6.3 (continued)

®

Two stainless steel screws were implanted and connected to a socket with a wire to make the
reference electrode. Finally, a plastic pedestal with holes was mounted on the skull to secure the

electrodes and the rat was recovered from anesthesia.

Recordings were made under light anesthesia various times after recovery from implantation
surgery. Neural signal was obtained by connecting the amplifier to the electrodes with a cable.
An injection needle under the skin on the back was used as amplifier ground. After recording, the

needle was removed and the rat was recovered from anesthesia.

6.3 Acute and Chronic Neural Recordings

Figure 6.4 shows the neural activity recorded at progressive depths of insertion in a survival
experiment (Ratl). Various neural activities were observed at different positions in the brain. A
thermocouple was placed in front of the nose to sense respiration. For each breathing period, the
thermocouple generated a voltage oscillation due to the temperature variations in the inhaled and
exhaled air. This respiratory signal is also shown in Figure 6.4. The neural signal was played on

a speaker and the rat's chest movements were observed. At 9.68 mm depth, neural firing was
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found to be correlated with respiration. The microelectrode was stepped further into the brain
and a stronger respiratory neural activity was observed at 9.83 mm. These observations
demonstrated that the electrode reached the target region. Figure 6.4 shows the neural signal
recorded at each phase of the electrode fixing process. The peri-event time histogram (PETH) of
the detected spikes also shows the synchronization of the neural firing with respiration. Each
PETH was obtained by averaging the spike rates from 20 respiratory cycles. The negative peak
of each respiratory cycle was used to synchronize the spikes. Average cycle duration was used

for segmenting the signal around the negative peaks.

Four survival experiments (Ratl-Rat4) were performed. Neural activity was recorded and
observed up to 76 days in Rat2. In Ratl and Rat4, neural activities were observed up to 54 and
63 days, respectively. The head cap of Rat3 fell off 5 days after implantation surgery and
therefore the rat was euthanized. Figure 6.5 shows the neural signal recorded from Ratl on day 1,
8, 21, 34 and 50. The spikes were sorted and the first 3 dominant units are shown along with
their PETHs. The first dominant unit is synchronized with respiration but the second and third
units are not correlated with respiration. The neural signals recorded from Rat2 and Rat4 are
given in Figure 6.6 and Figure A.6 (in Appendix), respectively. The rats were euthanized by
injecting 0.9ml euthanasia into the peritoneum (intraperitoneal (IP) injection) after 90 days of

post implantation.
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Figure 6.4 Neural recordings at various steps of electrode insertion. Blue trace is neural signal and green trace is respiration signal.
Each negative peak in the respiration signal represents an exhalation. Top plot: Full recording from micro-stepping to electrode
implantation. The line at top shows time stamps and associated electrode depth at various events during insertion process. Plot A-F in
the first and third columns show segments of the full recording at instances marked with red dash line on the full recording and the
corresponding PETHs of neural firing in a breathing cycle are shown in the second and fourth columns. Plot A: Recording at 8.40 mm
depth during micro-stepping. Few small spikes are observed. Plot B: Recording at 9.32 mm depth. Many large spikes, although not
related to respiration, are observed. Plot C: Appearance of respiratory neural activity. Neural firing synchronized with respiration is
observed at 9.68 mm depth. Plot D: Stronger respiratory neural activity observed at 9.83 mm depth. Plot E: Neural signal after
opening the rigid arms. Plot F: Neural signal after applying dental cement. © [2019] IEEE Reprinted with permission from [57]
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Figure 6.5 Long-term neural recording from the Botzinger Complex of Ratl. (Left) Segments of respiratory neural signal recorded on
day 1, 8, 21, 34 and 50. Blue trace is the neural signal and black trace is the respiration signal. (Right) The 3 largest populated spike
groups after spike sorting. The percentage number of spikes in each group are given. (Middle) The PETH of the three dominant spikes
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in a breathing cycle. © [2019] IEEE Reprinted with permission from [57]

v9



65

Day 1
150 T T T
S <
= =
()
S 3
2 2
= a
€ £
< <
o
X 2
o a
n n
N
04 -0.2 0 02 04 06 08 1 12 14 16
Time (s)
Day 12
150 T T T
> S
= 2
)
g 5
2 2
o =
€ £
< <
)
2 I
o a
n n
P
04 02 0 02 04 06 08 1 12 14 16
Time (s)
Day 26
150 T T T T T T T T T T T
< —
3 2w »
o N
g S
2 =
= S
S =
< <
()
£ 2
o3 a
n n
ool ool
1 2 3 4 5 6 7 8 9 10 -0.4 -0.2 0 02 04 06 038 1 12 14 16
Time (s) Time (s)

Figure 6.6 Long-term respiratory neural recording from Rat2. Left plots show segments of
recording on Day 1, 12, 26, 35, 48, 61, 76. Right plots show the spikes after spike sorting.
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Figure 6.6 (continued)
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The decay of the neural signal amplitude with time has been observed. The noise amplitude
remained almost the same. The SNR of the recorded signals in different days are shown in Table

6.2. The SNR is calculated using the following formula:
SNR = 20log ~ (6.1)
where, s is the average spike amplitude and 7 is the average noise amplitude.

Table 6.2 Signal-to-noise ratio of the recorded neural spikes

Day SNR
1 7.36
12 8.30
26 6.02
35 6.03
48 5.58
61 5.11
76 2.92
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The respiratory neural spikes were observed in more than 30 acute experiments. In couple acute
experiments, I did not observe spikes synchronized with respiration. I believe that I missed the

small target structure due to the variability of brain structure between rats. The neural recordings

from 3 acute experiments are shown in Figure 6.7.
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Figure 6.7 Respiratory neural activity recorded from 3 non-survival experiments. © [2019] IEEE
Reprinted with permission from [57]

6.4 Electrode Track

To visualize the implanted microelectrode inside the brain, a CT image of the microelectrode
was obtained after perfusion (Figure 6.8) [78]. The microelectrode shows no sign of buckling
inside the brain. The reconstruction parameters were selected such that brain tissue does not

appear after reconstruction.
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Figure 6.8 The X-ray 3D image of the microelectrode in rat brain. The 25 um electrode appears
thicker than its actual diameter because of artifacts. © [2019] IEEE Reprinted with permission
from [57]

The 25 um electrode appears thicker than its actual diameter because of artifacts. Coating the
neural electrode with fluorescent dye (Dill) was not able to provide a complete electrode track
[79] in brain section because the dye was washed away from the tip due to spinning motion
(Figure 6.9). Nissl staining was also done on brain slices after perfusion to obtain the electrode
track in the tissue. Since the electrode is very thin, it is very difficult to find the mark without
lesioning the tissue. Therefore, a small current (10nA) was injected in the brain through the
microelectrode for 10s. After lesioning, the mark of the electrode tip was visible (Figure 6.10).
Comparing Figure 6.1(b) and 6.10, it is seen that the electrode tip is at the right location of the

brain. This also proves that the electrode reached the target.
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Figure 6.9 Fluorescent dye disappeared from the electrode tip because of the spin motion and
spread at the top part of the brain.

Figure 6.10 Brain section after Nissl staining. Lesion created by the electrode tip after passing
current was observed.
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6.5 Micromotion Compensation

Figure 6.11 shows the micromotion compensation of the microelectrode with helical spring.
Microelectrodes were inserted in the CA1 region of rat brain and the micro-force was measured
with the S256 sensor. Before dissolving sucrose (Figure 6.11(a)), two types of oscillations were
observed in the force due to motions of the brain caused by two sources. The slower oscillation is
due to the respiration of the rat and the faster oscillation is due to the heart beating. Due to these
two micromotions of the brain, the electrode attached with the sensor experiences push and pull
forces continuously which is harmful for long term recordings. After dissolving sucrose (Figure
6.11(b)), both the oscillations are significantly reduced. The microelectrode becomes more

flexible after dissolving sucrose and therefore dampens the micromotions.
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Figure 6.11 Micromotion compensation of the electrode with helical spring. (a) Before
dissolving sucrose. (b) After dissolving sucrose.
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6.6 Neural Recording Using Wireless Implantable Device- Bionode

A wireless implantable device, called Bionode, has been developed at the Center for Implantable
Devices (CID) (Figure 6.12). It consists of an analog amplifier board, a mother board and a
power board. The amplifier board contains the neural amplifier. The mother board contains
NRF52832 microcontroller and necessary circuits for wireless data transmission. The power
board contains power management circuits, a battery and two power receiving coils. After all the
boards are assembled, the device is packaged in a sealed container and sterilized for implantation.
The Bionode receives power wirelessly from an external source which can be a coil or a cavity
resonator. The device has wireless power transfer (WPT) capability to charge a built in battery
which supplies the power necessary for the device operation. The signal frequency used for
power transmission is 345 MHz. The Bionode transmits the data through Wi-Fi to an external
raspberry pi at 2.4 GHz. The external raspberry pi then sends the data to computer through Wi-Fi.

The data sampling rate of the Bionode was set to 10KHz per channel.
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Figure 6.12 The Bionode — a wireless implantable device for bio-potential recording and
stimulation. The picture shows the interior of the device.
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The Bionode was implanted in rat to obtain neural recording from freely moving rat. The device
was implanted in one side of the rat. The rat was under isoflurane anesthesia during the whole
implantation procedure. Thermocouple couple was implanted in the nasal cavity to obtain
respiratory signal. Microelectrode was implanted in the brainstem to obtain neural activity. To
record ECG signal, ECG leads were also implanted. The device implantation was done by my
colleague Ethan Biggs. All surgical and animal handling procedures were performed in
accordance with the regulations of the Institutional Animal Care and Use Committee (IACUC)
and approved by the Purdue University Animal Care and Use Committee (PACUC). After
implantation, the rat was recovered from anesthesia and put in a cage. Figure 6.13 shows a
segment of the respiratory neural signal recorded in Dataview (a GUI for data recording) while
the rat was awake after device implantation. The thermocouple signal was not obvious. Possible
reason could be the sensor in contact with tissue. The ECG electrodes also pick up the EMG
signal of the diaphragm muscle. Therefore, diaphragm EMG signal was derived from the ECG
signal which is shown in Figure 6.14. The respiratory neural activity was synchronized with
diaphragm contraction and expansion. Sometimes the rat sniffed when it was awake. Figure 6.15
shows a segment of the respiratory neural activity while the rat was sniffing. During sniffing, the

rat breathes at much higher frequency.
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Figure 6.13 Respiratory neuron single unit activity recorded from a freely moving rat using the
microelectrode and Bionode (Screen shot from Dataview).
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Figure 6.14 Single unit respiratory neural activity was synchronized with diaphragm EMG signal
in a freely moving rat. The signal was recorded using Bionode.
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Figure 6.15 A segment of the respiratory neural activity while the rat was sniffing. During
sniffing, the rat breathes at much higher frequency.
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6.7 Respiratory Neural Activity during Seizures in Freely Moving Rat

To investigate the brainstem neuronal activity during seizures in freely moving rat,
microelectrode along with the wireless data transmission device (Bionode) was implanted in a rat
and epileptic seizure was induced by injecting Tetanus Neurotoxin (TeNT) in the hippocampus
of the rat brain. Isoflurane anaesthetized rat was implanted with nasal thermocouple and micro-
wire electrode in the Botzinger complex. Again the device implantation was done by my
colleague, Ethan Biggs. All surgical and animal handling procedures were performed in
accordance with the regulations of the Institutional Animal Care and Use Committee (IACUC)
and approved by the Purdue University Animal Care and Use Committee (PACUC). After device
implantation the rat was recovered from anesthesia and it was put in the recording cage on the
4th day post surgery. The rat developed epileptic seizure on the 5™ day. From then it was
observed to seize very often with sudden intense erratic motion. Figure 6.16(a) shows a portion
of the recorded data in a seizing period. The blue plot on top shows the thermocouple signal and
the green bottom plot shows the neural activity in brainstem. Neural activity synchronized with
respiration was observed at the beginning 0-10s (Figure 6.16(b)). After 10" second the neural
activity started to lose synchronization and no neural firing was observed after 15" second
although nasal airflow was present (Figure 6.16(c)). The rate of respiration was not constant in 0-
35s period. At about 37" second the rat started seizing with intense motion and it collided with
the cage walls multiple times. Due to the intense motion, motion artifact was observed in the
signal (Figure 6.16(d)). The motion sustained for about 2 seconds. After the erratic motion, no
airflow was observed for about 5 seconds which indicates the rat was having transient apnea. In
this 5 second period (39-44s), random neural spiking was observed. After 44™ second, breathing
re-started and unit firing returned to the rate time-locked to the nasal signal (Figure 6.16(e)).

Another epoch of epileptic seizure and transient apnea is shown in Figure 6.17.
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Figure 6.16 Respiratory neuronal activity during seizures in freely moving rat. The blue plot on
top shows the thermocouple signal and the green bottom plot shows the neural activity in
brainstem. Plot (a) shows the full recorded data in a seizing period and plot (b)-(e) shows

segments of data at various moments of the seizing period. (b) Typical neural activity

synchronized with respiration. (¢) Neural activity lost synchronization and no neural firing was
observed although nasal airflow was present. (d) Beginning of seizure with intense motion.
Motion artifact was observed in 37-39s period in the signal. No airflow and random neural
spiking were observed in 39-44s period. (e) After 44" second, breathing re-started and unit firing

returned to the rate time-locked to the nasal signal.
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Figure 6.16 (continued)
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Figure 6.16 (Continued)
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Figure 6.17 Another epoch of epileptic seizure and transient apnea.
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6.8 Respiratory Neural Activity during Seizures in Anesthetized Rat

To investigate the brainstem neuronal activity during seizures in anesthetized rat induced by
intrahippocampal kainic acid (KA), micro-wire electrodes were inserted in the Botzinger
complex of rat [80]. These experiments were led by Professor John Jefferys from University of
Oxford, Oxford, UK and Professor Thelma Lovick from Bristol University, Bristol, UK.
Urethane-anaesthetized female Long-Evans rats were implanted with: nasal thermocouple,
venous and arterial cannula, and electrodes for ECG, hippocampal, cortical, and brainstem
recording micro-wire electrodes. The surgeries were done by Professor John Jefferys and
Professor Thelma Lovick. I inserted my microelectrodes in the brainstem using my developed
inserter and used my neural amplifier to obtain the neural signal. The phasic respiratory-related
units from the Botzinger region was recorded during 61 apneas in 8 rats [80]. When nasal airflow
ceases, the units continue to fire rhythmically but at a significantly lower frequency. Once
breathing re-starts, unit firing returns abruptly to the rate time-locked to the nasal signal (Figure
6.18). Twenty-two rats die spontaneously after injecting KA. In 11/12 rats recording of
Botzinger neuronal activity continues through the final apnea. After nasal airflow ceases,
respiratory effort (from brainstem activity, EMG and/or visual observation) continues for <43s
before blood pressure (BP) and heart rate (HR) begin a sharp terminal decline (Figure 6.19(a)).
Active inspiratory efforts in the absence of nasal airflow suggest that the cause of death is
obstructive apnea. The remaining 10 lethal apneas are not obstructive because the respiratory

drive stops at the last breath which suggests a central mechanism (Figure 6.19 (b)) [80].
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Figure 6.18 Transient apneas induced by intrahippocampal kainic acid injection. (a) Obstructive
apneas. During apnea (loss of oscillation of nasal thermocouple signal), brainstem firing
continues at a lower rate. (b) Partial apneas. Reduced amplitude nasal signals are observed,
indicating reduced airflow. (Reprinted with permission from [80])
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Figure 6.19 Lethal apneas following seizures induced by KA. A. Obstructive lethal apnea.
Brainstem recording show increasing strength of activity with repeated attempts to breath.
Brainstem recording also shows large discharge following the final attempt to breath (marked by
white star). B. Central lethal apnea. Respiration slows during final seconds. (Reprinted with
permission from [80])
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7. SUMMARY AND CONCLUSION

A novel flexible micro-wire electrode insertion method has been proposed and demonstrated. For
successful insertion, the electrode has to be straight. A crimped or damaged electrode has a high
probability of failure because of reduced CBF. The dura is not required to be removed which is a
big advantage of the proposed method. Using this method, the flexible microelectrode can be
inserted in the brain without using any supporting rod or tube or using external coating to
increase stiffness and hence the method is novel. Since the electrode is inserted without piercing
the brain with a blade or sharp rod, the method is less invasive. Also since it is not coated with
any other material to increase stiffness, it does not inject any additional foreign particle in the

brain and hence causes less reaction in the brain.

An ultrathin micro-motion compensated micro-wire electrode has been presented. Novel
techniques have been developed to fabricate the electrode tip. Also addition of helical spring at
the top of the electrode for micro-motion compensation is a new dimension to electrode
fabrication. The presented electrode is the longest and thinnest single shank electrode ever found
in the literature. The proposed insertion method is applicable not only for platinum electrodes but
also for electrodes made of gold, iridium, tungsten, carbon fiber and stainless steel. Higher
increase in CBF can be achieved by reducing the separation between the guide arms. By
decreasing the separation between the guide arms, insertion of micro-wire with diameter smaller
25 um could be possible. Since the insertion process involves spinning the electrode, the
technology is limited to cylindrical shaped electrode. However, if the dura is removed prior to
insertion, flexible planer electrodes may be inserted successfully after modifying the geometry of

the guide arms.

Based on the proposed method, an electrode insertion device has been presented. The device is
equipped with all the neural recording circuitry so that it can record neural signal while insertion
which is a unique feature of the inserter. The inserter is designed and operated in such precision
that it is possible to capture individual neuron with required spatial resolution and hold onto it
until the end of implantation. The device can be used to insert electrode at a large range of

insertion angle.
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A neural amplifier based on folded cascode differential OPAMP has been designed and
presented. The amplifier has low noise, moderate CMRR and high input impedance which are
important criteria for neural recording. Most of the neural signals presented in this thesis are

obtained by using this amplifier.

In short, I have developed an advanced system for chronic neural electrode implantation which
includes a novel chronic neural electrode and a novel insertion device with signal recording
capability. By spinning the electrode during insertion and inserting it through the proposed guide,
I have implanted 25 um wire Pt electrodes 10 mm deep in the brain of rats without any buckling
and accurately targeted specific neuron. It is the thinnest and longest microelectrode ever
inserted in animal brain. Microelectrodes were implanted in the Botzinger complex of rat brains
and 10 week long neural activity was observed. The microelectrode and inserter not only work
for rat brain but also work for rodents such as chinchilla. It is a technology platform that is
capable of implanting flexible micro-wire electrode into deep brain structures for chronic brain

signal studies.
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Figure A.1 Electrochemical impedance measurement using three-electrode cell configuration.

WE - Pt microelectrode, CE - larger Pt spiral wire, RE - Ag/AgCl electrode.
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Figure A.2 Time domain input-output voltage waveform of the neural amplifier. (a) Output at
gain 42 dB. (b) Output at gain 60 dB.
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Figure A.3 Schematic diagram of the neural amplifier board.



Figure A.5 Neural Amplifier Board with epoxy encapsulated IC.
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Figure A.6 Long-term neural recording from the Botzinger Complex of rat 3. (Left) Segments of respiratory neural signal recorded on
day 1, 8, 21, 34 and 50. Blue trace is the neural signal and black trace is the respiration signal. (Right) The 3 largest populated spike
groups after spike sorting. The percentage number of spikes in each group are given. (Middle) The PETH of the three dominant spikes
in a breathing cycle.
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Table A.1 Neural amplifier cut off frequencies for various control parameter settings.

Gain =100, S1=1, S2=0

89

V1(V) V2 (V) fi (Hz)
1.50 1.10 0.1
1.50 0.80 1
1.50 0.75 5
1.50 0.70 18

Gain = 1000, S1=0, S2=1

Vi(v) V2 (V) fi (Hz)
1.50 0.9 28
1.50 0.85 35
1.50 0.80 55
1.50 0.78 70
1.50 0.76 110
1.50 0.74 170
1.50 0.72 270
1.50 0.70 450

Gain = 1000 Gain =100

$6 5554 53 fu (Hz) $6 5554 53 fu (Hz)
0000 700 0000 600
0001 730 0001 625
0010 770 0010 650
0011 800 0011 680
0100 870 0100 725
0101 910 0101 770
0110 960 0110 800
0111 1.00k 0111 830
1000 1.80k 1000 1.33k
1001 2.00k 1001 1.46k
1010 2.22k 1010 1.56k
1011 2.52k 1011 1.70k
1100 3.45k 1100 2.12k
1101 4.10k 1101 2.12k
1110 5.00k 1110 2.77k
1111 6.23k 1111 3.30k
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