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Assembly of microdevices from constituent parts usually relies on serial steps via assembly
processes such as pick and place operations. These serial assembly processes are slow and
produce insufficient yield as parts size decreases from millimeters to microns. The present
work introduces an electrokinetic assembly process that acts on micro- and nano-parts via
a guided, noncontact, scalable process capable of selectively attracting specific types of
microparts by varying the frequency and potential of the applied AC signal. The
Photolithography and Carbon-MEMs (CMEMs) processes are utilized in creating
interdigitated electrode arrays (IDEAs) that are used as substrates for the discussed
electrokinetic guided micro and nano assembly. Electrokinetic forces under consideration

include dielectrophoresis (DEP) and electroosmosis (EO).

The work starts with outlining the current state-of-the-art in the field of micro- and nano-
assembly and progresses to describe the fabrication and experimental setup of the

electrokinetic assembly platform. The IDEAs are coated with a layer of lithographically

xvi



patterned resist so that when an AC electric field is applied to the IDEA, microparticles
suspended in the aqueous solution are attracted to the open regions of the electrodes not
covered by photoresist. The interplay between AC electro-osmosis and dielectrophoretic
forces guides polystyrene beads of different sizes to assemble in regions, or “wells,”
uncovered by photoresists atop the electrodes. This is followed by the results and discussion
of the electrokinetic assembly of 1 micron and 5 micron polymer (polystyrene) beads at
specific locations on glassy carbon interdigitated electrode arrays. One application proposed
for this microassembly technique is the post-amplification of chemical and biological assays
by collecting the fluorescent beads into the wells for enhancement of the fluorescent signal

of the test.

The work subsequently introduces an Artificial Intelligence (AI) based approach that
supplements the electrokinetic handling of the microbeads. The visual feed from the digital
camera is digitally processed to recognize the interfaces of the beads, and the Al algorithms
are then used to determine if the beads are attracted to or are repelled from the electrodes.
This process is used to automatically determine the dielectrophoretic cross-over frequency,
a critical property for studying dielectrophoresis of micro- and nano- parts. In this study, a
Feedback Control System first uses a digital camera and a microscope to capture microbeads'
motion. And then, the OpenCV software package analyzes the relative positions of
microbeads in consecutive frames to determine the direction of the microbeads’ movement

for the characterization of frequency ranges for positive and negative DEP.

Finally, a step-wise process using DEP force is presented. This step-wise process is used to

deposit the carbon nanotube bridges along the applied electric field lines between two
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neighboring electrodes, and its application on healing damaged microelectrodes and the

performance of the healed microelectrode are discussed.
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Chapter 1

Background

1.1: Carbon Allotropes

Since its discovery, carbon has been the element that revolutionized science and technology
due to its remarkable properties. The ability to form bonds with other elements has made it
a valuable candidate for various applications, influencing many fields of research. For
example, due to their excellent electric properties and biocompatibility, carbon materials
have been of the interest of electronics and biological applications, such as transistors and
bio sensors. The attractive properties of carbon materials include but are not limited to 1)
they exist in many types of forms, 2) they have a wide electrochemical stability window, 3)
they have excellent biocompatibility, 4) they are low cost, 5) chemically inert [1]. Carbon and

its allotropes have been the building blocks of organic chemistry.

Carbon has been found in the forms of many allotropes, such as diamond, graphene, graphite,
carbon nanotubes (CNT), fullerenes, and glassy carbon[2][3][4][5][6]- The discovery of
those carbon allotropes and the attempts to study their unique properties have initiated and

advanced many new research areas on their applications.



Allotropes of Carbon
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Figure 1: Crystal structure of the main allotropes of carbon [6].

Synthesized by extracting from bulk graphite in 2004 for the first time [7][2], graphene is
perhaps the most important one of these allotropes of carbon. Graphene’s 2-D structure
consists of hexagonal carbon rings. Figure 1 indicates that each individual carbon is held
together by sp? -hybridized bonds. Graphene is the structural unit of other allotropes of
carbon, including carbon nanotube (CNT), which is the curled sheet of the graphene layer,

and fullerene, which is in the form of a fully or partially closed mesh[6].

Unlike other allotropes with organized patterned structures, Glassy carbon is derived from
the pyrolysis of organic precursors, such as phenolic resins, polyfurfuryl alcohols, and
polyvinyl chloride. Owing to its excellent mechanical, chemical, thermal, and electrical
properties, glassy carbon has an extremely wide spectrum of applications ranging from
biomedical to the energy sector. Therefore, since its discovery, it has attracted increasingly

attention from industry and academia.



It’s noteworthy that glassy carbon has proved to be a suitable candidate for the electrodes
for electrochemical applications due to its chemical inertness and good electrical
conductivity. The unique properties of glassy carbon are attributed to its structure. The
electric properties of GC vary with the variation in structure parameters, including the
number of graphene layers, the thickness of the layers, and the type of helicity. Therefore,

they can be used as metals and semiconductors [8][9][10][11][12].

Figure 2: Structural models describing the structure of glassy carbon[13]: (a) Franklin
model; (b) ribbon-like model[14]; (c) Ban model [15]; (d) closed-like graphitic
structure[16]; (e) (f)The fullerene-related structural model [17];

There are many models proposed by different groups describing the structure of glassy
carbon, as figure 2 indicates, such as Franklin model[18], ribbon-like model by Jenkins[19],

and the fullerene-related structural model by Harris[17]. Despite the differences among



those models, it’s believed that glassy carbon consists of disorganized graphitic sheets of sp2

carbon atoms arranged in hexagonal patterns [13].

CNT has been regarded as another most studied carbon allotrope owing to its exceptional
properties, such as remarkable tensile strength and good thermal conductivity [3][5][20],
and thus various applications including nanoelectronics, energy storage, and optics.
Basically, CNT is the form of rolled-up graphene sheets. In general, it can be classified into
two single-walled nanotube (SWCNTSs) and multi-walled nanotube (MWCNTs), depending

on the number of layers rolled up to form the CNT.

2D graphene

LAY
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e

Cnt formation MWCNTSs
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Figure 3: Schematic representations of the formation (A) and structure of CNT (B)[10].

As Figure 3 shows, MWCNTSs are produced by rolling up multiple graphene layers. On the

contrary, SWCNTs are by one layer.



1.2 : Carbon MEMS

Carbon -MEMS refers to the process and microfabrication techniques that carbonize the pre-
patterned resist (precursor) at various temperatures and atmospheres. Many methods have
been used to directly machine the carbon materials, although they are difficult to machine,
including focused ion beam (FIB)[21], thermochemical etching[22], and laser
machining[23]. However, people found out those methods are either time-consuming or
expensive. For example, FIB is slow and needs expensive high vacuum systems. On the
contrary, Polymer, as a popular candidate for precursor, is easier to be machined or pre-
patterned by various tools and techniques compared to carbon materials that are brittle and
hard. Common polymeric precursors include but are not limited to resins of furfuryl alcohol,
phenol-formaldehyde, acetone-furfural, or furfuryl alcohol-phenol copolymers. More
importantly, high-quality commercial precursors, such as SU-8 photoresists, always used
when fabricating structures with a high aspect ratio[24], and standardized procedures and
tools are crucial for the reproducibility of the fabrication process. The essence of C-MEMS is
selecting an appropriate precursor, most likely polymers, followed by being machined or
pre-patterned, then converting it to carbon[1]. For example, Whitesides’s group fabricated
free-standing glassy carbon by patterning poly (furfuryl alcohol) using soft lithography and

then carbonizing it at 500-100 °C under argon[24].

The choice of techniques to pattern the precursor is determined by complexity, dimensions,
and the quality of the resulting carbon part. Many well-developed patterning techniques

include polymer molding and casting, electrospinning, and electron beam lithography. But



the most common one is conventional photolithography, which will be discussed in the

following sections.

As the final part of C-MEMS, carbonization is the process through which the resulting carbon
structure is produced from the polymeric precursor, usually by pyrolysis in an inert
atmosphere. Therefore, the parameters of the process, including temperatures, rpm, and
dwelling time, dictate the important properties of resulting carbon materials. In the case of

C-MEMS, the concerned properties usually are conductivity, shrinkage, and carbon content.

The furnace is the tool for pyrolysis, and nitrogen is required to keep an inert atmosphere.
Pyrolysis includes three main steps, each of which features a different temperature, rpm, and
dwelling time. The first step usually needs the temperature to be raised to 300°C at 10°C and
a subsequent 30 mins dwelling period to eliminate the residual solvent in precursors and
remove oxygen in the furnace chamber. The second stages increase the temperature further
to 900°C-1000°C at 10°C/min, followed by a 1 to 4-hour dwelling time. The last step is

cooling down to room temperature naturally [1].

It is worth mentioning that the shrinkage of the original patterned shape happens during
carbonization because it is a significant factor to consider before designing the carbon

structure.

Many groups have studied the effects of carbonization parameters on the extent of shrinkage.
The higher temperature from 600°C to 1000°C caused severer shrinkage than lower
temperature[25][26]. Pyrolysis atmosphere was also believed to play an important role in

shrinkage. For example, nitrogen leads to more shrinkage than a vacuum atmosphere[27].



Moreover, many studies have found out the geometry and shape of original precursors also

influence the shrinkage, especially height and aspect ratio[28][29][30][31][32].

Many applications of C-MEMES have been demonstrated. Some studies proved that C-MEMS
microfabrication processes could be used to build 3D battery architecture[33][34]. Other
groups applied C-MEMS in the fabrication of supercapacitors[35][36] and sensors[37][38].
Since carbon materials exhibit excellent biocompatibility, the device fabricated by C-MEMS
has been widely used as the scaffold to grow and differentiate cells[39][40]. Although many

applications use C-MEMS, people are still expanding the spectrum of its applications.

1.3 : Photolithography

Many forms of lithography could be used as patterning techniques, such as electron-beam
lithography[41], x-ray lithography[42], and extreme ultraviolet lithography[43].
Photolithography is the most widely used one among various lithography techniques. It’s
believed that pattern transfer from a mask to a thin film is achieved almost exclusively
through photolithography. Generally, photolithography, invented in 1959, was used to
describe the process which employs high-intensity light sources to transfer the pattern on
the photomask onto the thin film of light-sensitive photoresist deposited on the substrate.
Figure 5 shows the important steps of the conventional photolithography process in the case
of using a negative photoresist and silicon wafer as a substrate. The performance of a
photolithographic process can be judged by various parameters, including the resolution,
defined by the minimum produced features, and throughput, which is the number of wafters

transferred per hour[1].
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Figure 4: The process of conventional photolithography[44].

The first important step, even for all forms of lithography, is the cleaning of wafers.
Contaminants, including dust, solvent stains, and particles, could cause defects in the
resulting structure and possible damage photomask. Since it is a scientific discipline in its
own right, various method of wafer cleaning has been invented. The most famous ones are
RCA 1 and RCA 2, which employ mixtures of hydrogen peroxide and other acids to rinse
wafers [45]. Others include dry methods, such as thermal treatments and plasma or glow

discharge techniques[46], and mechanical methods, such as ultrasonic cleaning[47].

The second step, as figure 5 shows, is spin-coating. It’s believed that photoresist deposition
is the most expensive step with photolithography because this step usually comes with

wasting a huge amount of photoresist. Spin coating, the most well-known deposition



technique, is usually applied to deposit thin photoresist (<1 um) to fabricate the planar or
short 3-D structures. After cleaning the wafer, a thin layer of photoresist is deposited on the
surface of the wafer. Then resist spinner is used to dispense the photoresist until it is covered
the whole surface uniformly. Usually, an initial speed of 500 rpm is used to spread out the
photoresist. And then, a secondary high speed, ranging from 500rpm to 6000rpm in the case
of SU-8, to which the spinner needs to accelerate within a short period of time, is achieved
for the further thinning of the photoresist to a desired thickness. There is an empirical

expression that could be used to predict the final thickness.

0%

T

[1]

Where T is the final thickness, K is the calibration constant, C is the photoresist's polymer
concentration, 1 the photoresist's viscosity, w the number of rotations per minute (rpm),

and f3,a, y are the empirically determined constants.

As a result, photoresist properties and the spinner's rotational speed determine the final

thickness.

If the greater thickness or high aspect ratio feature is needed, casting [48]and thick sheets of
dry photoresist[49] could be alternatives to spin-coating. Resist spraying[50] and
electrodeposition [51]are used for covering photoresists onto the prefabricated structures.

Readers can find more information about deposition techniques in Professor Madou'’s book

[52].

Soft baking or prebaking is usually carried out on a hot at 60°C-85° for 1the to 3 minutes to

evaporate the remaining solvent in the photoresist, enhancing adhesion between the



photoresist and substrate. Failure to do so would result in unwanted resist profiles and
delamination of resist from the substrate[53]. Besides the hot plate, conventional ovens,

microwave heating, and IR lamps have proved effective in conducting soft baking [54].

The exposure step involves masks and incident radiations. Radiation initiates, but the post-
bake completes the chemical reaction that changes the solubility of the exposed area of the
photoresist. The photoresist consists of three components: resin (polymer), solvent, and
sensitizer. The polymeric structure change under exposure to radiation is the main reason
the solubility is altered, as the photosensitizer is responsible for the photochemical
reaction[55][28]. The photoresist can be classified into two groups regarding whether the
exposed areas are being preserved or dissolved. For the negative photoresists, the exposed
areas remain after development owing to the strengthening of the polymer by cross-linking
its main and side chains. On the contrary, the exposed areas of the positive photoresist
dissolve because of the scission of the main and side chains[52]. Interested readers can find

more information about resist tone in chapter 1 of Professor Madou’s book [44].

SU-8, an acid-catalyzed negative tone photoresist, is composed of EPON® SU-8 resin as its
main component, the organic solvent in which the resin is dissolved, and 10 wt% of
triarylsulfonium hexafluoroantimonate salt as the photo-initiator[55]. The most common
organic solvents are propylene glycol methyl ether acetate (PGMEA), cyclopentanone, and
gamma-butyrolactone (GBL). The differences amongst commercial SU-8s are the choices and

amount of organic solvents used[29][56].

The structure of a SU-8 monomer before and after crosslinking can be found in the

reference[57]. A single molecule contains 8 epoxy rings, explaining why it's dubbed SU-8 and

10



demonstrating high epoxide functionality per molecule[57]. As a result, the unique structure
of the SU-8 molecule makes a high degree of cross-linkage possible. The first step in the
crosslinking process is the protolysis of triarylsulfonium hexafluorantimonium, resulting in
the decomposition of the photoinitiator and generation of hexafluoroantimonic acid[58]. As
the first reaction, UV exposure is necessary for pyrolysis reaction. The photoacid generated
in the first protolysis step induces the polymerization of SU-8 by opening the epoxy rings as
the second reaction[58]. The last step is a series of reactions initiated by the oxonium ions

and completed by applying heat through the post-exposure bake[58].

In the case of photoresists like SU-8, exposure only initiates the crosslinking process.
Therefore, the postexposure bake (PEB) is of great importance for cross-linking completion.
It has been proved that the temperature of PEB and the baking time determine the
performance of the final structure. The data sheet provided by the SU-8 manufacturer
suggests 95°C for 2-5 minutes. However, many studies found out lower temperatures ( 55°C
to 75°C) for longer baking time and slow heating or cooling rate should be considered for

reducing internal stress, which is the main cause of defects [59][60] [61].

After the post-baking, in the context of negative photoresist SU-8, the unexposed areas are
dissolved in the development step. As a result, a topography, used as either a mold or a
permanent structure, appears after the development. Generally, there are dry and wet
developments, but in the case of SU-8 development, the latter is more likely to be used.
During the development, the uncrosslinked portions of the SU-8 are dissolved after being

Immersed in the Propylene glycol methyl ether acetate (PGMEA) solution. Mild agitation
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provided by the rotator is suggested to increase the efficiency. After the development, the

residue of the developer is rinsed with isopropanol (IPA).

Hard baking is recommended if the SU-8 pattern is used as the final device or subjected to a
thermal process. Hard baking is generally carried out on a hot plate at 150C- 200C for 5 to
30 minutes. During the hard baking, solvent residues are evaporated, hardness of the
structure is improved. Therefore, hard baking is not suggested in the application requiring

resist removal, as the last one in Figure 4.

Photoresist stripping should be incorporated into the SU-8 lithography process if the resist
was sacrificial material and the device need to be undamaged by the stripper. The standard
wet strippers include H2S04 and Piranha, which only attack SU-8 and is unreactive with
silicon and silicon oxide. Unlike wet stripping, dry stripping is believed to be more
controllable and produce less dangerous chemicals. Common dry tripping includes plasma

stripping, UV stripping, and reactive plasma stripping.

1.4 : Microassembly

Microassembly or micro-device assembly refers to the groups of techniques that can
implement the assembly of micro-sized devices and parts. Microassmeby techniques can
fabricate complex devices whose fabrication involves incompatible processes and different

materials, which conventional MEMS techniques are inadequate to complete. In general,
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microassembly can be categorized into serial pick and place microassembly and parallel

microassembly[62].

The former requires tools, such as a microgripper and operator, to handle micro-parts
individually. The advantage of pick-and-place assembly is the precise placement of the
micro-parts into the desired locations. However, there are many complexities associated
with it. The most important among them is the scaling effects, which makes the forces
negligible in the macro become dominating in the micro world. For example, the adhesive
forces between the surfaces of the gripper and the parts become stronger than the
gravitational force, resulting in difficulty in putting down parts into target locations[62].
Another imperfection of pick and place is the used tools' complex and relatively expensive
fabrication processes. For example, Reference[63] introduced a micro-tweezer fabricated by
the High aspect molded polysilicon ( HexSil) Process, which involves plasma etching,
conformal low-pressure chemical vapor deposition, and conventional surface
micromachining[63]. In addition, the tweezer needs to mount on a cantilever connecting to

a computer-controlled system[64].

In contrast to the pick and place, the parallel microassembly can manipulate an ensemble of
micro-parts simultaneously, which can usually be achieved by either transferring patterns
between wafer-to-wafer or taking advantage of some forces. The wafter-to-wafter transfer
process resembles rubber stamping. For example, a research group demonstrated wafer-to-
wafer transfer by transferring shells fabricated by HexSil from one handle wafer to
another[65]. In this case, the tethers by which the shells are anchored on the handle wafer

are broken by heating[65].
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Magnetic and electric fields and their associated forces have been exploited to be
incorporated into parallel microassembly systems. One group takes advantage of the
dielectrophoretic force, an electrokinetic force discussed in detail in the following chapters,
to assemble a bunch of particles to the surface of gold electrodes[66]. However, unlike the

pick and place, this one failed to achieve precise placement of nanoparticles.

1.5 : Dielectrophoresis (DEP)

Generally, electrokinetics is the term used to describe the motion of particles suspended in
fluid due to the application of electric fields. The common electrokinetic motions include
electrorotation[67][68][69], electrophoresis, and dielectrophoresis (DEP)[69]. In this study,

DEP is discussed in detail.

Dielectrophoresis (DEP) refers to the motions of particles generated by the interaction
between a non-uniform electric field and the induced dipole moment of the particles. If a
uniform electric field is applied, the charges will redistribute equally on either side of a
dielectric particle. As a result, there is no movement due to the zero net charges and net

forces.

Therefore the first criterion for generating DEP is the non-uniform electric field. In this case,
the net charges accumulated on either side of the dielectric particle are different, so the non-

zero net force is generated, and the movement will be discovered.

The second criterion for the generation of DEP is the polarizability difference between the

dielectric particle and the medium. If the particle is more polarizable than the medium, more
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charges are induced in the particle, and the direction of the induced dipole moment is the
same as the applied electric field. As a result, the particle will move toward the regions where
the electric field is stronger (positive DEP). On the contrary, if the medium is more
polarizable than the particle, more charges will be accumulated in the medium, resulting in
a movement away from where the electric field is stronger (negative DEP)[69]. The

magnitude and direction of the DEP force can be determined analytically by the equation

below[70]:

(Fpgp) = 277° enRe{CM(w)} VIE|? [2]
_ {e—em

M = {«9;"‘25;1} [3]

& =g+ i% [4]

where V|E|?represents the magnitude-squared of the electric field, r the radius of the
particle, emthe relative permittivity of the medium, and em" and &p" the complex permittivities
of the fluid medium and particle, respectively. CM refers to Clausius-Mossotti factor, which
determines the direction of DEP force when an ac electric field is applied. When CM is bigger
than zero, a positive DEP is induced. When CM is smaller than zero, a negative DEP is induced.
A special case of zero CM needs to be noted. Under this condition, there is no DEP force, and

the associated frequency at this point is called cross-over frequency.
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1.6 : Electroosmosis (EO)

AC electro-osmosis describes the nonlinear flow around a polarized surface caused by
interactions between an external AC electric field and ionic charges accumulated in the
diffuse double layer on an electrode surface[71]. AC electro-osmosis generated with
coplanar bar electrodes has been studied extensively[72][73]. For ACEO, the velocity of the
flow is primarily dependent on both the applied frequency and the magnitude of the field’s
strength[74]. The velocity of the flow is negligible at extremely low frequencies and
gradually grows with increasing frequency. As the frequency is increased, the velocity of the
flow has the propensity to increase sharply until a maximum flow is reached, marked by
some critical frequency (generally below 10 kHz). From this critical frequency, the velocity
of the flow continues to decrease with increasing frequency until another minimum is
reached. Generally, for cases in which the double layer is thin, in quasi-equilibrium (where
w is comparable to (o/¢€)), and on a perfectly polarizable metal electrode, the velocity of the

flow can be quantitatively analyzed with the Helmholtz-Smoluchowski equation[75]:

_ _ £ 9¢ _ ¢
u= UA¢d = UA¢dEx [5]

where u is the velocity of the fluid, € the permittivity of the fluid, n the fluid’s viscosity, ¢ the

potential of the field outside the diffuse double layer, and A¢, the difference in potential
between the outer layer of the diffuse double layer ¢, and the potential of the inner portion

of the diffuse double layer, V.
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Chapter 2

Guided Electrokinetic Assembly of Polystyrene Microbeads
onto Photopatterned Carbon Electrode Arrays

2.1: Introduction

In this article, we report a novel guided microassembly technique that possesses the speed
of self-assembly techniques while still maintaining the precision of direct-assembly
techniques. This new technique utilizes a combination of guided dielectrophoresis (DEP) and
AC electro-osmosis (ACEO) in conjunction with glassy carbon interdigitated electrode arrays
(IDEAs). The IDEAs are further patterned with a layer of photoresist to define “windows”, or
exposed regions where microparticulates are to be positioned. In this study, polymer
microbeads are suspended in deionized (DI) water and are guided by ACEO and DEP to
assemble within the wells on top of the microelectrodes. Once microparts are attracted into
their predetermined locations on the electrodes, they are permanently attached via the
electropolymerization of a thin layer of the conducting polymer polypyrrole
(PPy)[76][77][78]. Because the discussed guided assembly process is not serial in nature, it
can be scaled up to achieve simultaneous assembly of a great number of micro- and

nanoparts.

The guided electrokinetic assembly of microparticles based on photopatterned insulating
templates is described and discussed here for the first time. Although polymer microbeads

are used in the discussion of the assembly process, the use of such templates can be extended

17



to the assembly of parts or particles of various materials such as metals, organic, and
nonorganic matter, and may be employed for nanoparticles as well. Therefore, this guided
electrokinetic template-based assembly process has a wide range of possible applications,
from the creation of a surface enhanced Raman spectroscopy (SERS) array, to the fabrication

of biochips with deposited and entrapped cells[79][80].

2.2: Materials and Methods

The glassy carbon IDEAs used in the experiments were fabricated through conventional
lithography techniques from SU-8 photoresist and were subsequently pyrolyzed38 to
convert the organic resist into carbon. The IDEAs were fabricated on 4 in. diameter silicon
wafers covered with a 1 um thick layer of thermal oxide (University Wafer, MA, USA). SU-8
2025 photoresist (Microchem Corp. Ltd., MA, USA) was spin-coated onto the wafer at an
initial speed of 500 rpm for 10 s, followed by an increase in the angular velocity of the spinner
to 4000 rpm for 30 s using a Laurell photoresist spinner (Laurell Technologies, PA, USA).
Following the spin cycle, the wafer was soft baked to 95 °C for 5 min on a Dataplate Pmc 732
hot plate (Dataplate Pmc 732 Series, 1A, USA). Next, the wafer was exposed through a plastic
mask (CadArt, OR, USA) to UV light with a UV flood exposure system (Oriel Instrument,
Newport Corp, CA, USA) for 6 s at an energy intensity of 10 mW/cm2 to create the IDEA
pattern. The wafer was postbaked on the hot plate at 65 °C for 1 min, and then at 95 °C for 5
min. SU-8 developer (Microchem Corp. Ltd., MA, USA) was utilized to etch out the uncross-
linked regions of the photoresist. The wafer was then hard baked at 95 °C for 45 min. Lastly,

the IDEA was carbonized inside a furnace (Thermo Fisher Scientific, Thermo Scientific, MA,
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USA). After the pyrolysis process, the heights of the glassy carbon IDEA fingers were
measured with a Dektak 3 profilometer (Veeco Instrument Inc., NY, USA) and found to be

between 1.5 and 2.0 pm in height and 120-126 pm in width.
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Figure 5: (a) Schematics of the IDEA chip with polymer cage created from double-stick tape
and covered by the glass slide; (b) sketch of the interdigitated electrode arrays; (c) optical
micrograph of the electrode fingers covered with square wells opened in the
photoresist[81].

A layer of SU-8 photoresist was then coated over the IDEAs and lithographically patterned
to form an array of wells in the resist layer. Figure 5 a-c presents the schematics and the
optical micrograph of the IDEAs where each 120 um wide electrode finger is separated by a
120 pm gap between the adjacent fingers. The design of the patterned photoresist layer
consists of an array of alternating well sizes (90 x 90 um, 100 x 100 um,110 x 110 um). These
wells were produced via conventional lithography techniques utilizing an iron oxide mask

(Front Range Photomask, AZ, USA) and a MA 56 mask aligner (Karl Suss, Germany). The thin
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layer of SU-8 2002 photoresist was spincoated on the surface of the IDEA, and the
subsequent soft-bake, exposure, and postexposure bake processes were all adjusted
depending on the desired height of the resist layer. For a photoresist layer height of 3 pm,
the resist was soft baked for 2 min at 95 °C, exposed for 4 s at an energy intensity of 10
mW /cm?2 using the MA56 mask aligner’s embedded light source, and postbaked for 3 min.
The wafer was then hard baked at 95 °C for 45 min. For a resist height of 6 pm, the
photoresist was soft baked for 3 min at 95 °C and exposed for 6 s with the same masker
aligner and light source as before. The second layer was then postbaked for 5 min at 95 °C.
Afterward, the un-cross-linked regions of the photoresist were etched away using the same

SU-8 developer for 5 min. Lastly, the second layer was hard baked at 95 °C for 45 min.

Aqueous solutions of 1 and 5 pm diameter carboxyl-modified latex (CML) polystyrene beads
(Thermal Fisher Scientific, Invitrogen, MA, USA), both possessing a weight percent of 4 wt %
in their original media, were segregated and diluted to a new concentration of 0.39 wt % in
DI water by placing the original solutions in a centrifuge (Eppendorf, Germany) for 10 min
at 1500 rpm. The supernatant was removed with a pipet and the beads were mixed with the

appropriate amount of DI water to achieve a 0.39 wt % solution.

After the IDEAs were fabricated, wires were soldered to the carbon contact pads of the IDEA
chips using indium, and double-stick tape (3M, MN, USA) was cut to construct the fluidic

chamber around the electrodes as presented in Figure 5a.

A 20 pL droplet was pipetted on top of the electrodes, and a glass cover slide (Thermal Fisher
Scientific, Fisherbrand, MA, USA) was placed over the chip to facilitate microscopic

observation and reduce evaporation of the fluid. A Nikon eclipse microscope (Nikon, Japan)
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and SPOT Basic video editing program (SPOT Imaging, MI, USA) were used to observe and
record the motion of the particles. The IDEA chip was connected to a function generator
(Stanford Research System, CA, USA) to produce the AC field with any desired frequency and
peak-to-peak voltage. Photos of the IDEA chip and lab setup are presented in Figure 5 b and

C.

After the beads are attracted in the designated locations, they can be permanently entrapped
via electropolymerization in the mixed solution of 0.1 M pyrrole monomers and 0.1 M NaDBS
(sodium dodecylbenzene-sulfonate). The 100 pL polymerization solution is mixed with 1 mL
of the bead suspension, and placed in an ultrasonic vibrator (Emersion Electric Co., MO, USA)
for 30 min to prevent the colloid from flocculating. For each trial, 20 pL of the mixture was
deposited onto the fingers of the electrodes and a glass lid was placed to cover the solution
and IDEA. The electrodeposition of polypyrrole from the mixture was initiated by applying
a 0.9 V DC offset for 60 s after the microbeads were positioned inside the wells after the

guided assembly process.

2.3: Results

2.3.1: Steps of Template Electrokinetic Assembly.

The goal of the template electrokinetic assembly (TEA) process under study is to collect 1
and 5 um polystyrene microbeads into specific locations where the carbon electrodes are
exposed. These locations, or “wells,” are shown in Figure 5 a-c. Within the positive DEP

regime, such as at an applied frequency of 1 kHz, 1 pum beads immediately gathered inside
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the wells as Figure 6 shows. However, when the same frequency was used for the 5 um bead
suspension, most of the microbeads did not travel toward the wells. This can be explained
by the fact that the viscous drag for the 5 pm beads is significantly greater than that for the
1 um beads. The influence of particle size is demonstrated with Stokes law, which describes
the viscous drag, Fd, that is experienced by a spherical particle of radius R moving through a
fluid medium|[82]. Because the larger drag forces experienced by the 5 um beads prevent
them from being positioned inside the wells upon initial application of a pDEP force, a two-
step process incorporating both pDEP, nDEP, and EO flow is needed. For the first step, nDEP
is applied to the beads using an AC field of 1 MHz applied frequency and 4 Vpp (peak-to-
peak). Under these conditions, the initially homogeneous suspension of 5 pm particles is
forced into three areas: the trenches between the electrodes, the gaps between the wells, and
the centers of the wells as seen in Figure 7 a. Although this pattern was observed for all
experiments with 5 pm beads during the described nDEP step, the 1 pm particle suspension
under the same conditions remained homogeneously dispersed throughout the medium. The
larger 5 um beads gravitationally settle down to the level of the electrodes in a few minutes

after the particle suspension is pipetted onto the electrodes.
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Figure 6: Process of template electrokinetic assembly (TEA) of (a) 5 pum and (b) 1 pm
polystyrene microbeads[81].
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Figure 7: (a) Patterns formed by 5 um particles under the effect of nDEP under 1 MHz, 4
Vpp AC bias; (b) COMSOL simulation results reflect the combination of gravitational
sedimentation and nDEP on polystyrene beads and explains the formation of the observed

initial bead pattern[81].

Once the beads are settled onto electrodes, the activation of the nDEP force repels the beads
from the edges of the resist and pushes them in place within the wells of the electrodes and

into other regions described above. In contrast, because the 1 um beads remain suspended
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above the electrodes, nDEP force repels the beads away from the surface of the electrodes.
Once the nDEP step is performed, the frequency is lowered to 1 kHz, where the beads
experience a positive DEP force. At this point, the 5 um particles located in the trenches and
gaps become attracted to the edges of the resist windows and are subsequently pulled into

the centers of the wells, joining the cluster of particles as shown in Figure 7.

Demonstration of this guided electrokinetic assembly process can be seen in the video clips
in the Supporting Information. Furthermore, these clips offer comparison between the
kinematics of the 1 and 5 pm beads under the influence of positive DEP. Here, one can
observe that the 1 um particles were propelled from the bulk of the medium toward the wells
at velocities larger than those of the 5 pm beads. This difference in velocities is likely due to

the smaller drag forces associated with the 1 um beads as previously mentioned.

2.3.2: Movement of 5 um Beads under DEP.

The initial nDEP pattern formed by the 5 pm beads can be explained by the concentration of
electric field lines near the edges of the photoresist windows in a process called insulator
DEP (iDEP). The strong negative DEP forces are produced around the photoresist edges that
cover the electrodes. Some 5 um beads will settle to the bottom of the electrode chip,
including into the wells. Once nDEP is applied, the beads already located inside the wells will
be pushed together into the center of each well away from the well sides, whereas beads
located between the wells (on top of the resist) are also repelled away from the edges and
form lines at the centers of these gaps. Similarly, within the bulk fluid surrounding the

electrodes, the beads are pushed away from the resist-covered edges of the electrodes and
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form lines in the trenches between the electrodes as shown in Figure 7a. The influence of
this nDEP force on the beads is demonstrated by the results of the COMSOL multiphysics

simulation shown in Figure 7b.

Once the applied frequency is lowered to 1 kHz and the microbeads begin to experience a
pDEP force, in addition to the edges of the resist, the clusters of microbeads inside the wells
now also serve as points of highest electric field intensity. Under the influence of that pDEP
force, remaining beads in the bulk of the fluid and in the gaps are attracted toward the wells.
From the sequence of pictures shown in Figure 6, and in Supplemental Videos for 5 um beads,
it can be seen that the positive iDEP forces near the edges of the wells begin attracting the
particles previously positioned in the gaps between wells. Simultaneously, pearl chains in
the trenches between the electrodes become attracted to the outer sides of the wells, where
they eventually reposition themselves as demonstrated in the optical micrographs and

multiphysics simulation results presented in Figure 7.

2.3.3: Movement of 1 um Beads under the Influence of Electro-osmosis

For 1 um beads, because of their small size, the DEP force is weak in comparison to the ACEO,
and consequently, the beads act as tracers to reveal the nature of the ACEO flow. It has been
demonstrated in the literature that electro-osmosis-driven vortices are induced at the edges
of coplanar bar electrodes as well as over the surface of the electrodes [72][83]. For the
patterned electrodes, these EO vortices are generated above the wells at frequencies of 10
kHz and lower. Figure 8 a demonstrates the interplay between the positive DEP force and

ACEO flow and its corresponding frequency dependence that affects the size of the bead
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clusters inside the wells. In general with decreasing frequency, the vortices would expand
from the edges of the wells toward their centers and push the beads inside the wells closer
together. Figure 8 b presents a plot that quantifies the area of the 1 um polystyrene bead
clusters as a function of the frequency and magnitude of the applied potential. As 1 um beads
are propelled toward the windows by EO flow, they pass over the outer resist edges and are
positioned near the edge of the windows, where they experience a positive iDEP force.
Although some of the microbeads become attracted to this edge, most of the beads are
carried toward the exposed regions of the electrodes inside the windows. As the clusters of
beads inside the windows continue to grow, the iDEP force near the clusters will also become
increasingly larger. The velocity of the flow under the electrokinetic influence and the
resulting movement of the microbeads was simulated in COMSOL and is presented in Figure

8 c below.
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Figure 8: (a) 1 um polystyrene beads are pushed together under the influence of electro-
osmosis inside the wells at 3 Vpp as the applied frequency is decreased from 10 kHz to 50
Hz. (b) Frequency and voltage dependence of the 1 um polystyrene bead clusters in 100 pm
windows. (c) COMSOL model of EO streamlines around the resist window[81].
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2.3.4 : Template Electrokinetic Microassembly of 5 pm Beads inside
Windows.

As we discussed in previous sections, at applied frequencies below 10 kHz, the 1 pm beads
will fill the windows while under the influence of electro-osmosis. However, 5 um beads
under the same range of frequencies were observed to aggregate at the edges of the windows
under the influence of the positive iDEP forces rather than in the windows because larger
beads are more inertial and less influenced by the flow streamlines and more influenced by
DEP forces that depend on the cube of particle radius. One strategy to facilitate the filling of
windows by 5 um beads is to allow some of the polystyrene beads to sediment inside the
windows. These initial bead clusters inside the windows will later serve as areas of higher
electric field intensity when the pDEP force is activated and will facilitate the assembly of the
microbeads inside the windows. . Figure 9 a presents a COMSOL simulation of the iDEP forces
for a cluster of polystyrene microbeads inside a window. Once the beads have been
successfully localized in the wells, gaps, and trenches under the nDEP force, and once the
pDEP force is activated, at this point, there is a competing pDEP influence between the
cluster of the beads inside the window and the resist edge of the window (both regions serve
as areas of high electric field intensity). Figure 9 b demonstrates the observed movement of
a 5 pm bead traveling from a gap toward a growing cluster of beads inside a well. The
movement of the beads from the edge toward the centers of the wells is assisted by the

electro-osmotic flow whose streamlines are simulated in Figure 9 c.
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Thus, to fill the windows in the resist with 5 pm beads, one can start with depositing of the
bead suspension over the electrode array and waiting for several minutes for gravitational
sedimentation to take place and then applying 1 MHz frequency to utilize negative DEP (see
Figure 6). That initial step will ensure that some beads will already be inside the windows.
Following that nDEP step with lowering frequency to 1 kHz to start positive DEP will result

in filling the windows with 5 pym beads as seen in Figure 7 a.

To avoid the need for gravitational sedimentation of the 5 pm beads, we explored an
alternative strategy for attracting them to the windows. It was observed that when 1 pm
beads were added to the 5 pm bead suspension, these smaller beads would begin filling the
windows under the influence of ACEO at a frequency of 1 kHz. The formation of 1 um clusters
then serve as areas of high electric field intensity, which subsequently allow for the
successful attraction of 5 um beads to the windows under positive DEP. Figure 9 d illustrates
this process of attracting 5 pm beads with the initial formation of 1 pm cluster using positive
iDEP attraction. Figure 10 summarizes the interplay of the DEP and EO forces for 5 um beads

in the template electrokinetic assembly (TEA) process.

2.3.5. Permanent Entrapment of the Beads with Polypyrrole.

The permanent entrapment of 1 and 5 pm beads through polypyrrole electrodeposition is
presented in Figure 11 a-c. Because the PPy deposition is initiated by a DC offset, only one
side of the electrode experiences PPy deposition. Deposition on the other side can still be

achieved by switching the live and ground wires to reverse the polarity of the DC offset.
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Figure 9: (a) COMSOL simulation result demonstrating two areas of high electric field
gradients: around the edges of resist windows and around the particle cluster inside the
window; (b) a series of optical micrographs tracing the movement of 5 um bead toward the
cluster of 5 um beads inside the well under 1 kHz, 3 Vpp bias. (c) COMSOL model of EO
streamlines around the resist window and cluster of the beads inside the window; (d)
attraction of 5 pm particles by the cluster of 1 um particles inside the wells[81].
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Figure 10: Mechanism of the guided electrokinetic assembly for 5 pm microparticles. The
schematics represents a cross-section of the IDEA chip where the carbon electrodes are
black, resist is gray, and the DEP forces are represented by red arrows and electro-osmotic
forces by blue arrows. (a) Clustering of the 5 um beads under the influence of n-DEP forces.
(b) Schematics of the beads’ motion under p-DEP forces and electro-osmotic (EO) forces
that become significant under the low applied frequency. Zone 1 is the local maximum of
iDEP forces at the inner edge of the resist well, Zone 2 is the local maximum of iDEP forces
around the outer edge of the resist well, whereas Zone 3 is the local maximum for iDEP
forces because of clustering of the polystyrene beads inside the wells[81].
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Figure 11: Entrapment of beads by PPy deposition. (a) Optical image of the IDEA with the
polystyrene beads entrapped by PPy; (b) scanning electron microscopy (SEM) image of 1
um bead agglomerate covered with PPy; (c) close-up of the well with PPy-entrapped 1 um
beads; (d) close-up of the well with PPy-entrapped 5 um beads[81].

2.3.6: The Entrapment of Fluorophore Conjugated Beads

Enzyme-linked immunosorbent assays ( ELISA) is a conventional technique that can detect
protein analytes for the purpose of disease diagnosis. But it usually requires a large amount
of time form loading, incubating, and washing samples[84]. However, the platform in this
study can be used to detect specific protein more efficiently than conventional ELISA. In this
case, we use 1um beads conjugated with antibodies( IgG) and fluorophore (Alexa) to prove
the concept. The procedures used to prepare the conjugated beads are provided by Thermal

Fisher Scientific[85].
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Figure 12: Entrapment of fluorophores conjugated beads before (a) and after (b) attraction; (c)
The absolute value of Corrected Total Cell Fluorescence (CTCF) before and after entrapment.

According to Figure 12, even though the beads are spread evenly across the electrode, the
signal of CTCF is extremely low. However, after the attraction the effect of EO (1kHz 1V peak

to peak Voltage), the signal of beads concentrated inside the wells is enhanced dramatically.



Chapter 3

Characterization of the Positive and Negative Dielectrophoretic
Ranges of Applied Frequency

3.1: Introduction.

The present work describes an artificial intelligence (Al)-based phenomenological approach
that automatically determines the ranges of the applied frequency that cause positive and
negative DEP for the population of 3-um diameter polystyrene beads in deionized water.
Specific crossover frequency can be calculated from the DEP Equations in the introduction
part, setting the real part of K to be equal to zero. In this system, the electrical conductivity
and permittivity of DI water and polystyrene beads would be required for such calculation.
From the literature, we know the relative permittivity of DI water to be around 78 and
relative permittivity of the latex beads to be around 2.5, while the electrical conductivity of
DI water to be around 2 x 10-4 S/m[86]. The problem confronts the researchers trying to
gauge the conductivity of the polystyrene microbeads, since polymer beads’ conductivity is
highly dependent on their functionalization and bead radius. The beads’ electrical
conductivity is not measured directly. Typically, the conductivity of the beads is deduced
indirectly by observing the crossover DEP frequency and back-calculating the conductivity

of the beads from the following equation:

K = (g —en)/(e + 2en) [6]
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where ¢/ stands for complex permittivity of the materials and subscripts p and m identify
particles and suspension media, respectively [87]. Therefore, the described
phenomenological approach of finding the cross-over frequency is critically important
because it can't be predicted beforehand but can only be observed directly through

experimentation.

Our Al-based automated approach involved a custom-developed closed-loop system where
the function generator (that applied AC signal to the electrodes) was connected to the
computer and Python program was used to change the applied frequency of the signal. The
movement of the microbeads was digitally captured by the camera attached to the
microscope and the resulting images were automatically analyzed to determine if the beads
are moving towards the electrodes or away from the electrodes. On the basis of that
determination, the applied frequency used by the function generator was algorithmically
changed to a new frequency value and the analysis was repeated. The outcome of the
automated analysis is the frequency ranges where DEP force is positive, negative, or too

weak to cause significant particle motion.

The phenomenological approach to directed micro assembly detailed in this research will
find application across many fields including microsystems and electronics, biotechnology,

drug delivery, and tissue engineering.
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3.2: Materials and Methods

3.2.1:Interdigitated Electrode Fabrication

The gold interdigitated electrodes arrays (IDEAs), used to generate non-uniform electric
fields in this study, were fabricated via conventional photolithography and e-beam
evaporation. Positive photoresist (Shipley) was spin coated onto a 4 inch silicon wafer
(University Wafer, South Boston, MA, USA) at 3000 revolutions per minute (rpm) for 30
seconds, after an initial spin-coating at a speed of 500 rpm for 10 seconds, using a Laurell
photoresist spinner (Laurell Technologies, North Wales, PA, USA). Next, the coated wafer
was soft-baked on a hot plate (Dataplate, PMC, 732 Series, Dubuque, IA, USA) at 90 °C for 30
minutes. After soft-bake, the photoresist coated on wafer was exposed to UV light utilizing
MA56 Mask Aligner (Karl Suss, Garching, Germany) for 4 seconds at an energy intensity of
10 mW/cm?, through a photomask (CadArt, Bandon,OR, USA). Exposed photoresist was then

removed by the deionized (DI) water rinse.

Temescal CV-8 E-beam evaporator (Airco Inc., Berkeley, CA, USA) was used to deposit metal
layers. Following the deposition of a 300 A first layer of Cr, a 3000 A layer of Au were
deposited onto the underlying chromium layer. Then the unexposed photoresist was
dissolved in acetone. After this photoresist stripping step, only the metals that covered the
wafer, rather than photoresist, was left in so-called lift-off process. The resulting electrode
system, presented in Figure 13, consists of 12 interdigitated fingers separated by the gaps of

70 um.
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Figure 13: The schematic of the IEDA. The gold electrode fingers (light against the dark
background of the substrate) have the spacing between the adjacent fingers of 70 um|[88].

3.2.2: Experimental Setup

The IDEA, with wire contacts soldered by indium, was connected to a function generator
(Stanford Research System, CA, USA) as illustrated in Figure 14. The double-sided adhesive
tape (3M, MN, USA) was cut to construct a polymer cage to confine liquid with suspension of
microbeads. The peak-to-peak voltage and frequencies applied by the function generator are
controlled via digital input from the computer via Standard Commands for Programmable
Instruments (SCPI) programming language and the Virtual Instrument Software

Architecture (VISA) API.
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Figure 14: Sketch of the experimental setup including IDEAs connected to a function
generator[88].

Aqueous solutions of 3 um diameter carboxyl modified latex (CML) polystyrene beads
(Thermo Fisher Scientific, Invitrogen, MA, USA), which was originally at 4 wt%
concentration, was diluted to a new concentration of 0.39 wt% in DI water by first placing
the original solutions in a centrifuge (Eppendorf, Germany) for 20 minutes at 2000 rpm, then
removing the supernatant with pipette, and eventually remixing the remaining beads with

pre-calculated amount of DI water.

A 10 pL droplet of prepared beads suspension was pipetted onto region of IDEA surrounded
by polymer cage, then a 3V peak-to-peak sinusoidal voltage with a sequence of discrete

frequencies was applied to study the motion of the beads. A Nikon Eclipse microscope
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(Nikon, Japan) and SPOT Basic video editing program (SPOT Imaging, MI, USA) were used to

observe and record the movement of the particles.

3.3: Software Architecture and Methodology

3.3.1: Architecture Overview

As Figure 15 illustrates, we have implemented the monitoring of the experimental testbed
(a suspension of the microparticles on the IDEA chip) where particles movements are
captured by the camera and that information is passed in the digital form to the computer
where the particles are recognized, their positions are detected, and computer algorithm is
run to compare the mean present location of the particle cloud with the mean location of the
particle cloud as captured in the prior frames. Based on the comparison of these mean past
and present locations of the particle clouds, the function generator is given a command by
the computer to either increase or decrease the applied frequency. Therefore, a real-time
control and feedback of the embedded system is implemented that allows for the dynamic
control of the movement of the particles. Specifically, our system tracks the overall particle
movement by a watching window W which is maintained from the result of Particle
Detection & Feature Extraction for each new frame. Our system analyzes W with Particle
Movement Determination and Adjustment Determination to determine the amount of
adjustment made to the Function Generator. Subsequently, the system applies the
predetermined changes (such as step up or step down in the applied frequency) to the

experimental testbed. We will describe each of the functional components below.
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Figure 15: Architecture of the Feedback Control System Design[88]

3.3.2: Particle Detection and Feature Extraction

For each frame I; € I, we utilize the Hough Circle Detector [29] to detect particles from each
sliced image I;. We leverage the implementation of the Hough Circles Detector in OpenCV
which can perform Hough Gradient Method on detecting the circle-shaped objects on grey-
scale images. To ensure the performance of particle detection across different experimental
setups, we tune the four parameters (param_1, param_2, min_radius, max_radius) provided
by OpenCV’s implementation. Specifically, the parameter param_1 is for adjusting the
internal Canny detector threshold while the parameter param_2 is for modifying the center
detection threshold. We denote the result of detecting particles as B; which is a container of
a collection of detected particles {P;, P,, ... Py} where N is the total number of detected
particles. In this paper, we denote the particle detecting process using function F. Thus, the

relation between a new frame I, and a container B; can be written as: F(I;) = B; =
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{Py, P,, ... Py}, where each particle is represented with the center 2-D coordinates (i.e. B, =

{xn, Y })-

We then transform each container B; into a corresponding feature X;. In our paper, two
assumptions are made. First, we assume that the movement of particles (moving
toward/away from the electrodes) can be captured and represented by the values derived
from formulaic methods. Second, since the direction of DEP force is perpendicular to the
electrodes installed in our testbed, we only consider a particle’s movement along the x-axis
in our system. In our paper, we abstract this feature extracting process using a function G. In
our system, we implement G by calculating the average absolute distance to the reference
line where the reference line refers to a vertical line that stays in between and in the middle
of two electrodes. We denote the x-coordinate of the reference line as r and use it along with
the x-coordinate of each particle in a container P, = {x,,y,} € B; is used to calculate the
feature X;. In short, the relationship between a new frame I; to the extracted feature X; is

illustrated as:

[xn — 1|

Xe = G(F(U)) = G(By) = Ti-1 [7]

3.3.3: Particle Movement Determination

In order to determine the overall movement of particles at each timestamp t, our system
performs a linear trend analysis by considering a subset of features between current frame
and few frames prior. We define this set as a watching window W = {X;_, X¢_x+1, - Xt}

where k denotes the length of W and is a tunable system parameter in our system. Our
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particle movement determination process begins with post-processing the features with
Missing-Value Sampling and Data Smoothing. As our particle detector might end up not
detecting any particle for I;, we need an alternative value of X; for minimizing the negative
influence of missing values in our linear trend analysis. To be more specific, we sample the
missing value by averaging the features u frames before X, ({X;—y—1, X¢—w - Xt—1}), Where

u < k. The determination of u depends on the velocity and frame rate of the testing setup.

Next, we perform the Data Smoothing on W to decrease the influence of noise or random
errors and to acquire a cleaner trend during our linear trend analysis later. Specifically, we
perform linear convolution on W = {X;_, X¢_x4+1, --- X¢} with an unweighted filter. The 1’s
array performs as an unweighted filter and u is a tunable parameter for manipulating the

level of smoothing.

Finally, our Particle Movement Determination adopts a Linear Trend Model (LTM) in
determining the overall movement of particles. In our system, we perform LTM over the
features {X;_i, X¢_k+1,.--X¢} in the watching window W to derive the trend of the data.
Specifically, we first convert the features in W into a set of data points where each data point
corresponds a timestamp x to a feature X;_j., (e.g., (x,¥) = (0, X¢—x), (L, X¢—k41) - (K, X))
Then, LTM applies the least-squares regression to generate a unique trend line represented
by equation y = bx + ¢ that minimizes the vertical distance over the data points, and the

coefficient, b, is calculated according to the equation below:

_ Ze=0=9)
b= e 8]

The coefficient b represents the velocity (e.g., the slope of the regression line) of overall

particle movement. The system uses b and a decision threshold § to classify the macroscopic
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motion of particles with a categorical label Y;. If |b| < &, the system classifies the motion as
NO_DEP because as b is too little to be considered as a DEP polarity. In the case where |b| >
d, the system classifies the DEP’s polarity as either Positive-DEP or Negative-DEP according

the practical experimental setup (i.e., can be flipped).

3.3.4: Feedback Control Design

The system we propose is a real-time closed loop controlling system, also known as a
feedback control system. The proposed feedback control design is illustrated in the Figure
15. In our system, the process variable is the motion of particles. Therefore, with a
predefined sampling rate m, our system repeatedly collects the new frame from the sensory
camera and performs the Particle Detection & Feature Extraction for each frame I; to acquire
a feature X;. The new feature X, is then inserted to the end of the watching window W which
is realized as FIFO (First-In First Out) Queue with k as the size in our system. Next, if not in
SETTLE state, our system performs the Particle Movement Determination over the watching
window W = {X;_g, X¢_k+1, .- X¢} and acquires Y; indicating the current state of the testbed.
Then, according to Y; and b, our system calculates the amount of frequency or voltage to be

adjusted to the testbed.

Ultimately, these adjustments are encapsulated as a command packet and sent to the
function generator. Once the function generator is adjusted, our system will enter the
SETTLE state for a period. SETTLE is the time required for the system to detect the change
in movement of particles due to the function generator change, and it is calculated based on

two values: the particle response time and the system response time. The particle response
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time refers to the time needed for particles to show the effect of a function generator change,
and the value depends on the environmental setup. System response time refers to the time
needed for the proposed computer-vision based system to detect the movement of particles,
which depends on the length of the watching window, k, as we discussed in the section above.
In general, a larger k will require longer system response time. In SETTLE state, our system
just keeps acquiring inputs from the camera and performing Particle Detection and Feature
Extraction. In Non-SETTLE state, our system will additionally make decisions and

adjustments according to the results from Particle Movement Determination.

Table 1: Pseudo code governing the control loop

Algorithm 1 Pseudo code governing the control loop.

Data: particles, watching_window, detected_movement, not_move_count system initialization;
1 while not_move_count < threshold do
2 Detect particles in the current frame;
3 Append detection results to the watching_window;
4 Analyze the direction of particle movement and save result to detected_movement;
5 if |detected_movement | < threshold then
6 STATE <= NOT_MOVE;
7 not_move_count +=1;
8 else if detected_movement > 0 then
9 STATE <= POSITIVE_DEP;

10 function_generator.decrease();
11 else

12 STATE <= NEGATIVE_DEP;
13 function_generator.increase();
14 end

15 end

3.4: Results

3.4.1: Particle Detection
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The cyber-physical system was setup and run as detailed in sections 2 and 3 above. As the
test proceeded, the program converted the live video stream (transferred from the optical
microscope via the digital camera) into still frame images. The OpenCV package, utilizing the
Hough Circle Detector function, identified beads within each frame. Figure 16 below shows

examples of bead detection.

Figure 16: Examples (a) and (b) of bead detection using The Hough Circle Detection
function of the OpenCV package. The recognized beads are circled in red. The green lines
identify the frame window nearly coincident with the edges of the electrodes[88].

Based on the analysis of the individual still frame images, it is estimated that the OpenCV
package was successful at accurately identifying an average of 20-30 percent of the beads in

each frame, typically with higher bead detection as shown in Figure 16.

This detection rate provides an adequate sampling of bead position for each frame to
estimate overall movement of the beads. Experimentally, bead detection rate and accuracy

was found to be dependent on several different factors including the amount of illumination
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and focal settings of the optical scope as well as the density and size of the beads. In general,
larger beads at lower concentration led to greater bead detection rate and accuracy. This is
thought to be due to the fact that the Hough Circle detector function utilizes pixel color
gradient to detect the beads and larger beads provide a larger circumference for the program
to detect such gradient. Additionally, lower bead concentration led lower likelihood of
agglomeration formation which hindered the ability for OpenCV to recognize their shape as
circular. Figure 16 presents examples of the beads in close proximity that were not
recognized as individual beads. Additionally, given that OpenCV uses color gradient to detect
the edges of the bead, optical settings which provided high contrast between the beads and
the silicon chip background yielded better particle detection and accuracy. This is illustrated

in Figure 17 below.

(a)

Figure 17: Different bead detection efficacy between samples (a) and (b) depended on bead
size and illumination conditions[88].
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3.4.2: Bulk Cloud Behavior

The cyber-physical system was set up as detailed in the previous sections and two trials were
performed with 3um diameter beads. The video segments of the bead movement under the
influence of the applied voltage signal with a given frequency is provided as a Supplementary
Material accessible online. The program calculated the average absolute distance of all
detected beads from the center of the electrode gap for each frame. The results of each trial,

overlaid with the changes to the frequency of the applied electric field, are shown in Figure

18 and 19 below.
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Figure 18: Average Absolute Distance from Center by Frame (Trial 1)[88].
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Figure 19: Average Absolute Distance from Center by Frame (Trial 2)[88].

In this analysis, increasing absolute value from the center of the testbed indicates the
particles are moving toward the edges of the electrodes, a result of attractive forces such as
positive DEP and EO. Conversely, decreasing absolute value from the center indicates the
beads are moving away from the surface of the electrodes in response to an induced
repulsive force under negative DEP. The graphical results from both trials shown above
clearly depict regions of attractive and repulsive force. For example, in both trials frequency
increase from 10 kHz to 1MHz resulted in a decrease in the beads’ absolute distance,
indicating a change from attractive to repulsive force. The bulk response of the beads
indicates attraction at lower relative frequency and repulsion at higher frequencies which
aligns with the established literature on DEP force [89]. As the applied frequency approached

the crossover frequency, the magnitude of bead movement decreased.

The results above also indicate a delayed bead response to changes in the applied frequency.
This is thought to be the result of residual bead momentum that must be overcome prior to

a reversal in bead movement. This interesting result is important in understanding the

49



fundamental physics of this DEP-based particle manipulation system. Such time-delayed
response would need to be accounted for when designing such a system for a particular

application.

3.4.3: Individual Particle Behavior

Still frame image results from trial 2 were analyzed to assess the response of individual

beads to changes in the frequency of the applied electric field. Figures 20 through 23 below

show subsequent still frame images from select regions of interest within the Trial 2 results.

Specific beads are indicated within each frame for clarity.

Figure 20: Individual bead movement during trial 2 from frames 195 to 298[88].
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Figure 21: Individual bead movement during trial 2 from frames 300 to 340[88].
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Figure 22: Individual bead movement during trial 2 from frames 570 to 685[88].
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Figure 23: Individual bead movement during trial 2 from frames 735 to 812[88].

As the images indicate, individual beads responded to changing input frequency. In Figure
21 the beads move toward the edges of the electrode at an applied frequency of 10 kHz.
Additionally, when the frequency was increased to 1 MHz, the same beads can be seen

moving away from the electrode as shown in Figure 23.
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3.4.4: Correlation of Bead Cloud Behavior and Individual Bead Position

3.4.4.1: Bulk Motion

The individual bead analysis correlates closely with the assessment of the cloud bead
behavior made by the cyber- physical system. For instance, in Trial 2 the steady decrease in
average absolute distance which occurred after the frequency was set to 1 MHz as shown in
Figure 19 correlates to individual bead movement toward the center of the electrode gap in

Figure 23.

This result supports the assertion that the proposed algorithmic artificial intelligence
program can effectively estimate the response of beads to varying input frequency. The
proposed system successfully identified frequency regimes in which the beads were
attracted to the electrode surface due to positive DEP and EO, as well as regimes in which
the beads were repelled from the electrodes due to negative DEP. Results from the system
testing revealed a lag in particle movement in response to changes in frequency. This is seen
in Trial 1 when the frequency was changed to 500 kHz at frame 700 as compared to the more
immediate particle movement at frame 300 when frequency was changed to 1 MHz. This lag
is thought to be the result of particle momentum in relation to the strength of the DEP force
generated at a given frequency. 1 MHz produces strong negative DEP which more quickly
overcomes the inertia of the moving particle and results in a rapid change in direction.

Alternatively, a frequency of 500 kHz produced a weaker negative DEP force. As a result, the
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plot shows a gradual slowing of the particles before final reversal of direction roughly 100

frames after the change to frequency was made.

3.4.4.2: Regions of DEP Influence

As the applied frequency approached the theoretical crossover frequency, the DEP forces
exerted on the beads becomes weaker, resulting in slower bead movement. Additionally,
DEP force is strongest at the surface of the electrode and becomes weaker as distance from
the surfaces increases. As a result, as the applied frequency approaches the crossover
frequency, the response of beads further from the electrodes was diminished. This can be
seen in the relative magnitude of particle motion in the individual still frame analysis
(Figures 19 to 22) as well as the leveling-off of average absolute distance in Figure 19.
Analysis of the bulk particle movement as a function of the applied frequency indicates that
when the frequency is increased to 1MHz the distance to the center decreases sharply
pointing to negative DEP (nDEP) and indicating that the crossover frequency is below 1 MHz.
Meanwhile, at 500 kHz there is still an attractive influence since the distance from the center
is increasing (pDEP). Therefore, the crossover frequency is between 500 kHz and 1 MHz.
While we can't calculate the exact cross-over frequency, because the surface conductivity of
the CML modified polystyrene beads is unknown, we can conclude that our range of cross-
over frequency is consistent with the data for cross-over frequency of polystyrene

microbeads found experimentally by other researchers[90][86].

The cyber-physical system was successful at identifying a frequency range in which little to

no bead movement was detected, indicating the DEP crossover frequency exists somewhere
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within the range. Additionally, the system successfully identified frequency regimes in which
positive and negative DEP force was strong and resulted in associated bead movement. Bead-
to-bead interaction and the formation of pearl chains, as described in the following section
is a primary limiting factor in the system’s ability to further refine these regions of DEP

influence.

The cyber-physical system was successful at identifying a frequency range in which little to
no bead movement was detected, indicating the DEP crossover frequency exists somewhere
within the range. Additionally, the system successfully identified frequency regimes in which
positive and negative DEP force was strong and resulted in associated bead movement. Bead-
to-bead interaction and the formation of pearl chains, as described in the following section
is a primary limiting factor in the system’s ability to further refine these regions of DEP

influence.

3.4.5: Bead-to-Bead Interaction

Previous research has established that in addition to DEP and EO force, particles within an
applied non-uniform electric field experience bead-to-bead attraction and form what is

known as “pearl chains” which align along the electric field lines [91].

These pearl chains can be seen within the individual still frames images such as Figure 24

below.
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Figure 24: Pearl chain formation as a result of bead-to-bead interaction[88].

The formation of pearl chains as a result of bead-to-bead interaction impacts bead
response to DEP force. As the pearl chains grow, the motion of such particle chains are

inhibited due to inertia and the increased drag force.
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Chapter 4

Step-Wise Deposition Process for Dielectrophoretic Formation
of Conductive 50-Micron-Long Carbon Nanotube Bridges

4.1: Introduction

Carbon nanotubes (CNTs), high-aspect ratio tubular carbon structures [92], have drawn
considerable interest due to their extraordinary physical, mechanical, and electrical
properties [8]. CNTs are often used for the enhanced performance of electronic devices such
as chemical and biological sensors [93], field-effect transistors [94] [95][96], energy storage
systems [97], computing devices [98][99], and conductive interconnects[100][101].
Therefore, the integration of CNTs onto predetermined positions in micro- and nanosystems
is a critical technology that has been extensively studied [102][103][104][105]. A variety of
techniques have been developed to assemble or manipulate individual CNTs or CNT bundles
onto desired electrode locations. For example, an atomic force microscope (AFM) tip was
used to handle the conveyance of a single multiwalled carbon nanotube to a specific
location[106], the capture of nanotube bundles was carried out by magnetic field[107], a
combination of conventional and optically induced dielectrophoresis was used to create a
line of CNTs between two electrodes[108], CNT transfer technology was developed to
transfer CNT bundles [109], CNTs were collected in microgrooves via fluidic assembly[110],
and photosensitive chemically binding agents were used to secure CNTs to specific sites.
However, the majority of these techniques are slow, laborious, and expensive, and in many

cases the aligned CNTs do not produce conductive bridges. In the present work, we describe
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a step-wise process that can produce conductive bridges, selfassembled out of a CNT
suspension and constructed within the high field areas between adjacent electrodes under

the influence of dielectrophoresis (DEP).

As the distance between adjacent electrodes increases, so does the difficulty in creating
conductive bridges made of nanoparticulates, as the bridges tend to branch into dendritic
structures away from the electrodes, as observed previously[111]. Many researchers have
bridged gaps reaching submicrons to several micron meter distances, sizes comparable to
the lengths of the CNTs[52][112][113][114][115]. Researchers have also created dense
forests of nanotube bridges between electrodes that were 25 microns apart[116]. Here, we
report for the first time on the process of creating conductive CNT bridges spanning over 50
microns. In order to achieve this result, we employ the technique of step-wise DEP

deposition described below.

4.2: Materials and Methods

4.2.1: Fabrication of IDEAs

The carbon interdigitated electrode arrays (IDEA) (utilized to generate the nonuniform
electric field and form the conductive CNT bridges via DEP attraction and alignment) were
fabricated with the standard lithographic process using photosensitive SU-8 resin[52],
followed by pyrolysis in a nitrogen environment to convert the photo-patterned resist
precursor into glassy carbon electrodes [25]. Each IDEA consisted of three electrode finger

pairs, as seen in Figure 25. The width and length of each individual electrode finger was 120

58



pm and 1200 pm, respectively. The distance between the adjacent parallel electrode fingers
was 120 um, and the smallest distance between the electrodes (at the tip of the electrode

finger) was 50 microns.

Polymer Cage

Electrode

Function

’ jenerator

~ l \ )

Figure 25: Experimental Setup (left) and Interdigitated Array of carbon electrode fingers
120 micron wide with 120 microns inter-electrode spacing (right)[117].

SU-8 2025 photoresist (Microchem Corp. Ltd, Westborough, MA, USA) was spin coated onto
a 4” silicon wafer covered with 1 pum thick thermal oxide layer (University Wafer, South
Boston, MA, USA) using a Laurell photoresist spinner (Laurell Technologies, North Wales,
PA, USA) at an initial speed of 500 rpm for 10 seconds, followed by 4000 rpm spin for 30 s.
The soft-baking was carried out on a programmable hot plate (Dataplate, Pmc 732 Series,
Dubuque, IA, USA) at 95 °C for 5 min. The wafer was then exposed through a photomask
(CadArt, Bandon, OR, USA) to UV light at an energy intensity of 10 mW/cm? for 6s using the
Karl Suss MA56 Mask Aligner (Karl Suss, Garching, Germany). The subsequent postbake
procedure was performed on the same hot plate by initially heating the wafer at 65 °C for 1
min, followed by a 95 °C step for 5 min. The uncrossed-linked resist was washed away in SU-
8 developer (Microchem Corp. Ltd, USA). The remaining cross-linked resist layer was then

hot-baked at 150°C for 20 min. The carbonization of the IDEAs was performed by gradually
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heating up the wafer containing them to 900 °C inside a pyrolysis furnace (Thermo Fisher
Scientific, Waltham, MA, USA), within a nitrogen environment. The pyrolysis started at 25 °C
for two h, followed by a 69 min ramp to 300 °C, where the temperature was held for one hour
before a subsequent 90 min ramp to 900 °C, where the temperature was held again with a
dwell time of one hour before being allowed to naturally cool to room temperature
overnight. Individual IDEA chips were diced from the wafer. Indium solder was used to
attach wires to the carbon IDEA chips. During the pyrolysis step, the polymer precursor
shrinks laterally as the carbon electrodes are formed. Since the top of the electrodes shrinks
to a larger degree than its base, the sidewall of the carbon electrode becomes tapered. This

taper can be clearly seen in the high-resolution SEM pictures below.

4.2.2: Preparation of Carbon Nanotube Suspension

The CNT suspension was prepared by dispersing 0.005 g of CNT powder containing a mix of
single-wall and multiwall nanotubes (Aldrich Chemistry, St. Louis, MO, USA) into 10-mL of
isopropyl alcohol (IPA). The suspension was then centrifuged in an Eppendorf 5702
Centrifuge (Eppendorf AG, Hamburg, Germany) at 3000 rpm for 15 min. A pipette (Labnet,

Edison, NJ, USA) was used to collect the supernatant with homogeneously distributed CNTs.

4.2.3:Preparation of Pyrrole Solution
A mixed solution of 0.1M pyrrole monomers (Aldrich Chemistry, St. Louis, MO, USA) and 0.1

M NaDBS (sodium dodecyl-benzene-sulfonate) (Aldrich Chemistry, USA) was prepared by
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dissolving 0.693 mL of pyrrole monomers and 3.48 g of NaDBS into 100 mL of deionized (DI)
water. The solution was stirred at room temperature for 20 min using a magnetic stirrer

(Fisher Scientific, Hampton, NH, USA).

4.2.4: Deposition of CNT bridges, Resistance Measurement, and Heat
Treatment

Wires soldered to an IDEA chip were connected to the function generator (Stanford Research
Systems, Sunnyvale, CA, USA) to apply a constant 5V peak-to-peak (Vpp) voltage at various
frequencies (see Figure 25). A polymer cage cut out of double-sided stick tape (3M, St. Paul,
MN, USA) was used to contain the suspension of CNTs atop of the IDEAs. The CNT suspension
was deposited in a series of 10 pL drops. A microscope glass slide (Thermo Fisher Scientific,
Fisherbrand, Waltham, MA, USA) was placed atop of the IDEA chip/polymer cage assembly
to decrease the evaporation rate of the solution. The resistance between the fingers was
measured with a 3320 Innova multimeter (Innova, Irvine, CA, USA). In order to facilitate
solvent evaporation after deposition, the IDEA chips were placed on a hot plate (Fisher
Scientific, Hampton, NH, USA) at 200 °C for 20 min. The resistance of the CNT bridges was
measured again after the heat treatment. This was done to understand the extent to which

the evaporation of the residual solution induces closer contact between the nanotubes.

4.2.5: Polypyrrole (PPy) Deposition
The perpetual capture of CNT bridges was achieved by micropipetting 10 pL of

pyrrole/NaDBS solution (see above) over the finger regions of the IDEAs where the CNT
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bridges formed, and by applying a DC voltage of 0.9 V for about 90 s (deposition was stopped
when PPy reached across the CNT bridge). After PPy deposition, the resistance was
measured, and the IDEA chips were placed on the hot plate at 200 °C for 20 min followed by
another resistance measurement. An optical microscope (Nikon Eclipse, Minato, Japan) and
video editing program (SPOT Basic) were utilized to observe and record resulting CNT
bridges on IDEA chips. Scanning Electron Microscope (SEM) images were recorded under

low current setting using Magellan 400 XHR SEM (FEI, Hillsboro, OR, USA).

4.26: Finite Element Analysis Multiphysics Simulation

The finite element analysis simulation was carried out with Comsol Multiphysics package
(version 5.2) (Comsol, Burlington, MA, USA). 2-D CAD models of the electrode were
constructed as presented in Figure 26. The electrode was modelled to be 2.5 pm thick, with
the space above the electrodes and top of the water being 75 um, and the CNTs as being

attached to the edge of the electrode.

The meshing condition was set up to be a physical-controlled mesh with a defined element
size set to “extremely fine” and refined near the electrode surface to yield about 18,000
triangular mesh elements. The model was solved by a built-in linear solver. Boundary
conditions were set up to be 0 V for the surfaces of three connected electrodes and 4 V for
the other three connected electrode fingers. The material of the electrodes was selected to
be glassy carbon. In order to simply the model, the permittivity was defined to be 1E8-¢o,
while the liquid medium was isopropyl alcohol with conductivity of 6-:10¢ pS/m and relative

permittivity of 18.23-g0
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(a) (b)
Figure 26: CAD drawings of the interdigitated electrode arrays (IDEA) used in Comsol
simulation: side view (a) and top view (b)[117].

4.3: Results and Discussion

4.3.1: Continuous vs. Step-wise CNT Bridge Formation

The mechanism leading to the formation of the CNT bridges has been explored. First, a one-
step procedure of continuous deposition was tested: when one 30 puL drop of CNT suspension
was placed onto the IDEA chip with a 5 Vpp bias and applied frequency of 100 kHz, only short
segments of CNT chains formed after several minutes, as seen in Figure 27b. The likely
reason for the inability of this single-step continuous deposition process to form a long CNT
bridge is the fact that the resulting CNT line that forms via DEP alignment lacks sufficient
nanotube-to-nanotube contact. Thus, as the CNT chain is being built, the CNT line becomes
more and more resistive until the electric field strength ceases to be sufficient enough for

further attraction and alignment of the CNTs.
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We are proposing an alternative to continuous CNT deposition—a step-wise deposition
where first one droplet of CNT suspension is deposited over the electrodes to enable CNT
segments to begin forming under the influence of DEP forces. We then dry the solution from
CNT suspension, or simply wait until the droplet of solvent evaporates (it usually takes just
afew minutes as the CNT suspension is not covered by the glass slide). As solvent evaporates,
surface tension of shrinking droplets surrounding the deposited CNTs will pull CNTs
together, enabling better contact, and consequently forming a CNT spike that results in an
area of high field as demonstrated by the results of the Comsol simulation shown in Figure

28.

A step-wise deposition of CNT bridges was successfully performed under a wide range of
frequencies. Figure 27a presents the results of CNT bridge formation after the deposition
and drying of three 10 pL drops of CNT suspension (in contrast to a single 30 pL CNT
suspension drop used in a single step continuous deposition trial). The applied voltage and
frequency of 5 Vpp and 100 kHz were also used as in the single-step continuous deposition
trial. It can be seen in the sequence of optical micrographs in Figure 27a how the CNT bridge
forms gradually after deposition of each CNT droplet, until a continuous conductive CNT

bridge is formed that spans the entire 50 um inter-electrode spacing.
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Figure 27: Comparison between the CNT bridges formed by step-wise procedure (a) and
the CNT bundles attracted by the one-step procedure (b). Both deposition procedures used
an AC 5 Vpp bias at 100 kHz[117].
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Figure 28: Comsol simulation of electric field intensity around the end of CNTs in the step-
wise CNT bridge formation process. (a) Field distribution near an individual CNT bundle
(b) Results of the simulation show that during bridge formation, regions of highest field
intensity shift from the edges of electrodes to the ends of the CNT bridges[117].
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4.3.2: Applied Frequency Influence on the Morphology of CNT Bridges

The formation of the bridges was demonstrated under the AC bias of 5 Vpp at frequencies of
1 kHz, 10 kHz, 100 kHz, 1 MHz, and 10 MHz (see optical micrographs on Figure 29 and
Scanning Electron Microscopy (SEM) images in Figure 30). The morphologies of the CNT
bridges depended on the applied frequencies. At relatively low frequencies, such as 10 kHz
and 1 kHz, electro-osmotic (EO) forces [74][73][83] generate fluidic circulation near the
edges of the fingers of the IDEAs where the electric field intensity is strongest. In the
presence of these electro-osmotic forces, the alignment of the CNTs is disturbed. Outside the
frequency range of EO flow, and within frequencies ranging from 100 kHz to 10MHz, the
positive DEP attraction of CNTs to the edges of the fingers of the electrodes dominates
vanishingly small EO forces. Since the magnitude of the electro-osmotic force increases with
decreasing frequency [83], larger amounts of CNTs needed to be deposited at the bridge sites
for the bridges to form. This relationship between EO and DEP forces at various frequencies

helps to explain the observed morphologies of the CNT bridges.
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100kHz 5V peak to peak

10kHz 5V peak to peak 1kHz 5V peak to peak

Figure 29: CNT bridges deposited under 5 Vpp AC bias at 1 kHz, 10 kHz, 100 kHz, 1 MHz,
and 10 MHz applied frequencies[117].
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Figure 30: The SEM images of CNT bridges deposited under 100 kHz frequency. (a, b) SEM
images of electrodes at 1530 and 1525 magnification, respectively; (¢) SEM image of the
edge of electrode at 5000 magnification[117].
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4.3.3: Influence of Postdeposition Heat Treatment on Resistance of CNT
Bridges

Dependence of postdeposition heat treatment on the resistance of fabricated CNT bridges
has been explored on two samples (identified as Samples 1 and 2 in Table 2 and in the
resistance measurement plots in Figure 32). First, initial resistance of the IDEA array was
measured. As expected, prior to CNT bridge deposition, the resistance was infinite. After the
CNT bridges formed, the IDEA chip was blow dried with a nitrogen gun for about a minute
until the chip was visibly dry, then the resistance of the IDEA was measured by placing the
probes of the multimeter on the contact pads of the IDEA chip. That measurement is termed
R1. The IDEA chip was then placed on a hot plate at 200 °C for 20 min; afterward, the
resistance was measured again (R2). In order to permanently secure CNT bridges in place, a
layer of polypyrrole was electrodeposited as discussed in the Materials and Methods section
above and on subsection 3.4 below. After PPy deposition over CNT bridges, the chip was
blow dried and the resistance was measured again (R3) and once again (R4) after another
heat treatment. The flowchart of these steps is presented in Figure 31. Table 2 contains the
resistance measurements for CNT bridges deposited under the variety of applied
frequencies, while Figure 32 represents a graph of these measurements for clear

identification of the trends.

It is clear that as a result of the heat treatment (200 °C for 20 min), the resistance of the CNT
bridges decreases dramatically. For example, for CNT bridges deposited under 5 Vpp at an
AC frequency of 1 MHz, the resistance is reduced six-fold from around 12 k() prior to heat

treatment to roughly 2 kQ) after the heat treatment. Our hypothesis is that this decrease in
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the resistance can be attributed to the evaporation of any residual CNT solution existing
between the individual CNTs. These pockets of liquid remaining after blow drying steps start
to further shrink and evaporate under the heat treatment. As the liquid surrounding the
CNTs evaporates, the surface tension of these shrinking droplets pulls CNTs together as
depicted in Figure 33, leading to a dramatic increase in conductivity of CNT bridges. This
formation of microaggregates due to surface tension during solvent evaporation was

observed by other researchers [118].

Table 2: Resistivities of samples 1 and 2 showing mean values and standard deviation after
CNT deposition (CNT), drying on hot plate for 20 min at 200 °C (CNT + HT), polypyrrole
deposition (CNT + HT + PPy), and final drying on hot plate for 20 min at 200 °C (CNT + HT
+ PPy + HT)[117].

CNT (k) CNT + HT (k) CNT + HT + PPy (kQ)) CNT + HT + PPy + HT (k)

Sample 1

10 MHz 5.86 + 0.09 1.03 £ 0.11 2.82 +0.02 1.98 = 0.01
1 MHz 1243 + 0.1 2.04 +£0.01 3.11 = 0.04 217 £ 0.10

100 kHz 9.75 +0.12 1.05 £ 0.01 2.88 + 0.04 2.05 +0.02
10 kHz 12.83 + 0.08 1.41 +0.02 7.01 +£0.21 3.31 +£0.05
1 kHz 31.27 £ 0.15 3.34+0.33 954 +0.20 6.74 = 0.25

Sample 2

10 MHz 6.26 = 0.05 1.08 £ 0.01 201017 1.31 +0.02
1 MHz 12.04 £ 0.08 1.76 £ 0.02 4.61 £ 0.10 4,17 £ 0.03

100 kHz 10.39 = 0.18 1.07 £ 0.01 2.83 +£0.51 1.76 £ 0.02
10 kHz 10.31 £ 0.23 1.82 +0.02 6.65 = 0.40 4.04 = 0.06
1 kHz 13 £ 0.07 1.88 + 0.01 257 £0.19 213+ 0.06

70



Fabricated
IDEA

Blow Drying [P

Resistance
Measurement .
(GE))

Figure 31: The flow chart of the experimental procedure[117].
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Figure 32: The resistance of CNT bridges of sample 1 (a) and sample 2 (b) as function of
deposition parameter and postdeposition heat treatment including after CNT deposition
(R1), drying on hot plate for 20 min at 200 °C (R2), after polypyrrole deposition (R3), and
after final drying on hot plate for 20 min at 200 °C (R4)35[117].
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CNTs

droplets of solution

Before Heat Treatment 1 After Heat Treatment 1

Figure 33: The illustration of the influence of postdeposition heat treatment on CNT
bridges. (a) Remaining droplets present after blow drying keep CNTs separated; (b)
Evaporation of remaining solvent after heat treatment and the resulting changes in surface
tension act to pull CNTs together, improving CNT-CNT contact[117].

4.3.4: PPy Deposition over CNT Bridges

After CNT bridges were deposited under the influence of electrokinetic forces as discussed
in previous sections, pyrrole solution was dispensed over the IDEA and
electropolymerization was performed to permanently entrap and fix the fabricated CNT
bridges [119]. The PPy was initially electropolymerized at the surface of the electrode fingers
and subsequently grew along the CNT bridges until a PPy layer completely covered the CNT
bridge, as shown in Figure 37. The resistances were measured after the PPy deposition (R3)
and after the 20 min heat treatment at 200 °C (R4). These electrical resistance measurements

are listed in Table 2

and graphed on the plot in Figure 8. The increase in the resistance (R3 > R2) after the PPy
deposition can be attributed to the introduction of PPy solution that tends to separate CNTs

within the bridge. The heat treatment after PPy deposition was not as effective as before (R4
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> R2) because there was a polymer film covering CNT bridges that slowed down solvent

evaporation, as illustrated in Figure 34.

SRR

10MHz 5V peak to peak 100kHz 5V peak to peak

10kHz 5V peak to peak 1kHz 5V peak to peak

Figure 34: The CNT bridges after electrodeposition of PPy[117].
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droplets of solution

Before Heat Treatment 1 After Heat Treatment 1

(a) (b)

Figure 35: The illustration of the influence of heat treatment on CNT bridges after PPy
deposition. (a) PPy deposition envelops CNT bridges with remaining solvent after blow
drying (b) Less dramatic changes in resistance were observed before and after the final
heat treatment. This is attributed to the PPy layer which prevents complete evaporation of
solvent[117].
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Chapter 5

Guided Healing of Damaged Microelectrodes via Electrokinetic
Assembly of Conductive Carbon Nanotube Bridges

5.1: Introduction

The approach to guided repair of microelectrodes presented in this study focuses on the use
of carbon nanotubes (CNTs) known for their impressive electrical and mechanical properties
[8]. Our research focuses on electrokinetic assembly that employs electrical forces to
manipulate small particles to create micro and nanoscale structures. Specifically,
dielectrophoretic (DEP) force is utilized to manipulate and arrange the CNTs. In addition to
the use of DEP force for electrokinetic assembly. this research utilizes the step-wise CNT
deposition process previously reported[117]. This method involves iterative deposition of
small droplets of CNTs suspended in isopropyl alcohol (IPA) and allowing the IPA to
evaporate between depositions. It was hypothesized that during the evaporation step,
capillary forces of the contracting liquid meniscus bring neighboring chains of CNTs into
tighter contact, thus reducing the CNT-to-CNT contact resistance. This novel process is
critical in enabling the construction of conductive CNT bridges across much wider electrode
gaps than previously reported. The step-wise CNT deposition was successfully used to create
a conductive CNT bridge over 75 micron long. However, the electrode geometry utilized in
that study (a straight microelectrode surrounded by a horseshoe-shaped electrode)

produced a non-uniform field conducive to strong DEP forces and the question remained
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about the applicability of this approach to the conventional straight electrodes with gap in
between or to the creation of the conductive CNT bridge to repair the broken electrodes.
Present research conclusively demonstrates the validity and feasibility of the step-wise DEP

deposition of conductive CNT bridges to heal the broken conventional microelectrodes.

The combination of DEP electrokinetic assembly paired with step-wise deposition of CNTs
demonstrated in this research creates a process which is self-reinforcing, i.e., as the process
progresses, the magnitude of the DEP force increases (as illustrated by the COMSOL
simulation below). Additionally, the effective resistance of the contact junctions between

successive CNT chains is evaluated for CNT bridges of various lengths.

Fabrication of long conductive CNT bridges, besides their application in micro- and nano-
electronics will find widespread application in many other fields, including biotechnology

and tissue engineering.

5.2: Materials and Methods

5.2.1: Fabrication of Carbon Electrodes

Various sets of carbon microelectrodes with electrode gaps of 20, 30, and 40 microns were
produced by initially photopatterning SU-8 resist via a standard lithographic process and
then pyrolyzing a SU-8 precursor in a reductive nitrogen environment of the furnace that
converts organic resist into glassy carbon material. Figure 36b presents the geometry of the
microelectrodes: the width of the electrode fingers is 120 pm, while the length of the

opposing electrode segments are 5 mm each. These microelectrodes terminate in a square
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contact pad with the sides of 2 mm wide. Additionally, a set of electrodes was produced that
did not have any gaps and after these “undamaged” electrodes were produced, we scratched
these electrodes, creating a realistic break that was wider than 170 microns. The details of

the fabrication process of the carbon electrodes are given below.

A 4” silicon wafer covered with a 1 um oxide layer (University Wafer, Boston, MA, USA) was
spin-coated with SU-8 2015 photoresist (Kayaku Inc., Westborough, MA, USA) using a Laurell
photoresist spinner (Laurell Technologies, North Wales, PA, USA) at an initial speed of 500
rpm for 10 s, followed by 4000 rpm spin for 30 s. A hot plate was used for soft-baking at 95
°C for 2 min. The subsequent exposure step was performed using a photomask (CadArt,
Bandon, OR, USA) and ultraviolet (UV) light at an energy intensity of 10 mW/cm?2 for 10 s in
a Karl Suss MA56 Mask Aligner (Karl Suss, Garching, Germany). The wafer was then post-
baked on the same hot plate at 95 °C for 4 min. The undeveloped resist was removed with
SU-8 developer (Kayaku Inc., Westborough, MA, USA). The remaining developed resist layer
underwent hot-baking at 150 °C for 20 min. After hot-baking, the resist layer was carbonized
inside a pyrolysis furnace (Thermo Fisher Scientific, Waltham, MA, USA), within a nitrogen-
rich environment. The pyrolysis process was initiated at 25 °C for two hours, followed by a
69 min ramp to 300 °C, where the temperature was maintained for one hour before a
subsequent 90 min ramp to 900 °C, where the temperature was maintained again for one
hour before being allowed to naturally cool to room temperature overnight. Finally, 34-
gauge buss wire (Guasti Wire and Cable, Ontario, Canada) was soldered onto the contact pads

of the electrode using Indium solder.
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5.2.2: Preparation of Carbon Nanotube Suspension

The CNT suspension was prepared by adding 0.005 g of multi-wall CNT (MWCNT) powder
(Sigma-Aldrich, St. Louis, MO, USA) into 15-mL of isopropyl alcohol (IPA). The solution
underwent centrifugation in an Eppendorf 5702 Centrifuge (Eppendorf AG, Hamburg,
Germany) at 3000 rpm for 4 h. The large agglomerates of CNTs had precipitated and the

supernatant containing low concentration of suspended CNTs was pipetted out.

5.2.3: Experimental Setup and Deposition of Carbon Nanotube
Suspension

The chip containing the carbon electrode array was placed under an optical microscope
(Nixon Eclipse, Minato, Japan) which was connected to a video camera (SPOT Imaging,
Sterling Heights, MI, USA). The buss wires soldered onto the carbon electrode were
connected to a function generator (Stanford Research Systems, Sunnyvale, CA, USA) which
was set up to apply AC bias at a frequency of 100 kHz and the constant peak-to-peak voltage

(Vpp) of 4 V. The experimental setup is depicted in the diagram in Figure 36a.

A 0.5 uL of the CNT suspension was pipetted (Labnet, Edison, NJ, USA) on top of the electrode
gap. The droplet of CNT suspension was allowed to fully evaporate, which could be visually
confirmed under the optical microscope. Once fully evaporated, the next droplet of CNT
suspension was deposited. This step-wise deposition continued until the CNT bridge could
be seen spanning the entirety of the gap. Once the conductive CNT bridge was completed, the

wires were disconnected from the function generator and a resistance measurement across
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the electrode was taken using a multimeter (Wavetek, San Diego, CA, USA). In order to assess
the efficacy of the healing process, resistance across a reference electrode containing no gap
was also measured. Finally, high magnification images of the CNT bridges were taken using

a Magellan 400 XHR scanning electron microscope (FEI, Hillsboro, OR, USA).

(b)
5mm

gap
2mm

2mm

Figure 36: (a) Carbon nanotube (CNT) electrokinetic assembly experimental setup design.
(b) Dimensions of the carbon electrodes[120].

5.2.4:Preperation of Pyrrole Solution
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A 0.1M pyrrole monomers (Sigma-Aldrich, St. Louis, MO, USA) and 0.1 M NaDBS (sodium
dodecylbenzenesulfonate) (Sigma-Aldrich, St. Louis, MO, USA) were mixed with 100 mL of

deionized water and stirred for 20 min at room temperature.

5.2.5: Polypyrrole Deposition

In order to permanently affix the CNT bridge to the electrodes and the substrate, the layer of
electroactive polymer polypyrrole (PPy) was electrodeposited atop of the CNT bridge. The
pyrrole solution was pipetted (Labnet, Edison, NJ, USA) over the deposited CNT bridge while
a 0.9V direct current (DC) bias was applied by the function generator (Stanford Research
Systems, Sunnyvale, CA, USA). Two different methods were evaluated for the deposition of
PPy. In one approach, the DC bias was applied between the working electrode (one of the
microelectrodes) and the counter-electrode (the microelectrode across the gap) and the
deposition proceeded from one microelectrode and across the CNT bridge until the PPy layer
reached the other microelectrode on the other side of the gap. In the alternative deposition
technique, the initial deposition started as previously described, but once the PPy layer
reached the approximate position of half-way through the CNT bridge, the electrodes for DC
bias were switched and the PPy deposition will start from the opposite side of the bridge and
the deposition will be finished when the PPy layers will merge. The differences between

these two PPy deposition methods are evaluated in Section below.
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5.2.6: Stress-Testing of Carbon Nanotube (CNT) Bridges

Once fabricated, samples with the CNT bridges across 30 pm gaps, with and without PPy
coat, were tested to determine how resilient they were to several types of environmental
stress, including the forceful blasts of compressed nitrogen gas, placing the samples under

the running water stream, and exposing the sample to thermal cycling.

Each sample was subjected to 10 rounds of thermal cycling during which they were brought
to 200 °C using a hot plate and then cooled to 3 °C using an ice pack. There was no resident
time at the top or bottom temperature—once the temperature was reached, the sample was
immediately moved to the other temperature extreme. Next, each sample were placed under
a stream DI water running with a volumetric flow rate of 0.06 L per minute (LPM) for a total
of 30 s. Finally, each sample was blown with nitrogen gas at 88 pounds of force per square

inch (psi) for 30 s. After each test, the resistance of the electrode was measured.

5.2.7:Finite Element Analysis of Electric Field Magnitude

A simulation was conducted in the Comsol Multiphysics Software package (v. 5.2) (Comsol,
Burlington, MA, USA) to analyze the strength of the electric field strength resulting from
applied AC bias across electrode gaps of various lengths. The square of the electric field
strength was also analyzed. The fine geometry-controlled triangular mesh containing more
than 18,000 elements was implemented. The model used a glassy carbon electrode material

and the surrounding IPA medium with permittivities of 108 -eoand 18.23-g0, respectively. A
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built-in linear solver was utilized to calculate the solution of the governing (Laplace) system
of equations. The boundary conditions were set to be 0 for one electrode and 4V for another

electrode.

5.3: Results

5.3.1:CNT Bridges across 20, 30 and 40 pm Electrode Gaps

5.3.1.1:Assembly of CNT Bridges

Using the procedure outlined in Section 2.3 above, CNT bridges were successfully assembled
across the 20, 30, and 40 um electrode gaps. Three samples were manufactured and tested
for each type of electrode. Images were taken throughout the CNT deposition process using
the optical microscope equipped with the cMOS camera and are presented in Figure 37, 38,

and 39.

ARy BE

Figure 37: Electrodes with 20 pm gap (a) before CNT deposition; (b) after 2 pL. of CNT
suspension; (c) after 4 pL of CNT suspension; (d) after 5 pL of CNT suspension[120].
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Figure 38: Electrodes with 30 pm gap (a) before CNT deposition; (b) after 3 pL of CNT
suspension; (c) after 7 uL of CNT suspension; (d) after 10 uL of CNT suspension[120].

@

Figure 39: Electrodes with 40 pm gap (a) before CNT deposition; (b) after 5 pL. of CNT
suspension; (c) after 7 uL. of CNT suspension; (d) after 10 pL of CNT suspension[120].

Table 3 below summarizes the resistance across the electrode with 30 pm gap after every

deposition of every two 0.5 pL drops of CNT suspension.

As expected, the amount of CNT suspension required to form a complete conductive bridge
increased as the electrode gaps become wider. The resistance across the electrode decreased
exponentially with the increased number of the deposited CNT suspension droplets.
Scanning Electron Microscopy (SEM) images in Figure 40 illustrate the morphology of the

CNT bridges.
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Table 3: Resistance measured across the electrode with 30 um gap after deposition and
drying of every two 0.5 pL droplets of CNT suspension[120].

Total Amm:}nt of CNT Resistance (k() Total Ammfnt of CNT Resistance (kQ))
Suspension (uL) Suspension (uL)
1 open circuit 6 open circuit
2 open circuit 7 open circuit
3 open circuit 8 360
4 open circuit 9 147
5 open circuit 10 28.7

Figure 40: Scanning electron microscope (SEM) pictures of the CNT bridges formed across
(a) 20 um electrode gap (b) 30 um electrode gap (c) 40 um electrode gap[120].

5.3.1.2: Resistance of CNT Bridges
Resistance measurements taken across the healed electrodes are summarized in Table 5
below. Additionally, these resistance measurements are plotted as a function of CNT bridge

length in Figure 41.
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Table 4: Resistance of microelectrode before and after fracture and resistances of healed
20, 30, and 40 pum gap electrodes[120].

Avg. Resistance Measurement (Std.

Electrode Gap Length (um) Dev) (kQ)
Microelectrode prior to fracture 5.80 (£0.61)
Microelectrode after fracture (>170 pm gap) Open circuit
20 15.61 (+1.85)
30 19.11 (£1.88)
40 31.88 (£6.98)

Gap Length vs. Resistance

Resistance in (KC2
N
o

0 5 10 15 20 25 30 35 40 45
Carbon Bridge Length (um)

Figure 41: Plot of the measured resistance of the healed electrodes as function of CNT
bridge length[120].

The graph in Figure 41 demonstrates that the resistance across the healed electrode
increases with CNT bridge length. Previous research has concluded the primary contribution

to the resistance across a CNT bridge is the resistance arising at the CNT-to-CNT contact
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junctions[121][118]. The results presented here suggest that the contact resistance grows

as the length of the CNT bridge increases, since the increase in resistance is non-linear.

Based on the comparison of the resistance of undamaged (reference) electrodes and the
healed electrodes (see Table 4) we can conclude that the electrokinetically assembled CNT
bridges restored conductivity to the electrodes, but we could see a significant decrease in the
repaired electrodes’ conductivity. The healed electrodes had resistance that was 169%,
229%, and 449% higher than the original resistance for the 20, 30, and 40 pm gap electrodes,

respectively.

5.3.1.3: Electric Field Strength Simulation

A simulation of electric field strength across varying electrode gap lengths was conducted
using the multiphysics Comsol framework. As shown in Figure 42 below, the strength of the
electric field is inversely proportional to the distance across which it is applied. This is an
expected result according to Coulomb’s law describing the magnitude of on electric

field[122].
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Figure 42: Simulation across electrode gap lengths of (a) the electric field strength (b) the
gradient of the square of the electric field strength[120].

This result indicates that as a conductive bridge is assembled and the distance between the
opposing ends of the growing bridge spans become smaller, the applied electric field
increases with the attendant increase in the DEP force instrumental for the CNT bridge
assembly. This self-reinforcing process is important for offset higher contact resistance of

the CNT-to-CNT network away from the electrodes.

5.3.1.4: CNT Bridge across the Fractured Electrode

The same process used to assemble the CNT bridge across pre-manufactured electrode gaps
was successfully applied to an electrode that was mechanically fractured using a sharp glass

tip. The gap resulting from the fracture was expectedly non-uniform. At its smallest, the gap
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was over 170 um wide and the largest gap was over 310 pm wide. Once broken, it was
confirmed using a multimeter that the electrode had infinite resistance. After application of
23 pL of CNT suspension (in increments of 0.5 pL) per the method detailed in previous

section, a complete CNT bridge was formed across the gap as shown in Figure 43.

Figure 43: Fractured electrode (a) before CNT deposition; (b) after deposition of 7 puL of
CNT suspension; (c) after 15.5 pL of CNT suspension; (d) after 19 pL of CNT suspension;
and (e) after 23 pL of CNT suspension[120].

The resistance across the healed electrode was measured to be 239.6 k() representing a
4031% increase in resistance across the electrode. While the magnitude of this increase is
large, these results serve as a successful proof of concept that the CNT bridge can be
assembled across large (over 150 pm wide) gaps and restore electrical conductivity to an

electrode using the electrokinetic assembly process described above.

5.3.1.5: Deposition of Polypyrrole

Using 0.9 V DC bias, PPy was successfully deposited across the CNT bridge to permanently
affix it to the electrodes. Both methods for PPy deposition, as detailed in Section 2.5 were

capable of covering the CNT bridge to secure it to the substrate.
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In the first PPy deposition approach, the DC bias was used without changing the polarity
during the deposition process. The results of this PPy deposition methodology are depicted
in Figure 44. One notable feature of this PPy deposition method is the lateral growth of PPy
from the side walls on the positive side of the electrode. As PPy grew towards the opposite

electrode, it also grew laterally to each side of the electrode.

In the second PPy deposition methodology where the polarity of the DC bias was switched
once the PPy coat reached halfway through the electrode gap, there was smaller lateral
growth of PPy compared to the first PPy deposition technique (Figure 45). Therefore,
depending on the intended application and desire to have larger or smaller lateral PPy
coverage, either the first or second PPy deposition technique can be utilized. PPy was also
deposited onto the repaired electrode that had an initial fracture as demonstrated in Figure

46.

Figure 44: Results of polymer polypyrrole (PPy) deposition over the CNT bridge spanning
20 pm electrode gap without switching the polarity of 0.9 Vpp DC bias captured at
approximately (a) 25% completion (b) 50% completion (c) 100% completion[120].
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Figure 45: Results of PPy deposition over the CNT bridge spanning 20 pm electrode gap (a)
prior to PPy application; (b) after the PPy deposition from the side of the top electrode
reached roughly half-way through the CNT bridge and the polarity of the 0.9 Vpp DC bias
was switched; (¢) completion of PPy deposition over the CNT bridge[120].

Figure 46: Results of the PPy deposition onto the CNT bridge of the healed electrode that
contained a wide fracture (a) after the initial PPy deposition from the bottom electrode at
0.9 Vpp DC bias; (b) after the polarity of the DC bias was reversed[120].

91



5.3.2: Results of the Stress Testing of the Formed CNT Bridges

5.3.2.1: Thermal Cycling

Resistance measurements taken before and after 10 rounds of thermal cycling between

200°C and 3 °C are summarized in Table 5 below.

Table 5: Resistance measurements before and after thermal cycling[120].

Resistance before Running  Resistance after Running DI

Sample DI Water over Healed Water over Healed
Electrodes (k(}) Electrodes (k{})
Without PPy Coating 23.0 248
With PPy Coating 1.41 1.50

The CNT bridge without PPy experienced a 19% decrease in resistance as a result of thermal
cycling. This is likely due to the additional evaporation that occurs as the sample is heated
and the bridge expands. This additional evaporation under the influence of the surface
tension forces of the shrinking liquid meniscus [117] pulls the CNTs closer together, thus
reducing the CNT-to-CNT contact junction resistance. Circumstantial evidence for that
suggested mechanism of the decrease in CNT-to-CNT contact resistance is offered by the fact
that when the CNT bridge is covered by the PPy layer that impedes evaporation, the overall

resistance did not decrease, but actually increased by 17% as a result of thermal cycling.
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5.3.2.2: Placing the Healed Microelectrodes under Running Water

Resistance measurements before and after placing the samples for 30 s under a stream of
deionised water (DI) with the volumetric flow rate of 0.06 LPM are summarized in Table 6

below. We can conclude that no significant increase in resistance was observed.

Table 6: Resistance measurements before and after placing the healed electrodes under the
deionised water (DI) water stream[120].

Resistance before Running  Resistance after Running DI

Sample DI Water over Healed Water over Healed
Electrodes (k) Electrodes (k{})
Without PPy Coating 23.0 24.8
With PPy Coating 141 1.50

5.3.2.3: Exposure of the Healed Microelectrodes to Blasts of Compressed
Nitrogen Gas

Resistance measurements before and after blowing nitrogen gas at 88 psi for 30 s are

summarized in Table 7 below.

Table 7: Resistance measurements before and after blowing compressed nitrogen over the
samples of healed microelectrodes[120].

Resistance before blowing Resistance after Blowing
Sample Nitrogen over Healed Nitrogen over Healed
Electrodes (k1) Electrodes (k(})
Without PPy Coating 234 23.0
With PPy Coating 1.26 1.24

There was no observed increased in resistance after blowing the compressed nitrogen gas

over the samples with the healed microelectrodes.
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It can be concluded from analyzing the data of the healed microelectrodes exposed to various
stress tests that PPy coverage does not offer additional protection, but it does decrease

overall resistance of the healed microelectrodes.
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Chapter 6

Conclusion

6.1: Guided Microassembly of Latex Microbeads

In this study, the guided electrokinetic microassembly of polystyrene microparticles onto
specific locations of patterned carbon microelectrodes was presented. It was discovered that
AC electro-osmosis under an applied frequency of 1 kHz is sufficient to effectively
agglomerate 1 um beads in the wells, whereas a stepwise process involving the application
of a 1 MHz signal, followed by a 1 kHz signal, is required for the positioning of 5 pm beads,
which are mainly affected by dielectrophoretic forces. The assembly sequence is divided into
two steps: guided deposition of microparticles, followed by their permanent entrapment via
electropolymerization of the conductive polymer, polypyrrole. Experimental evidence and
numerical simulations presented in this study demonstrate the process of the guided
assembly of microparticles under the combined influence of dielectrophoretic and electro-
osmotic forces. It should be noted that the influence of secondary effects, such as natural
convection was neglected in our analysis. The demonstrated guided electrokinetic assembly
technique has the potential to be utilized in massively parallel microassembly processes for
devices employed in a wide range of applications, from biotechnology to micro- and
nanoelectronics. We successfully attracted fluorophores conjugated beads by EO in to wells,
and proved entrapped beads inside the wells enhanced the CTCF signal compared to the

signal of unattracted beads which are distributed homogeneously in suspension.
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Furthermore, the microparts to be assembled may be made of a variety of materials, such as
organic and inorganic matter, dielectric, and metallic materials. Our future work will focus
on the reduction of the size of the windows opened in the resist and on using various
nanoparticles. We will also conduct a study on the deposition and assembly of biological

cells.

6.2: Automatic Determination of the Cross-over Frequency

The cyber-physical system presented in this dissertation successfully utilized algorithmic Al
and a phenomenological approach to characterize particle response to changes in the
frequency of an applied non-uniform electric field. As detailed above, this approach was able
to define regions of attraction and repulsion due to DEP and EO force as well as regions of
weak DEP force which resulted in no bead movement. The Al-guided platform has
determined that positive DEP (pDEP) is active below 500 kHz frequency, negative DEP
(nDEP) is evidenced above 1 MHz frequency and the crossover frequency is between 500
kHz and 1 MHz. These results are in line with previously published experimentally
determined frequency-dependent DEP behavior of the latex microbeads. The research
presented in this study serves as a first proof of concept that the use of Al and closed-loop
cyber-physical systems, along with a phenomenological approach, can be used to study the
complex forces exerted on bodies within the micro and nano domains. Such technology can
be used to enhance current microfabrication techniques, including bottom-up micro- and
nano-manufacturing, and may find applications in various fields including drug delivery,

micro-sensor fabrication, and bioassays. The phenomenological approach assisted by the
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live Al-guided feedback loop described in the present study will assist the active
manipulation of the system towards the desired phenomenological outcome such as, for
example, collection of the particles at the electrodes, even if due to the complexity and
plurality of the interactive forces, model-based predictions are not available. Advances in Al
recognition of microbeads and various bead formations will further enhance the described
phenomenological Al-guided approach to detection and control of the movement of

microparticulate.

6.3: Step-wise Deposition of CNT

The present study demonstrates a novel step-wise process that incorporates electrokinetic
phenomena to deposit and form long chains of CNTs along the electrical field lines of an
external AC field. The deposition-drying-deposition sequence of steps allows for the creation
of conductive CNT bridges between adjacent electrodes. In this work, for the first time, we
demonstrate the creation of conductive CNT bridges over 50 microns in length. It has been
observed that the morphologies of CNT bridges deposited at frequencies of 100 kHz and
above are more orderly than for CNT bridges deposited at lower frequencies. This difference
in the morphologies is attributed to the disruptive circulation of fluid caused by
electroosmosis at lower frequencies. The role of postdeposition heat treatment was also
explored. The observed increase in the conductivity of CNT bridges after the heat treatment
step of 200 °C for 20 min is consistent with the hypothesis that the evaporating solvent and
resulting surface tension pulls together CNTs and consequently decreases CNT-CNT contact

resistance. Finally, electrodeposition of polypyrrole was performed to permanently secure
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CNT bridges. We believe that the described step-wise electrokinetic deposition process,
capable of producing long chains of conductive CNT bridges, will find applications in micro-

and nanoelectronics, sensors, and energy storage and conversion.

6.4: Guided healing of damaged microelectrode via assembly of CNT

The results presented in this study establish a proof of concept that electrically conductive
CNT bridges can be assembled across large electrode gaps to heal the electrodes using
dielectrophoretic step-wise deposition of carbon nanotubes from the suspension. The
multiphysics simulation illustrated the key concept behind the introduced electrokinetic
assembly process—the self-reinforcing nature of the DEP force experienced by the CNTs as
the bridge forms across the electrode gap, decreasing the effective gap distance and
increasing the magnitude of the applied electric field. The relationship between the
resistance of the resulting CNT bridges and the length of the gaps they span was evaluated,
which confirms the dominant role played by the CNT-to-CNT contact resistance in overall
bridge resistance. The present study focused on the development of technology for healing
of the conventional straight microelectrodes and, if extended to healing of the closely spaced
and/or interdigitated electrodes close attention should be paid to the placement of the CNT

suspension droplets to avoid unintended short circuits.

While further study of the proposed electrokinetic assembly process is needed to fully
understand it, the ability to create long conductive CNT bridges is an exciting prospect with
many potential applications. As research into microencapsulation of self-healing agents

continues to develop the self-reinforcing process presented in this paper offers impressive
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benefits for the use of CNTs in such microencapsulation systems. Conceptually, if CNT
suspension is microencapsulated over the electrodes, then the guided process of CNT bridge
creation presented in this work can be applied for self-healing of the electrodes by the
inclusion of the regime to self-test electronic trances to locate the break and then apply the
required AC bias to case step-wise deposition to take place. Additionally, the described
dielectrophoretic step-wise fabrication of long conductive CNT bridges will find widespread

application in many fields from nanoelectronics to tissue engineering.
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