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Abstract:

Throughout the last decade, cold atmospheric plasma (CAP) has gained significant
traction for aerospace and biomedical applications. The viability of CAP as a means
for sterilization, and accordingly wound care, has made strides. There is a critical
need for elucidation of the foundational mechanisms behind how CAP interacts with
various cell types and surfaces to determine the pros, cons, and long-term viability
of the technology for wound healing. In this study, a wound healing apparatus uti-
lizing surface discharge actuators was designed and fabricated to perform laboratory
testing. Pseudomonas aeruginosa (P. aeruginosa) and Methicillin-resistant Staphy-
lococcus aureus (MRSA) were treated with CAP on plastic, glass, stainless steel, and
aluminum and observed for differences in bacterial inactivation (BI) efficacy. BI test-
ing resulted in stainless steel being more effective as a substrate for CAP treatment
based on higher average absolute destruction of bacteria colonies. Two short studies
on equine blood and mice skin were performed as a precursor and foundation for
future studies that involve plasma x blood and plasma x skin interactions. Addition-
ally, particle image velocimetry (PIV) was used to observe the flow field generated by
the device for characterization and optimization of the flow. Several configurations
and geometries, such as cylinders, threads, and meshes, were tested and observed for
improvements in bacterial inactivation efficacy and mixing. The geometry and config-
uration of the plasma actuators were seen to have quantitative impacts in terms of Bl
efficacy and also showed high levels of form factor customizability of this technology.
This study provides a wide breadth of preliminary research to lay the foundation for
suggestions and recommendations for future research in CAP based wound care.
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CHAPTER I

INTRODUCTION

Wounds, medically defined by the NCI dictionary as a break in skin or body tissues
caused by injury or surgical incision, are a common occurrence that range from kitchen
cuts and simple surgeries to extreme physical abrasions and lacerations. There are
several well-known and effective therapies for accelerating wound healing such as
hyperbaric oxygen therapy (HBOT) and negative pressure wound therapy (NPWT).
Unfortunately, the current state of the art in advanced therapies for wound healing
suffers from being expensive and painful for the user, requiring large machinery, or
necessitating a long treatment period (on the order of tens of minutes to hours)
[168, 44]. For example, NPWT has concerns of causing excessive bleeding at the
treatment site as well as pain for the patient [66, 92]. In a different example, a
chronic wound developed due to pressure ulcers on bedridden geriatric patients is not
easily treatable with the best solution most likely being preventative. Then there are
problems with infected wounds that house chemically resistant bacteria that cause
the wound to not reach the proper conditions to begin naturally wound healing and
becomes a chronic wound [132]. Most advanced therapeutics are not used unless
the problem is severe, and if the problem is severe in a specific way, the therapeutic
runs into issues dealing with the problem. A more in-depth review of treatments
and therapies for wound healing can be found elsewhere [166, 110, 58]. The main
motivation behind this paper is a critical need for an inexpensive, non-invasive, and

rapid treatment for the acceleration of wound healing to address the issues above.



1.1 Motivation

The motivation behind this wound healing study was heavily guided by a customer
needs basis. In three separate interview focused studies funded by the National Sci-
ence Foundation (NSF), relevant customer segments and important value propositions
were determined for the interest of the design and development of a wound care device.

In Spring of 2019, 30 in-person interviews were performed on individuals consist-
ing of surgeons, dentists, medical students, graduate students in veterinary medicine,
and veterinary medicine professors to ascertain if there was any current real-world
value in pursuing a next generation wound care device. The focus at this stage was
to cast a wide net on potential consumers of a wound care device. The customer seg-
ments at this point were veterinary hospitals/clinics, human hospitals/clinics, dental
offices/clinics, 3rd world applications, military applications, and surgeons. These in-
terviews shed light on several important factors: 1. The ability to treat chemically
resistant infections was desired but not currently critical, 2. Re-infection rates con-
nected to surgeries were on the rise, and 3. The current process of reducing infections
in specifically a thoracic surgical operation was to irrigate to dilute the bacteria down
from a harmful load because the process is rapid and works reasonably well. Several
surgeons mentioned that the concept of a cold plasma based wound healing device
was a ‘silver bullet’ that needed to be more heavily researched before they bought into
it. The main concern from both medical professionals and veterinary professionals
stemmed from the notion that exposure of subjects to free radicals could harm the
“good” cells of a subject or even induce cancer. The extreme end of utilizing the
plasma-generated species of the wound care device over a long period of time would
lead to decontamination and sterilization of the treated surface as seen by other stud-
ies [121]. Additionally, a major takeaway was that the human medicine market had
several advanced therapeutics being used for wound healing purposes while the vet-

erinary medicine market had very few. Veterinary professionals seemed more open



to an advanced therapeutic being introduced likely due to less stringent regulations.
Thus, the decision was made to delve deeper into the veterinary sector.

In Fall of 2019, an entrepreneurial team was put together that included four
business/marketing graduate students and two engineering graduate students to de-
termine the acceptability of a wound care device in the current veterinary market. If
the device was deemed feasible, the ending result would be a business plan detailing
the devices motivation and finances. An additional 60 interviews were done with
professionals in both the human medicine and veterinary medicine sectors as well
as technical help from related subject professors at OSU. The team narrowed down
the customer segment to specifically veterinarians and veterinary surgeons. Like the
human medicine side, post-operative infections in dogs and cats were found to also
be rising. In 2012, infection rates were at about 4.5%. As of 2019, this number
increased to 8.7% [39]. Veterinary professionals valued the idea of lowering infection
rates and accelerating recovery especially with a non-invasive, handheld, and low-cost
device while also adding on an additional revenue stream for themselves (based on
the developed business model). Form factors were discussed with interviewees to aid
in the future design and fabrication of the wound care device. Major problems at the
end of this study was the lack of a beachhead market and vague price estimations for
a wound care device. Further design considerations from potential customers were
obtained as well. The breakdown of interviews by customer segments from the 1st
and 2nd phases are seen in Fig. [.1.

The final study in Spring of 2021 was a deep dive of 101 interviews specifically fo-
cused on individuals that work with, care for, or own animals as seen in Fig. 1.2. The
interviews were specifically designed to veil the wound care device itself and to only
search for the ‘need’ that was wound care in veterinary medicine. These interviews
ranged from certified veterinarians running clinics and pet owners to veterinary sur-

geons at teaching hospitals and ranch owners. The best fit for the cold plasma based



wound care device was found to be chronic wound management for small animals
and surface leg wounds on non-sport equine. Rather than for small injuries and basic
checkups, a significant amount of money was spent on a regular basis at veterinary
clinics by pet owners for chronic wounds on small animals. Dr. Jeff Studer, veteri-
nary medical teaching hospital director at OSU, says that “Wound management in
small animal management is an expensive endeavor. All the highest bills that walk
out are chronic wound cases. These cases are upwards of $20,000 because of serial
anesthesia episodes.” Equine are also especially susceptible to exacerbated damage
from leg wounds. Dr. Daniel Burba, professor of equine surgery at OSU, mentions
“Horse legs take forever to heal. The skin there is like a sock. Get me something
that produces new skin cells. That’ll save a lot of time and money.” Additionally, Dr.
Todd Holbrook, professor of equine internal medicine at OSU, states in reference to
horse legs “Even as they're healing, they’re prone to proud flesh. If you can control
the granulation tissue growth, that would be groundbreaking.” These accounts helped
spur specific research ideas on CAP effects on granulation tissue growth and skin cells
in general. Later in the study, specific types of wound patients were interviewed, e.g.,
burn, geriatric, and diabetic patients, as well as their care takers or nurses. Sev-
eral patients discussed their dissatisfaction with current advanced therapeutics while
nurses discussed the problems with bedridden patients and pressure ulcers. Chronic
wounds are a large problem in hospitals simply because most patients do not have
the luxury of moving about. They surmise that a technology that could speed up the
recovery time of wounds could be something worth pursuing.

Some interesting additional finds from this study was the interest from show an-
imal owners, e.g., zoos, aquariums, and fairs. Several studies have confirmed cold
plasma’s efficacy to inhibit scar formation [105, 17, 163]. Scars on show animals gen-
erally hold stigmas representing animal abuse and mistreatment even if the wounds

and scars on these animals are from natural events like playing with each other. Show



animal owners value being able to aid these animals in healing properly so that scars
are minimized to mitigate false rumors from spreading. Livestock owners, specifi-
cally cows, pigs, and sheep, usually did not require or even consider using any type
of special wound treatment due to the resilience and infrequent injury of these ani-
mals. Sports animals, such as racehorses, that have been wounded are not commonly
reintroduced back into competition after an injury and thus would not have a high
demand for advanced therapeutics.

In summary, the three-phase interview focused study on whether or not there was
a need for a wound care device showed there is significant interest in not only the
veterinary medicine sector but also the human medicine sector. There are reservations
specifically dealing with interaction of CAP with the ‘good cells’ vs ‘bad cells’ as
well as possibly introducing cancerous elements. Though the cancerous elements
are outside the scope of this specific study, the goals and objectives of the overall
study is defined by a desire to provide a comfortable breadth of starting points for
future experiments as well as following up on several already completed studies. To
properly design a CAP based wound care device, user considerations were taken
into account along with laboratory and bench testing ease-of-use. A comparison of
advanced therapeutics mentioned in the introduction with estimated parameters for

CAP based wound healing is displayed in Fig. 1.3.
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Figure 1.1: Interviews categorized by customer segments for phase 1 and 2 of the
interview study. ‘Others’ includes business related individuals.
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Figure 1.2: Interviews categorized by customer segments for phase 3 of the interview
study. ‘Others’ includes business related individuals.
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Figure 1.3: Comparison of current advanced therapeutics and plasma wound healing
(PWH) across several valuable parameters for users. Values are relative to one another
and PWH outcomes are estimations.




1.2 Goals and Objectives

What separates this work from previous works is the usage of an open AC-SDBD
system specifically for wound healing capabilities. The highest level goal of this study
is to determine whether surface discharge is suitable for wound healing. This goal
is understandably not achievable in one PhD Dissertation. Rather, the main goal of
this study is to elucidate some of the mechanisms necessary for cold plasma wound
healing and investigate SDBD actuators for plasma generation and application as a
wound healing therapeutic. These are both broad goals that are detailed through

several distinct objectives below:

Investigation of CAP interactions with commonly used inanimate substrates

Observation of CAP interactions with organic surfaces such as skin

Observation of CAP interactions with blood

Evaluation of feasible geometries and configuration for an SDBD based wound

care device

Meeting these objectives will provide an adequate entryway into other critical studies
for utilizing surface discharge for wound healing that will be expanded on in Chapter
V. Three objectives use bacterial inactivation as a primary tool to evaluate interac-
tions and one objective uses flow visualization to characterize configurations. These
objectives were developed using previous related projects with surface discharge and
have developed into several publications (printed and in-review) in plasma specific

journals, conferences, and papers.



1.3 Outline

This dissertation has been organized into five chapters. Chapter I provides an in-
troduction that begins with the motivation behind the study and segues into the
high level goals, specific achievable goals, and objectives of the individual projects.
Chapter II provides a comprehensive background for the reader to understand the
reasoning behind the upcoming experimental designs through an comprehensive re-
view of cold plasma, SDBD, wound healing, amongst other related topics. Chapters
IIT and IV cover a wide range of specific topics pertaining to the design, testing, and
improvement of an SDBD system for wound healing. These chapters are based on
written articles that have been either published, submitted, or are in preparation for
submission.

Chapter 111 leads with the biological testing of various inanimate substrates with
P. aeruginosa and MRSA. The latter portion of Chapter III delves into a mixture of
biological specimen samples, specifically mice skin, as well as the first portion of a
plasma-blood interaction experiment. This chapter will lay a strong foundation for
future studies towards whether surface discharge is applicable to wound healing.

Chapter IV exhibits the experimentation of geometries and configurations for a
feasible wound healing device form factor. Cylinders, threads, and meshes, their
respective flow fields, and some bacterial inactivation efficacy is discussed here. The
chapter ends with a short mixing analysis.

Chapter V provides the overall conclusion of the findings of the previous chapters
and discusses paths moving forward as well as recommendations and suggestions for

future work.



CHAPTER II

Background

2.1 Introduction

Chronologically, plasma was the first state of matter. As the Universe was created
through the well-known phenomenon known as ‘the Big Bang’, the first dregs of
existence as we know it began in the form of plasma due to everything being very
hot. Eventually things started to cool down and gases, liquids, and eventually solids
began to form [37]. As fundamental to nature as plasma is, the average college
campus habitué does not in fact know much if anything at all about plasma, distinctly
described as plasma (physics). In an informal survey of approximately 100 on-campus
students at Oklahoma State University (OSU) in 2017, only 7 people were able to
give a single fact about plasma with 3 of them knowing significantly more. Plasma
is usually not included in fundamental physics curriculum, yet it exists throughout
everyone’s daily life by making up most of the Sun, being created through lightning,
and even illuminating rooms as fluorescent light bulbs. This seems to be changing as a
similar survey at OSU in 2022 yielded 20 individuals that knew of either a fact about
plasma or a device that utilizes plasma. Knowledge of plasma is growing rapidly as
well as its applications. As the feasibility of cold plasma technology becomes more
researched, so does the opportunities for additional research. Nowadays, plasma is
mentioned in school curriculum as the fourth state of matter and there are even
specific programs dedicated to nurturing its proliferation.

The growth of plasma applications, specifically non-thermal plasma, has been
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noticeable in the aerospace and biomedical industry. Though the idea itself is not
novel, being initiated as early as the 1950s, biomedical applications have been gaining
more traction especially within the last two decades [43]. Biomedical technology
is on the rise for not only improved efficiency and efficacy, but rather novel and
radical changes that can treat and cure things previously not remediable. Plasma
medicine itself has exploded in potentially feasible applications within the last decade
and have contenders for sterilization, cancer applications, pharmacology, and plasma-

aided wound healing [88].
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2.2 Plasma Characteristics

2.2.1 Degree of Ionization

The first design decision in this work is which overarching plasma type to utilize
for intended research applications. Plasma is commonly separated into two schools:
hot (thermal) plasma and cold (non-thermal) plasma. There are also known ultra-
cold plasma that blur the lines further, but these are pushing the limits of physics
and require techniques like photoionizing laser-cooled atoms near their ionization
thresholds. These will not be discussed here but can be referred to in Killian et al
[77]. An important means of distinguishing between plasma types is their degree of
ionization with the base definition of ionization being at least one electron is not
bound to an atom or molecule. In general, phases of matter are characterized by the
expression of molecular motion, usually through heat. In the case of plasma, heat
is expressed by separate electron and ion motions [37]. Gases begin to disobey the
kinetic theory of gas and functions as plasma once a specific threshold of ionization
is reached, and the phase change officially occurs, which varies significantly from
weakly ionized plasma to completely ionized plasma [43]. Rather than the usual
Brownian motion seen in gases, the energized particles are more or less heavily affected
by coulomb forces. It has been shown that unique phenomena occur even at low
ionization states. A gas can achieve electrical conductivity equal to that of a fully
ionized gas with as little as 1% ionization [65]. From this we can see the generalization

that plasma is fundamentally an ionized gas.
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2.2.2 Methods of Generating Plasma

With the advancement of laboratory technology and techniques comes many different
unnatural or man-made ways to generate plasma. The main principle behind gen-
erating plasma is the Townsend discharge/avalanche mechanism. In a system with
a significant electric field and a source of free electrons, when the free electrons are
accelerated by an electric field, they collide with gas molecules. These molecules in
turn release an electron that accelerates and follow the same path as their counter-
parts. A multiplicative avalanche occurs due to the chain reaction. This allows for
electric conduction through the gas [170]. The number of collisions due to electrons
grows exponentially at first and eventually reaches the physical upper limit pf the
ionization avalanche known as the Raether limit.

In the above system a cathode and anode are assumed to generate the electric
field. The quasi-constant voltage between these electrodes is equal to the breakdown
voltage required to achieve the self-sustaining avalanche. The breakdown voltage is
defined as the minimum voltage required to cause an insulator to experience electrical
breakdown thus becoming conductive [103]. Plasma is characterized in many different
ways by distinguishing between thermal /non-thermal discharges, high/low pressure
discharges, electrode/electrodeless discharges, self-sustained /non-self-sustained dis-
charges, and even DC/non-DC discharges [43]. In general however, an important
factor in feasible applications for industrial usage is a manageable operating temper-
ature. With plasma, the electron temperature may be high (10,000-100,000K), but

the heavy particle temperature could be as low as 300-1000K [151].
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Below is a non-comprehensive list of commonly used means to generate plasma each

with their own popular applications.

Corona Discharge: Corona discharge is a type of atmospheric-pressure cold dis-
charge that is characterized by its weak luminous appearance on sharp points,
edges, and thin wires. This discharge is always non-uniform with the electrons
moving from one electrode to another due to sufficiently high energy levels due
to the surrounding electric field. Ionization of surrounding gas molecules and
atoms occur due to the electron acceleration and pass through [131]. Typically
this type of discharge operates on the order of kV as well as higher pressures
(atmospheric or higher). Corona discharge has several applications in for ster-

ilization and volatile organic compound (VOC) destruction [173, 146].

Glow Discharge: Glow discharge is the most investigated and thus best understood
non-thermal plasma generation method. Glow discharge operates at a low gas
pressure and is named because of the illumination it gives off. Neon and flu-
orescent lamps as well as plasma-screen televisions all use glow discharge to
function. It is commonly used for analytical chemistry, spectroscopy, and sur-

face modification (sputtering) [32, 18, 69].

Microwave Discharge: Microwave discharge is characterized by a centimeter-range
electromagnetic waves interacting with plasma. In general these systems will
be high pressure and optic based. Though usually high powered, there is a low-
power microwave microplasma version that utilizes argon and air discharges for

bio-MEMS sterilization and small-scale biomaterial processing [25, 139, 28].

Radiofrequency Discharge: RF discharges are commonly used in tissue engineer-
ing and electronics due to the high-precision surface treatment that it provides
[12, 8]. RF discharges are characterized as strongly non-equilibrium and cold at

low pressures. The upper and lower limits of RF frequencies are due to system
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sized wavelengths and frequencies of ionization and ion transfer. Around 13.6

MHz is a common frequency in industrial use [43].

Arc Discharge: Arc discharges are characterized by high gas temperatures (on the
order of 10,000 K) and in general are self-sustaining DC discharges. These high
temperatures are associated with medical applications like surgical cauterization
and ablation [85, 34] however recent studies have shown applications towards
improving germination and combustion assistance [133, 61]. There are many
different types of arc discharges with nuances that may be applied to specific
applications, e.g. vacuum arcs, high-pressure arc discharges (0.1-0.5 atm), low-

pressure arc discharges [43].

Silent Discharge: Sometimes considered a combination of glow and corona dis-
charge, the silent discharge is named so because it was created by attempting
to create a corona discharge that avoids spark formation (which generally also
includes local shock waves and noise) [43]. Also named the dielectric barrier
discharge, this type of plasma generation is the main subject of this work. This
discharge is characterized by a dielectric barrier that stops current and spark
formation. Initially thought of to preclude DC operation because of the usual
operating frequencies, 0.05-500 kHz, that has been circumvented as seen in re-
cent works [36, 148]. Silent discharge is widely used for ozone generation as well

as other biological /medical applications [176, 121, 13, 45, 95].
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2.2.3 Paschen’s Law

For this work in particular, there is a focus on cold plasma generation techniques. Cold
plasma is a partially ionized gas comprising of electrons, ions, photons, and reactive
neutrals [145]. Friedrich Paschen discovered an equation in 1889 that is commonly
used in discussions of breakdown voltage to start discharges and generate plasma.
This equation is known as Paschen’s law, eq. 2.2.1, where Vg is the breakdown
voltage, p is the pressure, d is the electrode gap distance, A is the saturation ionization
in the gas, B is a relationship between excitation and ionization energies, and 7, is

the secondary-electron-emission coefficient [94].

Bpd

Ve = L (Apd) = nfin (1 L)

(2.2.1)

Paschen’s law describes the voltage necessary to start a discharge between two
electrodes in a specified gas as a function of pressure and electrode gap distance.
Paschen curves are made and referenced as guidelines for generating these discharges
in specific gases and at specific pressures. Certain interesting relationships were dis-
covered that pertained to the minimum distance and required voltages to forcefully
cause arcing. A commonly used example is that in air at 1 atm, the minimum dis-
tance for voltage breakdown is 7.5 um and 327 V. Yet, increasing the gaps width
or even making it narrower would cause the arcing to cease [24]. Paschen’s law can
be taken further and discussed in terms of mean free path [. This is the average
distance between a molecule and its collision with another molecule. This concept is
vital in the avalanche based mechanism that plasma requires for generation. Mean
free path has an inversely proportional relationship with pressure, given a constant
temperature. More collisions results in lower electron energy causing ionization of a
molecule to be more difficult. Thus, a lower-pressure gas would cause less collisions,

keeping the energy high and making ionization, or the generation of plasma, easier.
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This concept will come into play more in the future studies section.

For the cases described throughout this work, currents are of the milliamps mA
magnitude and voltages are in the kilovolts £V magnitude. Additionally, all of the
experiments and scenarios will be at atmospheric pressure because this work uses
cold atmospheric plasma, CAP. The surface discharges described in the next section

require a high voltage and consequently a low current.
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2.3 Dielectric Barrier Discharge

The dielectric barrier discharge (DBD) can be generated in a volume (VDBD) or
on a surface (SDBD). Both generation types have their pros and cons that dictate
which is more efficient at certain applications that overlap e.g. ozone generation
and bacterial /viral inactivation [176, 125]. VDBD utilizes some type of gas as the
medium for the discharge to form in. This creates interesting and unique plasma-
generated species to form. SDBD generates plasma across a surface, the dielectric,
which in turn interacts with adjacent gases. The plasma itself is generated separate
from the gas but used to convert the gas as a secondary effect. Due to the gas being
converted directly in VDBD, biomedical applications initially utilized VDBD. SDBDs
on the other hand are generated across a surface through microdischarges resulting a
more homogeneous plasma. Though there are specific applications in which VDBD
is essentially the only option there are several key differences between the two types

that push SDBD as a more feasible option.

2.3.1 Power Consumption

Energy and power consumption is an important factor in engineering a device for
biomedical applications. Cost inefficiencies can be a significant obstacle for biomedical
devices to be successful. DBDs in general utilize a high voltage (kV) and accordingly
low current levels (mA). Due to the relatively large voltages, a key factor to observe
is the relationship between power consumption and increasing operating voltage, Eq.
2.3.1 [83].

Py=f(V)* (2.3.1)

Several groups have reported an exponent value between 2 and 3 or approximately
7/2 for surface discharges and this was again confirmed by Kriegseis through ana-

lyzing Lissajous figures and comparing to experimental data sets [83, 38, 83, 115].
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Older studies of volume discharges in other gases and configurations also show higher
exponents. Since then, the power law has been characterized to a greater extent,
specifically for surface discharge actuators, Eq. 2.3.2 [165]. This expression includes
correlations to frequency, actuator length, dielectric material and thickness, and no-
tably voltage. From this equation and experimental data with it, we can still see that

approximation are accurate.

eoer L(Wo + 01@)
d

Py Vo(Vi = o) (23.)

Gibalov looked at ozone generation versus power consumption between multiple
VDBD and SDBD configurations [47]. It was shown that ozone generation in air
and oxygen was comparable between the two methods, but they had different energy
densities at different phases of their respective discharges. A look at homogeneous
micro-discharges and streamer generation is brought into question here. In general,
streamer generation is energy translated into unwanted heat and light. Streamer
appearance in SDBD is less likely with the proposed surface discharge arrangement
when compared to VDBD generated streamers, especially in electronegative gases
[47].

Though intuitively volume discharge would take more energy to function because
of having to jump the gap (the gas), there are certain novel configurations that are
being developed to circumvent this power consumption con. One example is with Xu’s
wire-to-wire DBD configuration which utilizes a gas gap jump making it a volume
discharge, but the resulting power consumption and resulting power yields are efficient
and close to that of surface discharges [172]. In general however, volume discharges
have higher power consumption versus surface discharges mainly due to streamer

generation and differing energy density timelines.
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2.3.2 Induced Body Force

A unique property of the surface discharge is its inherent induced body force. This
body force is generated due to the entrainment of adjacent gas due to momentum that
is transferred into the gas from coupling between the electric field and the plasma-
generated [29, 162, 153]. This property is what allows DBD plasma actuators to be
utilized as a flow control device for aerospace applications. The plasma actuators
function as all-electric flow control devices that utilize no hydraulics or moving parts.
They react quickly, are light weight, and have a form factor that is potentially thin
allowing for flush aerodynamics designs. The self-limiting nature of surface discharge
actuators also positively affects its industrialization. As the electrons gradually ac-
cumulate on the dielectric surface, the potential difference is reduced and eventually
quenches additional plasma formation [162]. Adjacent gases are accelerated due to
ion collisions resulting in a net body force that can be directed depending on the
configuration.

Many studies have been done to observe this wall jet phenomenon and characterize
it through various flow visualization techniques such as particle image velocimetry
(PIV) and smoke flow visualization [129, 164]. Post and Whalley showed that a
shear layer is created that rolls up to form a vortical structure. Multiple spirals form
around the center of this vortex. The direction of flow suggets that the entrainment is
replenished by the adjacent gas directly above the actuator. Eventually more vorticity
is formed nearby the initial vortex to maintain the no-slip boundary condition, along
the wall. This vorticity then joins the larger vortex [164, 4]. The momentum steadily
increases at a linear rate until it reaches a steady state velocity which suggests that
there is a constant force behind the entrained fluid.

Several groups have utilized this mechanism for novel concepts such as plasma
synthetic jets, plasma spark jets, and plasma vortex generators [135, 55, 119]. The

plasma synthetic jets of Santhanakrishnan’s work became a stepping stone eventually

20



y [cm]

x [ecm]

Figure II.1: Single SDBD actuator in quiescent flow. Streamlines are present [135].

leading to aerodynamic control through plasma jet vectoring. Bolitho utilized the zero
net mass flux (ZNMF) nature of single DBD plasma actuators in various arrangements
to control the direction of the plasma jet. Additionally, asymmetrically varying the
strength of continue surface discharge produced a controllable jet stream that was

affected by pulsing frequency and duty cycle [19].
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2.3.3 Design Options and Capabilities

The surface dielectric barrier discharge (SDBD) actuator, also shortened as surface
discharge actuator, can be highly flexible in design. As previously stated, a surface dis-
charge actuator is simply two electrodes that are separated by some type of dielectric
material. Due to the simplicity of the require materials and formation, several design
options are made available that can be chosen based on the application warranted such
as: electrode encapsulation, electrode symmetry, gas medium/environment, durabil-
ity /malleability, dielectric constant, material thickness, electrode gap distance, and

touchability

Electrode Encapsulation: A commonly used design option is to encapsulate one
electrode with any type of insulation material. The better the material is at
sealing off the electrode, the better the encapsulation effect is. Electrical tape,
or polyvinylchloride (PVC), is frequently used for encapsulation because it can
stretch, stick, and insulate well. Encapsulation reduces power consumption
on that side of the dielectric material and forces the generation of plasma to
be on the opposite side, Fig. I1.2. Encapsulation is utilized for uni-direction
flow manipulation where having species generated and flow on both sides is not

beneficial.

Electrode Symmetry: SDBD actuator configurations are often times split into two
categories: asymmetric, Fig. I1.2, and symmetric, Fig. 1.3, electrode config-
urations. The difference is in the positioning of the electrodes either being
directly on top of one another or in a staggered configuration. The asymmetric
configuration produces its body force in one direction at a higher magnitude
rather than in both direction at a lower magnitude. This higher induced body
force can be used to deliver plasma-generated species a further distance and/or

deliver the short lived species to surfaces that would not be exposed as much.
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Figure I1.2: Schematic of a single asymmetric SDBD actuator.

Exposed Electrode  Plasma

|

Dielectric
Material

~f=—Insulation

1 Encapsulated Elecirode

@HV AC power input

Figure I1.3: Schematic of a single symmetric SDBD actuator.

This results in higher bacterial inactivation efficacy [154]. In other aerospace

specific applications, asymmetric configurations are used to create larger arrays

that additively combine their force magnitudes.

Gas Medium/Environment: As previously touched on, the gas medium that is ex-

posed to the discharge actuator alters the plasma-generated species that form

[149]. Depending on the application, specific gases may be used for specific rea-

sons. Example gases are air, argon, neon, oxygen, helium, and nitrogen as well

as various combination of the aforementioned, such as argon-helium and argon-

oxygen [161, 50, 121]. Certain reactive species cause higher levels of oxidation,

corrosion, bacterial inactivation, or even wound healing [46, 16, 121, 56]. In
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addition to this, the temperature and pressure of the system also affects which
species are more prevalent. Certain applications prefer reactive nitrogen species
(RNS) and thus having a higher temperature environment would promote the
chemical reaction towards a higher concentration of RNS [21, 109]. However,
the flip side to this is that higher temperatures generate nitrogen species which
cause corrosion in certain metals and alloys that would normally not be as quick
to deteriorate but occurs because of the higher concentrations. For this work,
atmospheric air will be the standard for the gas medium because of the easy

accessibility, simple aftermath, and still effective species generation.

Durability /Malleability: The dielectric material, electrode material, and even in-
sulation material make a difference not only in the flow produced but the reac-
tive species produced. The material hardness and flexibility then has a direct
affect on what the application can be used for. For wearing applications, such
as a cuff for wound healing, a malleable actuator would be beneficial. For
aerospace application where cross sectional area and weight matter a great deal
for efficiency and aerodynamics, a material that is more efficient at conduction

per unit area as well as can be engineered to fit on a wing would be beneficial.

Examples of dielectric materials commonly used for various biomedical and
aerospace applications are kapton (polymide film), polytetrafluoroethylene (PTFE
or Teflon), alumina (Al;O3 or aluminum oxide), quartz (SiOs or silicon diox-
ide), FR-4 (fiberglass with epoxy resin), and polymethyl methacrylate (PMMA
or acrylic) [114, 118, 141, 116, 178, 60]. Previous studies by the author along
with others have shown that the material has significant effects on the produced
flow magnitude, spread, and power /voltage consumption and requirements. Ad-
ditionally, these materials come in various forms from a solid malleable sheet to
a hardened ceramic. For some applications, the generation of streamers is ben-

eficial (excess voltage/power to generate streamers in the form of excess light
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Material Dielectric Constant

Kapton 3.4-3.5
Teflon 2.1
Alumina 9.8
Quartz 5.0

FR-4 3.8-4.8

Table I1.1: Table of commonly used dielectric materials in actuators and their respec-
tive dielectric constants.

and heat). In these cases, a hardened ceramic would help increase the lifespan
of the actuator and allow for the actuator to handle the higher heat buildup of

the streamers.

Dielectric Constant: The dielectric constant of the material indicates the materials
ability to store electrical energy. It is mathematically expressed as the ratio
between the material’s permittivity to its permittivity of free space (capacitance
of the material to the capacitance of a capacitor with air as the dielectric).
Functionally, dielectric materials poorly conduct electricity. Instead they store
electric charge. Dielectric materials are commonly used to increase a capacitor’s
capacitance. Several variables, like temperature and pressure of the system,
frequency of the passing voltage, thickness of the sample material, and even
the structural weave of the material has been shown to affect the dielectric
constant even between samples of itself. Possessing a higher dielectric constant
has been shown to exhibit an decreased DC flashover voltage [1]. Altering the
dielectric constant specifically has displayed the ability to manipulate plasma
light emissions in the form of plasma uniformity and streaming size/spread
[116, 82, 177]. As dielectric constant increases, the streamer propagation speed,
streamer length, discharge energy, and gas heating increase. Essentially, as
dielectric constant increases, the plasma regime shifts from uniform to streamers

which expends energy through heat, light, and size of the streamer.
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Material Thickness: The material thickness plays a role in several ways. The first
is to aid in rigidity and durability of the actuator. The second is to alter the
point of plasma generation. Increasing the dielectric material thickness conse-
quently increases the electrode gap distance as well [116]. This increases the
required voltage and thus power required to generate the plasma. Fundamen-
tally, the electrons have a larger gap to close with their jump. This forces the
generation of streamers. Certain applications that prefer this would be better off
without a surface substrate allowing the electrons to just jump through the air.
This allows the electrons to freely collide with air molecules [171]. Increasing
the material thickness would also naturally increase the weight of the actuator
and make customization more difficult. With a thinner material thickness, the
actuator runs the risk of arcing through the dielectric and short circuiting the

actuator and not generating plasma.

Electrode Gap Distance: This is a parameter that affects the regime of surface
discharge created: uniform versus streamer. It is the physical distance between
electrodes. This is affected by the material thickness as well as electrode con-
figuration and placement. A uniform plasma regime is generally more coveted
for a larger plasma surface area and thus larger gas to plasma species conver-
sion rate. This also requires less power and lower breakthrough voltage. This
regime leans towards biomedical applications. A streamer regime utilizes energy
to produce heat and light and has interesting effects on the flow field with higher
maximum values and different spreads than uniform plasma. This regime comes
at the cost of higher power consumption and increased breakthrough voltage
[116]. This regime leans towards flow control applications, surface modification

applications, and some biomedical applications.
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Touchability: This design option is usually utilized for biomedical applications and
refers to being able to touch the ‘plasma’. Plasma is simply just ionized gas
and cold plasma has a low bulk temperature (still high electron temperature),
but this allows for humans to be able to touch plasma without having thermal
or other skin damage [140, 10, 89]. Howvever, the electrode that generates the
plasma has high voltage current flowing through it, thus touching it would be
quite shocking. This is circumvented by combining the function of the dielectric
material needed to generate the plasma with the function of an insulator. The
plasma can form along the intersections but the electrodes are covered from
direct contact. This will be shown and discussed in a later chapter. Touchability
is important for discussions involving plasma system direct contact with users in
the form of clothing or wearable systems. Examples of these are dust repelling

layers and wound healing sleeves/cuffs.
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2.4 Plasma Applications

With the numerous plasma generation methods each with their own unique charac-
teristics, there are accordingly a plethora of industrial applications, many of which
have been previously mentioned. This section details some of the more common uses
of SDBDs as well as the budding fields that have shown significant growth or future

promise.

2.4.1 Aerospace Applications

The main contribution that surface discharge lends to aerospace applications is by
utilizing the induced body force it inherently generates. There are exceptions like
the sterilization/decontamination of aircraft and spacecraft using cold plasma, but
that would also fall under the category of biomedical applications. The induced force
is relatively low, but comes in the form of non-moving parts and when customized
properly can have a small form factor and use relatively low power. Technology
utilizing the induced body force are restricted in size for certain applications and
limited by portable energy in the form of batteries or mobile power supplies. Being
so, as technology advances and energy storage becomes more efficient, it is feasible
to assume that the proliferation of plasma based force will occur. Though the main
focus of this paper is not aerospace applications, certain principles for engineering
design are taken from aerospace application research results and some results of this

paper are applicable to aerospace applications.

Flow Control: Flow control is the main usage of cold plasma in aerospace applica-
tions [19, 29, 54, 55, 114, 119, 153, 162|. The ability to rapidly reattach flow
on command with no mechanical parts (non-moving) on a wing creates several
interesting opportunities for aircraft wing development. Plasma actuators in

this scenario would function similarly to flight control surfaces but without re-
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quiring pneumatic operations or risking mechanical failure. Electrical failure
increases in frequency however. There is also risks of sparking that could be
hazardous. The low force nature of cold plasma inherent flow is just enough
to provide the reattachment of flow across a wing. Reattaching flow in specific
situations pushes stall to a different point (angle of attack). This allows for
aircraft to behave differently at previous points of stall. In addition to this,
having separated flow behind the wing reduces lift and causes large pressure

drag. The quick actuation speed is also a large plus for aircraft maneuvering.

Primary Propulsion: This application can be seen in two different ways: 1. propul-
sion on Earth for very small objects, such as small unmanned aerial systems
(sUAS) or 2. propulsion in space where a small bit of force goes a long way.
The first application is less used because current portable energy storage is
still bulky and plasma generation efficiency is not good enough to where the
power consumption would be efficient over a long period of time (on the order
of hours). Add to this the problem of the output force being relatively low com-
pared to the vehicle and that payload weight is a coveted parameter of sUAS
creates a large problem for cold plasma primary propulsion to overcome. Xu
developed the ‘solid-state propulsion aircraft’ that drafted significant attention
because the aircraft flew distances up to 45 m of powered flight. Eventually the
fixed-wing aircraft would glide but the impressive 8-9 s of steady flight drew a
lot of attention [171]. This propulsion utilized ionic wind which has been shown

to yield higher velocity magnitudes versus surface discharge.

The second application is seen relatively commonly due to being the only rea-
sonable solution for its proposed problem: deep space flight. With deep-space
missions having AV’s of thousands of m/s, it is essential that spacecraft be able
to propel themselves with specialized system. After a deep-space mission utilizes

chemical propulsion to overcome Earth’s gravitation, solar electric propulsion
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(SEP) steps in to do the heavy lifting. In space where there is little to no re-
sistance, solar or air, a small force but high impulse is invaluable for moving
around. SEP engines are known for having low force on the order of millinew-
tons mN and high specific impulse I, on the order of thousands of seconds.
In the same vein, cold plasma could be utilized in a similar fashion in which
electrodes could be used to generate an electric field that accelerates masses to
produce thrust though this concept has not been proven or developed. Cold
plasma is limited in its usage as a primary means of propulsion simply because

of its inefficiencies in terms of power in versus power out.

2.4.2 Biomedical Applications

Plasma has had deep connections to the medical field since its inception in 1928 by
Irving Langmuir [22]. Its main attractive feature in this role is that it can hold a high
concentration of energetic and chemically active species at low temperatures, even
room temperature, and pressures. This opens up the possibility for many possible
biomedical applications. Initially, applications were mainly indirect in that plasma
was used to generate a product and that product was then used for a specific job. With
certain actuator configurations, touching the actuators become possible and a more
direct usage of cold plasma became a reality. Cold plasma is useful for many different
biomedical applications because of the cocktail of products that it creates: reactive
oxygen species (ROS), reactive nitrogen species (RNS), charged ions, ultraviolet light,
and heat [121]. This paper will refer to the majority of these as plasma-generated
species. Most biomedical applications utilize these species in some shape or form
usually with a dose dependence, meaning the effect changes according to how long the
treatment is or how concentrated the species are. Surface discharge has an additional
boon in plasma-generated species usage in that the inherent induced force can be

used to essentially deliver the species to a surface for treatment. The species are light
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enough that the relatively low force works effectively for transport. Some applications
only utilize certain plasma-generated species. Thus, more research is being put into
the control of which species are formed and in what concentration so that specific

dosages can be used to achieve specific effects.

Sterilization: Currently, one of the most common applications of not only surface
discharge but cold plasma as a whole is decontamination and to a higher extent
sterilization. Cold plasma has been known to cause microbial inactivation and
now many studies have been performed to observe the effects of specific plasma-
generated species for the inactivation of all sorts of cells (bacterial [154, 121, 117,
128, 177], viral [40, 169, 106], spores [93, 97, 158], biofilms [179, 49, 62]). Though
each component of the plasma cocktail has some hand in microbial inactivation,
the main culprit for sterilization is ozone Oz. Super oxides [68, 123] and super
nitrites [21, 143] play a significant role but are too short lived to really push
towards microbial death. Ultraviolet light has always had a part in sterilization
[84, 99], but has problems with shadowing, penetration, and possibly causing
cancer. Heat when increased significantly will obvious cause cell death. Charged
ions have been known to accumulate on the surface of microbes to cause cell
death [26, 11]. But out of all of these species ozone can be created in larger
quantities, last for longer periods of time (requiring less refreshing of plasma-
generated species), and still effectively performed microbial inactivation [121,
78, 157, 2]. This technology has been proven by a significant amount of research

and is now in the stages of improving efficiency and industrialization.

Wound Healing: Wound healing is commonly broken down into four phases that
cold plasma interferes with/promotes activation in: hemostasis [3, 175, 86,
inflammatory [113, 101, 5], proliferation [113, 156, 15|, and remodeling phase
[113, 156, 35, 79]. All of these applications affect one another in the rebuilding

of a wound. Cold plasma also affects each phase concurrently. Initial studies
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show that very short exposure to plasma-generated species can cause the co-
agulation of blood, redox stimulation, production of collagen, and induces the
expression of key genes for wound healing response. In addition to this, further
treatment dosage can lead to the disinfection of chemically resistant bacteria
[121]. Though this work does not specifically target these phases in wound
healing, it provides additional background for understanding why and how cold
plasma affects wound healing as well as pathways to develop an efficient system

to deploy it.

MISC: Cold plasma has also been seen to positively affect the fight against cancer
[74, 75, 137, 104, 53|. Plasma treatment has been shown to selectively attack
cancer cells without damaging normal cells and significantly lower tumor size.
The effects are good enough that there is lasting partial remission from clinical
patients [104]. The cause for the shrinking of tumors seems to be the oxidative
and nitrosative stress that the plasma-generated species cause the neoplastic
tissue to go through [53]. Other methods of treating cancer such as ionizing
radiation and chemotherapies use similar tactics of oxidative/nitrosative stress
mechanisms. This is because the mechanism is physical so there is little to no
resistance that can build up from it. As cold plasma technology matures, the
efficiency and specificity of treatment will also improve and continue to push

towards becoming a viable means of treating cancer.
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2.5 SDBD Design Choices

For the majority of the experiments involved throughout this paper, certain design

decisions were made due to previous personal experiments as well as literature.

2.5.1 Asymmetric vs. Symmetric

From works such as Timmons et al it seems likely that asymmetric surface discharge
is the way to go to fully utilize the induced flow that it provides [154]. An asymmetric
configuration allows for simple actuator serial configuration (side-by-side) with the
electric fields additively pushing outward from the actuator. Additionally, asymmetric
configurations are seen to produce higher velocity magnitude per amount of power

consumed.

2.5.2 Dielectric Material

Teflon provides a suitable base for the electrodes in this actuator design. It is mal-
leable when thin but with thicknesses in the tens of millimeters it can become a rigid
surface. It is relatively lightweight, works well as the dielectric for plasma generation
(looking at dielectric constant), and is not too expensive. The material can also have

adhesive stick to it for various supplementary applications like adding in heat sinks.

2.5.3 Geometric Design Considerations

For the initial design considerations, the actuator was designed to be close to a square
so that the electric field generated would be relatively uniform and the plasma species
would be delivered uniformly as well. The housing device has a hole in the bottom
piece to allow for plasma-generated species to flow through once carried by the induced
flow. The initial design also utilizes changeable stilts to allow for freely changing the

distance between the surface sample and actuator.
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2.5.4 Extra Considerations:

User Interface, Gas Medium, and Lab Testing

The housing device was created to snuggly hold the actuator but allow easy actuator
replacement. There is a designed handle bar for easy placement of the device. The top
is open to allow for heat ventilation. With laboratory testing in mind, the actuators
were designed to provide symmetric flow. The power supply and transformer used
can run off of a standard US wall outlet allowing for universal use. The connections
were made to be plugs for easy disconnects and reconnects.

Atmospheric air was chosen as the gas medium because it is simple to attain and
the species conversion is relatively well known. Additionally when the species live
their half-life, they naturally return back into atmospheric air. An Arduino was used
to interface with the power supply to easily control the pulse rate and duty cycle.

Fully autonomous treatment was also feasible.
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CHAPTER II1

CAP Interaction with Substrates

3.1 Introduction

Resistance to antimicrobial agents pose major challenges to treating infectious dis-
eases and results in significant risks to human and animal health. Bacterial strains
may be innately resistant to certain antimicrobial agents or they can acquire resis-
tance by genetic mutations or lateral transfer of resistance genes from other bacteria
[42, 48, 174]. By the year 2050, it is estimated that 10 million lives will be lost
each year resulting from infections with resistant bacteria and the economic losses
are projected to be up to a trillion dollars [31].

Infection by resistant bacteria can be acquired from different sources. The impact
of nosocomial infections resulting from multidrug resistant bacteria has been widely
studied. Some of the common bacterial species causing nosocomial infections include
FEscherichia coli, Staphylococcus spp., Enterococcus spp., Pseudomonas spp. etc. [30].
Many of these bacteria have shown resistance towards common antiseptic treatments
and are able to persist in the environment on surfaces such as chairs, tables, and other
equipment thereby increasing risk of patient exposure in a hospital setting [30, 81].
Out of every one hundred patients hospitalized, seven patients in developed countries
and ten patients in developing countries acquire nosocomial infections [76]. There
is a critical need for novel strategies that efficiently destroy these organisms without
inducing the development of resistant phenotypes.

Cold atmospheric plasma (CAP), or non-thermal plasma produced at atmospheric
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pressure, has demonstrated utility in both surface decontamination and airflow con-
trol in the past two decades [6, 67, 70, 108, 127, 156]. CAP can be generated through
several methods. Surface dielectric barrier discharge (SDBD) is one of the simplest
means where plasma is generated between two asymmetrically placed electrodes and
at least one of these electrodes is covered by a dielectric material (embedded). The
main advantages of SDBD over other plasma generation methods are the low power re-
quirements, customizability (design and scalability), lack of gas flow requirement, and
most importantly a corona discharge-like ability for localized airflow induction. An
asymmetric design of SDBD imparts momentum into the gas adjacent to the exposed
electrode as a result of the electric field coupling with the surrounding gas. The gas
is entrained and an effective “induced flow” is produced. In gaseous mediums includ-
ing atmospheric air, CAP induces the generation of free radicals, charged particles,
and ultraviolet (UV) light. These are attributed as the major players contributing
to bacterial inactivation observed in previous studies [121]. Bacterial cellular damage
results from high oxidative stress imposed on treated cells as a result of free radical
actions, as well as electrostatic interactions of charged particles across the bacterial
cell wall. Ultimately the cells die due to the constant barrage of accumulating reactive

species while being unable to maintain lipid, protein, and DNA repair [155].

3.2 Plasma-Assisted Decontamination

Free radicals such as reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are chemically unique compounds, usually produced in a normal cell during
the electron transport chain in oxidative phosphorylation for ATP production [41].
Reactive oxygen and nitrogen species (RONS) are usually scavenged by cellular sys-
tems [180].

Some of the commonly produced free radicals inside the cell include superoxide

O, ), hydroxyl radical (OH), singlet oxygen (10O;), hydrogen peroxide (H,0,), ozone
2
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(O3), and nitric oxide (NO) [59, 159]. These free radicals, upon interaction with
peptidoglycan or the lipopolysaccharides, initiate a cascade of events that may result
in the breakdown of C-O bonds, thus resulting in destabilization of the cell. In most
cases, this destabilization can result in variations in osmotic pressures inside the cell
and subsequently in cell death. Han et al. reported cell shrinkage in gram-positive
bacteria before cell death indicating that the cells are at higher stress levels [59].
This method of chemical interaction-based destruction of bacterial cell walls has been
accepted as the primary method of bacterial destruction during and after plasma
treatment. Additionally, Pai et al. reported that ROS have been more effective than
RNS in bacterial inactivation [121].

There were a few studies that indicated that RONS are produced outside the cell
and are imbibed/absorbed into the cell as a result of the weakened cell walls [59, 121].
ROS mediates various cellular events such as cell death, cell senescence, etc. [159, 23,
41, 98]. Oxidative stress occurs when cells begin to accumulate free radicals beyond
the scavenging potential of the cell. Toxin-antitoxin (TA) system is one of the many
known mechanisms of cell death in bacteria [150]. When the accumulation is beyond
a ‘point of no return’, bacterial cells which had entered bacteriostasis for cellular
repair activates enzymatic pathways. This results in cell membrane damage in gram-
negative bacteria and damage to cellular components in gram-positive bacteria along
with final DNA fragmentation and membrane alterations leading to bacterial cell
death [59]. Besides the TA mediated cell death, there are various other pathways, such
as peptidoglycan-hydrolase pathways, CidA/LrgA, Bcl-2 family mediated pathways,

that can also induce bacterial cell death [150, 14].
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Figure I11.1: Schematic representation of an SDBD plasma actuator system for surface
decontamination detailing plasma-generated products.

3.3 Plasma System Design

As described in Chapter II, SDBD actuators involved two electrodes that are sepa-
rated by a dielectric material (Fig. III1.1). To fully utilize the inherent induced body
force from SDBDs, actuators in this study were designed in an asymmetric configu-
ration in which the electrodes were offset by a set distance. The control of induced
air flow in an SDBD system was influenced by geometric changes such as altering the
3D structure of the dielectric material, increasing the electrode gap distance, altering
the dielectric material and/or its thickness, and altering the electrode configuration
[116]. Additionally, increasing the number of electrodes altered plasma volume and
induced flow intensity [120].

The SDBD platform can be designed as an open or closed plasma system. An
open system has the benefits of continuous airflow for cooling and a higher limit on
free radical conversions while a closed system has the benefit of increased contact and
dwell time of the free radicals with the treatment surface. Although an exhaustive
amount of research has been reported for induced flow control from SDBD, their

biomedical applications remain largely unexplored [29, 54, 152].
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Figure II1.2: Schematic representation of a single asymmetric SDBD actuator showing
the induced flow location and direction.

The induced flow of SDBD actuators functioned as an effective delivery mecha-
nism for the plasma-generated free radicals to reach contaminated surfaces [121]. By
optimizing the plasma actuator geometric configurations, the plasma-produced free
radicals are impelled towards a surface in a relatively power-efficient manner, when
compared to volumetric DBD (VDBD). Although VDBD has been utilized for bac-
terial inactivation, it requires higher power input, a gas flow, and is highly limited
in effective treatment area. VDBD lacks the natural means of species delivery that
SDBD possesses, namely the induced fluid body flow. The true potential of SDBD is
realized through the manipulation and utilization of the induced flow (Fig. II1.2).

The handheld plasma device (HHPD) was developed with user ergonomics and
ease of use in mind. Figure II1.3 illustrated a computer aided design (CAD) schematic
of the prototype used in this study. Main features to noted are its center-of-mass
balanced handle, the open top ventilation, and adjustable snap-on stilts. The open
top is necessary for heat buildup relief through dissipation.

Figure III.4a illustrates a simple flow chart of the components necessary for the
HHPD. A simple Arduino code was run on an Arduino Uno to allow for an adjustable
duty cycle and automatically control rest periods between runs. A PVM400 trans-
former (Information Unlimited, NH, USA) was used as the transformer to step up
the voltage for plasma generation. Both the transformer and the Arduino utilized

standard AC wall outlet power.
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Figure III1.3: CAD model of the handheld prototype.

The device shell was fabricated using a FormLabs 2 3D printer (FormLabs, MA,
USA). Regular FormLabs black resin was used to print the device. The device was
printed in two sections: top and bottom. The plasma actuator fit tightly into the
bottom piece. Four raised edges in the corners prevented direct contact between the
generated plasma and the housing device. The top piece snapped into place across
the top side of the actuator with open air sections in marked places to allow for heat
dissipation.

The custom designed actuators consisted of 5 exposed rows of copper electrodes
arranged in a side-by-side configuration to create a net induced body force facing
perpendicularly away from the actuator surface. The copper electrodes were covered
with a solder mask to prevent external damages to the electrodes, e.g., scratches,
debris, etc. Teflon at a thickness of 0.15 ¢cm was used as the dielectric material. The
actuator dimensions were 8.85 x 10.15 cm?. Each actuator was tested for consistent

performance across multiple runs of 5 surface treatment sessions.
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Figure I11.4: Connection flow chart of handheld plasma device (a) and actuator illus-
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Figure I11.5: CAD models of the surface discharge plasma system.
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3.4 Surface Discharge Effects on Inanimate Substrates

3.4.1 Experimental Variables

e Bacterial Inactivation Treatment Surfaces: Surfaces such as stainless steel (metal
tabs), hard plastic (microscope cover slips), glass (glass slides) and aluminum
(aluminum foil) were plasma treated using the HHPD. Blood agar media was

also tested and treated simultaneously.

e Bacteria Treated: Bacterial isolates of S. aureus and P. aeruginosa, obtained

from clinical samples, were used for the study.

3.4.2 Bacteria Used for Treatment

Staphylococcus aureus is a ubiquitous gram-positive pathogen that is responsible for
numerous infections in mammals. S. aureus can also be found as part of the normal
flora of humans and animals [41]. This organism has been reported to survive on
different organic surfaces for extended periods of time and is also capable of nosoco-
mial transmission [81, 126]. S. aureus is also known to acquire antibiotic resistance.
Due to their ubiquitous presence, S. aureus can be found on open wounds and may
complicate healing. There have been numerous reports of Community-Associated Me-
thicillin Resistant Staphylococcus aureus (CA-MRSA) on wounds and open surfaces
in the United States demonstrating the importance of S. aureus in human beings, ani-
mals, and in the environment [111]. Antibiotic resistance in S. aureus is a major issue
faced by healthcare professionals. More recently, S. aureus has been reported to ex-
hibit evolving resistance to ionizing radiations such as UV rays, which can complicate
disinfection strategies in healthcare systems [144].

Pseudomonas aeruginosa is a gram-negative organism and is ubiquitous in pres-
ence similar to S. aureus. P. aeruginosa has been isolated from wounds, ear and other

superficial infections [160]. Various strains of P. aeruginosa have been recorded to

42



harbor intrinsic resistance to multiple classes of antimicrobial drugs [96]. Similar to
S. aureus, P. aeruginosa is capable of persisting in its native environment for a long
time as well as nosocomial transmission [64]. Both S. aureus and P. aeruginosa were

resistent to multiple classes of antimicrobials.

3.4.3 Methods and Procedure

Glass slides, plastic cover slips, aluminum foil, stainless-steel tablets (metal tabs), and
5% sheep blood agar were prepared for bacterial inoculation. Bacterial suspensions
were applied to the different substrate surfaces and exposed to plasma treatment.
After plasma treatment of inanimate surfaces, the surfaces were washed with buffer
which was then collected and cultured on 5% sheep blood agar plates for CFU deter-
mination. The blood plate substrates were incubated directly after plasma treatment.
All experiments were performed in triplicate.

Bacterial suspensions were prepared in 1 x phosphate buffered saline (PBS) at
concentrations ranging from 10° CFU/mL to 1 CFU/mL. 10 uL of these bacterial
suspensions were then added to the different substrate surfaces and allowed to dry in
a 37°C incubator for 20-30 minutes. The substrates were then plasma treated using
the HHPD at a distance of 1 inch. The pulsing parameters of the HHPD were coded
so that surfaces would be treated for 2.5 minutes followed by a 1-minute break and
then a second treatment for 2.5 minutes, summing to a total of 5 minutes of treatment
time.

Following plasma treatment, the treated surfaces and control untreated surfaces
(inoculated with same number of bacteria) were washed in 50 uL of 1 x PBS and
plated for culture. After incubation for 18-24 hours, the untreated control and treated
plates were compared to determine the presence of bacterial growth. The concentra-
tion of the bacterial suspension at which zero bacterial growth was observed was used

to calculate the log reduction.
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Figure II1.6: A picture of the plating and growth of metal tab treated and untreated
samples.

3.4.4 Results and Discussion

Controlled plasma exposure was accomplished using the SDBD platform designed
specifically for this study. An example of the effects of plasma treatment is shown in
Figure II1.6. Each of the five growth spots on the plate represents bacterial growth
from 10 puL of sample. Based on the number of colonies, it can be seen that the
bacterial count in the culture plate (5% sheep blood) with the treated sample was
much lower than in the culture plate with the untreated sample. In the plate with
the untreated sample, as expected, there was a very large number of bacteria and
their individual colonies merged together to form one big circle. In the plate with
the treated sample, there was a lower number of bacteria and their growth can be
appreciated as individual colonies.

The overall reduction in bacterial count is shown in Figs. IIL.7 and II1.8. The
results for P. aeruginosa (Fig. II1.8) represents only 2 sets of data. Data from
the third experiment could not be used because of sample contamination with other
bacterial species. Plasma was most effective on blood agar media attaining an average
of 5-log reduction for both bacterial species tested. After plasma treatment the color

of blood agar media was found to darken, however based on separate experiments
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this was found not to affect bacterial growth (data not shown). The error bars in
Fig. II1.7 are representative of the mean 4 standard error of each experimental set,
calculated with Eq. 3.4.1 where o is the standard deviation and N is the number of

samples.

o

SE= = (3.4.1)

Plasma was more effective in destruction of P. aeruginosa on all inanimate surfaces
tested when compared with S. aureus. There was an average of 4-log reduction in
CFUs of S. aureus and P. aeruginosa on stainless steel surfaces. On aluminum foil
and glass slides, there was an average of 1.5-log reduction in CFUs of S. aureus and
3-log reduction in CFUs of P. aeruginosa. On hard plastic, there was an average of
2-log reduction in CFUs of S. aureus and 3-log reduction in CFUs of P. aeruginosa.
Since SE could not be calculated for P. aeruginosa because only 2 sets of data were
recovered, the error bars in Fig. IIL.8 represent the confidence calculated from the
average of error in Fig. IIL.7.

For this study, cold plasma treatment with the proposed surface discharge system
yielded better results on P. aeruginosa as compared to S. aureus in terms of cell log
reduction. As previously mentioned in Chapter II, gram-positive bacteria have a thick
peptidoglycan layer and no outer lipid membrane while gram-negative bacteria have
a thin peptidoglycan layer and an outer lipid membrane. Han et al. reported that
there are different inactivation mechanisms that affect gram-positive vs gram-negative
bacteria [59]. Gram-positive showed intracellular damage with little envelope damage
while gram-negative displayed cell leakage and DNA damage. Lee et al. reported that
certain gram-negative bacteria exhibit more significant morphological changes [90].
Several studies reported a dose dependent (usually time based) reaction to plasma
treatment that is also dependent on the bacteria specific phenotype [100, 90, 122].

The results of this study agrees with previous reports showing that gram-negative
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bacteria (P. aeruginosa) are more affected by plasma treatment versus gram-positive
bacteria (S. aureus).

In general, this study displayed a clear difference between bacterial inactivation
(BI) on metal tabs (stainless steel) versus plastics/glass/aluminum foil. It is known
that for some materials, plasma treatment (for example microwave-induced argon)
alters the composition and roughness of the material surface [87, 63, 167]. The con-
tact angle, wettability, and thus the hydrophilicity are all parameters that change
depending on plasma exposure duration. Other studies have observed that higher
relative humidity (RH) results in increased inactivation of bacteria when exposed to
cold plasma [124, 107].

Similar to these previous studies the results of the current study (observed for
metal tabs) also suggested that there may be a correlation between the change in
surface adhesion (lower surface contact angle therefore higher surface energy) and BI.
This could be because of a local increase in RH or specific increases in efficiency of
other plasma-based mechanisms that affect BI. Though there are many confounding
factors that still need to be isolated, there is a suggestive track that for simple gram-

positive/gram-negative bacteria, this plasma treatment is effective for BI.
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Figure II1.7: Log reduction of S. aureus on various substrates after plasma treatment.
The standard error from three runs are also depicted.
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Figure I11.8: Log reduction of P. aeruginosa on various substrates after plasma treat-
ment. Averages are calculated with only 2 sets of data. The error bars represent an
estimation of the confidence based upon the previous test as shown in III.7.
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3.5 Surface Discharge Effects on Mice Skin

Understanding the effects of plasma on inanimate objects provides valuable efficiency
data, however an animal model would be useful in evaluating its applicability for
biological/clinical applications, such as wound healing. In this study a mouse model
was used to investigate any negative effect of CAP on healthy skin. All studies were

performed in accordance with approved protocols from the Institutional Animal Care

and Use Committee (IACUC).

3.5.1 Experiment Design

Six to seven week old C57BL/6 albino laboratory mice from Jackson Laboratories
were obtained for the study. Mice were sedated using isoflurane inhalant anesthesia
or injectable anesthesia using a ketamine mixture. The right and left lateral sides of
the abdomen area of the mice were shaved.

The same handheld open plasma system that was used in the substrate treatment
study was used for this mice skin study, Fig. I11.9a. New actuators were used for each
experiment. The right side was treated with plasma for 5 minutes with a 1-minute
break after 2.5 minutes, similar to the treatment procedure used for the inorganic
surfaces study. The left side served as the negative control. Following treatment, the
mice were euthanized and the shaved regions of the skin from both sides were imme-
diately excised out and transferred into 10% neutral-buffered formalin for histological

examination.

3.5.2 Results and Discussion

The study on mice was conducted to evaluate any adverse effects plasma treatment
may induce on skin (Figs. III.11a and III.11b). No observable thermal/electrical
damage was detected following plasma treatment.

Histological examination of plasma-treated skin, performed by a board certified
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Figure I11.9: Plasma treatment on mice skin.

Figure I11.10: Side view of the plasma treatment on mouse skin experiment.

pathologist, did not reveal any evidence of thermal damage or inflammation. There
were no observable histologic difference between treated and untreated mouse skin.
However, damage to skin following plasma treatment has been reported by other
researchers [80, 147, 72]. These studies used other types of cold plasma (helium
plasma jet and atmospheric pressure plasma jets).

Though the effects of plasma on wounds is still relatively unexplored, it can be

inferred that this plasma treatment is apparently safe for use on intact skin.
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(a) Untreated mice skin (left abdomen). (b) Treated mice skin (right abdomen).

Figure II1.11: No observable histologic difference between treated and untreated
mouse skin.

3.6 Plasma System Temperature Study

An important final product for this project was to obtain reasonable improvements
for future devices based off of in-lab testing of the device in a near appropriate en-
vironment. During the previously discussed inanimate substrates test, temperatures
were recorded during the treatment of the samples. This was to determine the pulsing

duration and whether a break-time was required.

3.6.1 Methods and Procedure

Due to the semi-closed state of the system, heat dissipation from the plasma actuator
radiated to the sample and back to the actuator. The actuator itself was brought
to the highest level of uniform plasma (right before reaching the streamer regime)
to improve bacterial inactivation. This also increased the energy dissipation from
the actuator in the forms of heat and light. The temperature was recorded using a
infrared thermal imaging camera on both the actuator and treatment surface before

testing, immediately after the first wave of pulses, and after the second wave of pulses.

3.6.2 Results and Discussion

An example of the thermal imaging of the HHPD is shown in Fig. III.12. The

image showed that the temperature displays 109°C on the surface of the actuator.
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However this temperature is not indicative of what the temperature on the substrate
is. Radiated heat does reach the treatment surface but through the relationship
seen in Equation 3.6.1. With a few centimeters of separation, the heat felt reduces
down to reasonable levels that do not thermally hurt samples (below 60°C). The
temperature was observed to continuously rise upon each actuator pulse until a peak
point was reached upon turning off the actuator for a temperature rest (Fig. I11.13).
The plot displayed a drop of temperature during actuator off moments and a rise in
temperature during ‘on” moments. The temperature decreased at a slower pace than
the pace increased as represented by the lower negative slow vs positive slopes in
most cases. Similar results and trends were seen in other materials. At the end of the
treatment, the peak of temperature was reached at around 60°C. This temperature,
though not severely thermally damaging, could be reduced using methods such as
airflow through the device or heat sinks on the actuator. Though the device already
provided some airflow itself due to the inherent body force from the actuator, more
airflow could move the higher temperature air and replace it with cooling air. The
pitfall here is that there could be a loss in plasma-generated species though some
studies suggested that refreshed species could be beneficial for microbial inactivation.
The addition of heat sinks required critical thinking. Most heat sinks are conductive
and so would cause arcing on the actuator. The highest temperature points as seen
in Fig. II1.12 is directly on the electrodes. To combat this, ceramic or non-electrical
conducting heat sinks were used. Inefficiencies here needed to be dealt with because

of possible arcing problems.

q=o0T*A (3.6.1)
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Figure I11.12: Infrared thermal imaging of the handheld plasma device in operation.
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Figure II1.13: Temperature profiles of blood agar and glass slides during plasma
treatments.
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3.7 Surface Discharge Effects on Equine Blood

Surface discharge effects on living cells is critical for understanding whether cold
plasma can be utilized for wound healing. Various studies have shown that there are
coagulation effects on blood post plasma treatment [102, 33, 175], but more research
is needed to observe specifically what happens to certain blood cell types especially
using surface discharge. In the following experiment, equine blood is treated with
cold plasma through surface discharge. The goal will be an overhead view at the
effects of plasma treatment on red blood cells (RBC), white blood cells (WBC), and

platelets.

3.7.1 Experiment Design

The same handheld open surface discharge plasma system was used to treat equine
blood samples. The blood had anti-coagulant in it to prevent it from coagulating
immediately upon being drawn. The blood was donated from the veterinary school
at Oklahoma State University by Drs. Todd Holbrook and Theresa Rizzi. For this
experiment, the blood smears were made and treated with the plasma device pulsing
at 500 ms on/off. The treatments were 0 (control), 1, 2, and 5 minutes long. Time
segments of 1 and 2 minutes were chosen because they mimic short term treatment
time to promote wound healing capabilities as described in Chapter II. The time
segment of 5 minutes was chosen because a longer term effect would provide valuable
insight into pushing the boundary of dosage and seeing whether decontamination-like
effects would start occurring. Each trial used a different blood smear because staining
of the blood smear would be performed posttreatment. Two distances were tested as
an additional variable: 0 and 1 inch away from the surface (plus device offset). The

device sat directly above the blood smear.
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Maanification: 50 " ~0 ‘.
Figure I11.14: Image of untreated blood smear with no plasma exposure. Magnifica-
tion at 100x.

3.7.2 Results and Discussion

An image of a non-plasma treated blood smear is shown in Fig. I11.14.

There was no difference in cell morphology following plasma treatment of the two
distances evaluated. At minute 1, Fig. II1.15, and 2, Fig.II1.16, of plasma treatment,
there were little to no changes in cell morphology of RBC, WBC, and platelets. At
5 minutes of plasma treatment, morphological changes were evident (Fig. II1.17),
which could be due to oxidative stress.

No significant changes in structure of the WBCs were observed during any of the
time points (Fig. I11.18).

Lastly, changes in platelets were observed by the 5 minute mark (Fig. I11.19). It
is unusual to see multiple platelets in one viewing window at 100x magnification as

shown in Fig. II1.19. Possible platelet activation following 5 minutes of treatment

54



Figure II1.15: Image of treated blood smear after one minute of exposure. Magnifi-
cation at 100x..
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Figure II1.16: Image of treated blood smear after two minutes of exposure. Magnifi-
cation at 100x.
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Figure II1.17: Image of treated blood smear after five minutes of exposure. Magnifi-
cation at 100x.
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Platelet Clump &

J
Figure I11.19: Aggregating platelets after 5 minutes of plasma treatment.
was also observed (Fig. I11.20).

Yan et al. reported that rapid in vitro blood coagulation from a plasma-induced
agglomerated layer of blood that was thick and dense and composed of broken platelets
[175]. They concluded that cold plasma was effective for stanching bleeding from a
surgical incisions in rats. Golpour et al. reported that the mean number of RBC,
WBC, platelets, and hemoglobin concentration remained similar between plasma
treated and untreated whole blood samples of chronic lymphocytic leukemia patients
[51]. They observed an increase in lipid peroxidation and RNS deposition in the
whole blood of both CLL patients and healthy subjects. Schmidt et al. reported
that plasma-treated skin increased the disaggregation of cells in the stratum corneum
which led to increased tissue oxygenation, oxidation of SC-lipids, and restricted pene-
tration of the model drug they used (curcumin) [138]. This study was centered around
skin barrier regulation. These previous studies give interesting insights and confirm
and /or give context for the results found in the blood study presented here. Future
studies that isolate and observe blood cell functionality following plasma treatment

can help in better understanding the results observed in the current study.
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Figure I11.20: Possible platelet activation and aggregation after 5 minutes of plasma
treatment. Note the streams extending from the platelets.

3.8 Summary

Cold plasma is a novel technique that can revolutionize healthcare system across the
globe. Continued advancements in this technology, we are tapping into an unknown
source with strong potential for use in disinfection, sterilization, surface decontam-
ination, and wound treatments. With further testing, plasma can be optimized for
decontamination of all types of surfaces, including skin. Unlike antimicrobial drugs,
plasma treatment is not likely to induce antimicrobial resistance traits in bacteria
due to it employing cellular destruction through the multiple physical pathways that
result in loss of cell wall integrity [59].

This study described a handheld open type model for localized sterilization which
can be used on both animate and inanimate objects. The effectiveness of an open
model plasma system at bacterial destruction was demonstrated in this study. Various
surfaces tested indicated at least a 3-log reduction in bacterial load. Efficacy of
plasma treatment varied across different surfaces and across bacterial species tested.
Stainless steel and hard plastic showed the highest efficacy for bacterial inactivation.

Inactivation of bacteria on aluminum foil and glass slides were successful; however,
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efficiency was lower compared to metal surfaces. Plasma treatment was found to more
effectively inactivate P. aeruginosa, a gram-negative bacterial when compared to S.
aureus, a gram-positive bacteria.

A pilot study performed on mice to evaluate thermal and physical effects of
plasma treatment on skin was promising and did not reveal any significant histo-
logical changes.

Similarly not much effect was noticed following short term plasma treatment on
blood samples. However, prolonged treatment at 5 minutes induced morphological
changes to the cellular structure that could have a negative impact.

To further optimize device performance thermal imaging techniques were used for
the identification of heat buildup locations and appropriate positioning of heat sinks.
This helped in lowering the radiative heat to the testing surface and maintaining it

below 60°C.

61



CHAPTER IV

Configurations of Plasma Actuators

4.1 Introduction

The easily customizable nature of SDBD actuators allows for the construction of var-
ious geometries and configurations to improve the efficacy of desired parameters. In
the following chapter, three specific configurations will be discussed: cylinder, thread,
and mesh. The goal of this investigation into configuration changes is to determine
whether certain configurations will have a better effect for wound healing by altering
the flow field and thus changing the literal direction and quality of species (through
mixing) of the plasma-generated species. A brief dive into quantifying mixing will be

towards the end.

4.2 Designs Considered

To determine what is necessary, we needed to find out what was possible. Brain-

storming to determine feasible designs and their applications occurred.

Plasma Wand: This design is based on surface treatments from a distance, Fig.
IV.1. The actuator sat in the top piece of the device with the electrodes leading
down the handle. The handle had the ability to be designed to be longer or
shorter. The design was made for situations in which one could either not reach
the surface or is required to be far from the surface. In general, other plasma

wand designs utilized a plasma jet as the plasma generation method. The top
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piece of the design ended up being flimsy when 3D printed and the application

was not commonly needed.

Plasma Activated Water: This design was common for indirect biomedical appli-
cations from sterilization to cancer treatment. The idea was to generate species
in a separate container and bubble the species through the water. The sur-
face area of the bubbles allowed the generated species to affect the water and
effectively activate it. Though the application was completely necessary, the
actual activation of the water proved to be difficult. The pH of the water was
measured to observe changes in species to no avail. Longer bubbling time or a

completely different method were considerations.

MISC: Handheld plasma device and plasma spirals were also considered for more
complex designs, Figs. IV.2 and IV.3. The handheld device was a combina-
tion between the wand design and the current benchtop-sitting-on-a-surface de-
sign. The spiral design theoretically helped induce vorticies to mix the plasma-

generated species.

The design settled on for this study was the cylinder. This was because the design
is simple to create, and could still provide valuable insight into parameters that could
affect future geometric changes. The idea behind delving into cylinders was to better

understand the role of species mixing for microbial inactivation/wound healing.
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Figure IV.1: CAD model of a plasma wand design.

Figure IV.2: CAD model of a handheld plasma design.

Figure IV.3: CAD model of a plasma spiral design.
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4.3 Cylinders

In the first study, SDBD was used to evaluate cylindrical plasma actuators for in-
activation of Salmonella enterica. A cylindrical SDBD configuration was evaluated
to determine if the inherent induced body force could be leveraged to impel plasma
species, such as reactive oxygen and nitrogen species (RONS), as an apparatus to ster-
ilize surfaces. The cylindrical structure is evaluated in this study to observe whether
an increase in mixing is possible to efficiently distribute the plasma species, thereby

improving bacterial inactivation efficiency.

4.3.1 Actuator Material and Design

The cylindrical actuators used in this experiment were created using thin Teflon
sheets, viewfoil made from polyester, and copper tape for the electrodes. The viewfoil
was critical to this experiment to allow laser light to penetrate the cylinder. Half the
cylinder was viewfoil, while the other half was Teflon to act as the dielectric for the
surface discharge actuator. The actuators were relatively circular with a diameter of
around 1 inch. The actuators were constructed in an asymmetric configuration to
allow for stronger induced flow. Each actuator configuration is displayed at the start
of each electrode configuration PIV analysis, respectively. In the PIV experiment and
the biological experiment, ambient air was used as the gas medium.

The electronics powering the actuator consisted of a minimax70 transformer (In-
formation Unlimited, Amherst, NH, USA) running at 7 kV and 10 mA and a 4.8V
2000 mAh battery pack (Tenergy, Fremont, CA, USA), as seen in Fig. IV.4. The
transformer utilizes a five-stage multiplier and can easily generate 30 kV at 0.5 mA

with the output at 25-35 kHz. The power going into the actuator is high-voltage AC.
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4.8V 2000mAh Minimax 7kV 10mA
Battery Pack Transformer

Figure IV.5: PIV setup schematic.

4.3.2 Particle Image Velocimetry Setup

Particle image velocimetry (PIV) is a commonly used analytical technique used to
evaluate bulk fluid velocity profiles. In this experiment, the PIV setup utilized a
Big Sky Laser Ultra Duel Nd:YAG laser that was connected to a pulse generator
along with a high-speed Motion Pro X3 camera, as seen in Fig. IV.5. A Taitech
DG-100 timing control unit was used to control a Quantum Composers Plus 9518
pulse generator for laser/camera alignment. A Tektronix TDS 2014B oscilloscope
was connected between the pulse generator and the lasers to monitor pulse delays.
A laser optical setup that consisted of a cylindrical rod and a mixture of convex and
concave lenses was used to obtain a <2 mm laser sheet thickness. A ChauvetDJ
Hurricane 700 fog generator was used to seed the air for PIV measurements. The

time delay, dt, used for this specific experiment was 500 us.
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Figure IV.6: Schematic of the biological experiment setup.
4.3.3 Biological Experiment Setup

For the bacterial inactivation section of this experiment, each cylinder configuration
was used as a tube that enclosed a biological sample. The cylinders were rotated
sideways and sat flat over the sample in a way to not touch the sample. A plastic
cover was used to cover the open end of the cylinder. The entire setup was performed

in a biosafety cabinet in a Petri dish. The setup is seen in Fig. IV.6.

4.3.4 Results and Discussion
Particle Image Velocimetry

Particle image velocimetry (PIV) analysis was used to evaluate the bulk fluid velocity
profiles and mixing parameters within cylindrical SDBD plasma actuators with one,
two, three, and six electrode arrays. The aim of PIV analysis was to determine the
extent to which the actuators were capable of inducing airflow mixing. Since plasma-
generated reactive species are known to have biocidal effects, an increase in airflow
velocity and mixing capability would theoretically result in improved delivery of re-
active species to contaminated surfaces, resulting in increased efficiency for surface
decontamination applications. Although SDBD actuators can be constructed and ar-
ranged into any three-dimensional structure, a cylindrical structure was used in this
study to allow the optimal evaluation of airflow mixing capabilities since no edges or

corners are present to influence the airflow dynamics. Additionally, the number of
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electrodes was varied from between one and six to evaluate the effects of increased
plasma volume on the airflow velocity and mixing capabilities. The higher resolution
in lower electrode numbers (one, two, and three electrodes) was to observe minute
differences between each, while the larger electrode number of six was utilized to ob-
serve the upper limit of mixing. To compare the amount of mixing between the var-
ious electrode arrangements, several parameters were examined, including vorticity,
streamlines, velocity magnitude, and root mean squared (RMS) velocity fluctuation.

For the one-electrode actuators, a strong single vortex was generated near the
actuator that entrained only the flow close to the walls (Fig. IV.7a). Note that
the actuator is positioned in the same location across all plots and their respective
schematic. A highly concentrated vortex was clearly visible near the location of the
actuator interface where the plasma-induced wall jet is generated (Fig. IV.7c). As
expected, this was also the location of maximum particle velocity (Fig. IV.7) and
velocity fluctuation (Fig. IV.7d), indicating a higher degree of mixing.

When two-electrode actuators were used, the flow properties were more uniform
within the entire cylindrical region (Fig. IV.8). However, unlike the single small,
strong vortex close to the electrode in the one-electrode arrangement (Fig. IV.7c),
two larger but comparatively weaker vortices were observed in the two-electrode ar-
rangement (Fig. IV.8c¢).

Accordingly, when three electrodes were used, three vortices were observed—two
of which were considerably smaller than the third (Fig. IV.9). The largest vortex
at the center of the cylinder is presumed to influence the plasma-produced particles
and redistribute them throughout the cross-section of the flow (Fig. IV.9¢). This
characteristic results in a more uniform distribution of plasma-generated reactive
species and more efficient surface decontamination potential.

The jump to six electrodes continued this trend with the most complete redis-

tribution of particles in the flow (Fig. IV.10). An increase in electrodes also comes
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with an increase in locations for the induced flow to originate from. Characteristi-
cally, more electrodes contribute to an increase in plasma surface area and volume,
resulting in a higher concentration of reactive species in the flow.

These results suggested that increasing the number of electrodes and strategic po-
sitioning of the electrodes allows greater circulation and promotes better distribution
of the induced airflow. Increasing the number of electrodes resulted in increased air-
flow uniformity and greater airflow mixing within the entire cylindrical region (Figs.
IV.10a to IV.10d). This increased airflow uniformity may be attributed to the cou-
pling of the flow of two adjacent opposite-acting actuators that result in a plasma jet
directed perpendicularly to the surface. Increased mixing was primarily observed at
the point of convergence of streamlines where the two vortices met (Figs. IV.8c and
IV.9¢). Thus, a higher number of vortices resulted in increased velocity variation and
improved mixing tendencies (Fig. IV.10c).

Further analysis of the flow field without a cylindrical enclosure revealed that the
flow is perpendicular to the cylindrical actuator surface and the vortices are a result
of the obstruction formed by the remainder of the cylindrical enclosure formed by the
transparent shell. These results suggested that increasing the number of electrodes
and strategic positioning of the electrodes allows for an increased circulation and

optimal mixing of the flow.

Bacterial Inactivation by Cylindrical SDBD Actuators

All four SDBD actuator arrangements, utilizing one, two, three, and six electrodes, re-
duced Salmonella enterica populations on the inoculated coverslips after four minutes
of treatment. Average log CFU mL™! reductions of Salmonella cells were 1.30, 1.54,
1.81, and 2.28 for the one-, two-, three-, and six-electrode actuator arrangements, re-
spectively (Fig. IV.11). The average bacterial log reductions for the one-, three-, and

six-electrode arrangements were significantly different from each other, while the log
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Figure IV.7: (a) Schematic of one electrode (1E) actuator (not to scale), (b) 1E
vorticity plot, (¢) 1E streamline and velocity magnitude plot, and (d) 1E RMS velocity

plot.
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Figure IV.8: (a) Schematic of one electrode (2E) actuator (not to scale), (b) 2E
vorticity plot, (c¢) 2E streamline and velocity magnitude plot, and (d) 2E RMS velocity

plot.
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Figure IV.9: (a) Schematic of one electrode (3E) actuator (not to scale), (b) 3E
vorticity plot, (¢) 3E streamline and velocity magnitude plot, and (d) 3E RMS velocity
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Figure IV.10: (a) Schematic of one electrode (6E) actuator (not to scale), (b) 6E
vorticity plot, (¢) 6E streamline and velocity magnitude plot, and (d) 6E RMS velocity
plot.
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reduction from the two-electrode arrangement was only significantly different from
the six-electrode arrangement (p < 0.05). These data confirmed that the increase in
induced airflow of SDBD actuators with increased numbers of electrodes correlates
with increased bacterial inactivation. These results suggested that improved particle
velocity, increased airflow mixing, and increased plasma volume resulted in increased
surface decontamination efficiency. It should be noted that bacterial-inoculated cov-
erslips were treated in line with the airflow and particle motion in this study. It is
suspected that an increased bacterial reduction efficiency would have been observed if
inoculated coverslips were placed perpendicular to the airflow and particle motion. A
perpendicular orientation of contaminated substrate to plasma-induced airflow would
allow a more direct bombardment of plasma-produced reactive species and would
maximize the cell-damaging effects of these particles for surface decontamination ap-
plications.

A five-strain mixture of Salmonella enterica subspecies enterica (serovars Enter-
itidis, Typhimurium, Javiana, Seftenburg, and Poona) was used for inoculation of
sterile glass coverslips, which were then placed in the center of cylindrical SDBD
actuators with one, two, three, and six electrodes and treated for 4 min. Bacterial
strains were grown aerobically overnight with shaking (250 rpm) at 37 °C in 5 mL
tryptic soy broth (TSB, Difco, Sparks, MD, USA). The bacterial concentration of
each overnight liquid culture was determined by serially diluting the culture in 0.1%
(w/v) sterile peptone (Difco, Sparks, MD, USA) and plating in duplicate on tryptic
soy agar (TSA, Difco, Sparks, MD, USA), incubated overnight at 37 °C.

To prepare the inocula, 1 mL of each liquid culture was centrifuged at 9000x g for
3 min and resuspended in 1 mL of 0.1% (w/v) sterile peptone before being combined
with all other strains. In addition, 100 pL of the bacterial suspension (approximately
10" CFU) was used as inoculum and spotted in 20-25 spots (between 105 and 10°

CFU/spot) onto single sterile 22x22 mm glass coverslips and dried in a biosafety
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Figure IV.11: Average log reduction (CFU mL™!) of Salmonella cells inoculated onto
glass coverslips placed within SDBD actuators with one, two, three, and six electrodes
and treated for four minutes.

cabinet for 90 min prior to cold plasma treatment. Immediately after cold plasma
treatment, treated and untreated control inoculated coverslips were washed by vor-
texing for 30 s in 10 mL 0.1% (w/v) sterile peptone in 50 mL conical tubes. The
wash fluid was ten-fold serially diluted in 0.1% peptone, and 100 uL of appropriate
dilutions was plated in duplicate on TSA and incubated overnight at 37 °C.

Three biological repeats containing two replicates of each treatment were con-
ducted. Log reductions due to plasma treatment were calculated by comparing the
numbers of recovered cells from treated samples and untreated controls. Statistical
difference was calculated between treated samples and untreated controls from plate
counts by using analysis of variance (ANOVA) with SAS (Statistical Analysis System.

Inst. Inc., Cary, NC, USA). A significant difference was defined at p < 0.05.
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Mixing Analysis

The flow field data from the PIV measurements were taken an Lagrangian coherent
structures (LCS) analysis was performed on it. A Matlab code written by the Dabiri
Lab at the California Institute of Technology was used to perform the analysis [142].
Finite-Time Lyapunov Exponents (FTLE) are essentially a quantification of the sep-
aration of a flow. This was used as the output for the LCS analysis. The cylinder flow
fields from the previous sections were used to calculate FTLE values across different
number of electrodes. The flow fields gave a point with (x,y) coordinates along with
their respective (u,v) velocities. Different mesh sizes were used to quickly calculate
FTLE value or to thoroughly calculate them depending on resources.

Figures IV.12 and IV.13 are similar but it is clear that certain data is lost or found
upon increasing mesh size. For the comparison analysis, a mesh size of 200x200 was
used. Figure IV.14 showed that there is a linear increase in FTLE as the number
of electrodes increases with the exception of 1E. As mentioned, FTLE quantified
the separation at specific points based off of a time series of data inputted. When
summing up all amounts of separation, 6E was found to have the most separation with
1E near it. It is possible that the differences were not appreciable for the effects on
BI, additional testing is necessary. It is also possible that separation did not perfectly
equate to mixing the species. Finally, there is the possibility that mixing did not have
any effect on BI and the increase in BI found before was purely from plasma volume

increase and thus higher species conversion.
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Figure IV.13: Contour plot showing FTLE values for 3E at a mesh size of 50x50.
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Figure IV.14: Plot of FTLE vs. number of electrodes.

4.4 Plasma Thread and Mesh

An interesting configuration that utilizes the uniqueness of surface discharge and its
‘touchability’ is the plasma thread and mesh design. The following section discusses
preliminary experiments in characterizing these designs because of their potential for

future biomedical applications.

4.4.1 Plasma Thread and Mesh Design

This study was based off a design in which two Teflon covered metal wires are twisted
into a helical configuration, Fig. IV.15a. A line of intersection was twisted along the
length of the wire. This is where plasma was formed. Further, the mesh design was
created by weaving one strand of wire perpendicularly into another, rounding back
after a set distance, creating many intersection points, Fig. IV.15b. For this project,
3x3 in? sized meshes were created. The final configuration design was modeled after
a possible wound healing or dust mitigation application. By taking 3 sets of 3x3
2

in“ mesh pieces, a cuff was formed, Figs. IV.16 and IV.24. The cylindrical design
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(a) Picture of the plasma helical thread. (b) Picture of the plasma mesh.

Figure IV.15: SDBD helical threads made from Teflon covered copper wires (left) and
SDBD plasma mesh woven from Teflon covered copper wires (right).

(a) Plasma Mesh ’Cuff’ (Top View) (b) Plasma Mesh ’Cuff (Side View)

Figure IV.16: Mockup of a ’cuft’ design for wound healing or dust mitigation appli-
cation.

was large enough to fit an average sized arm inside. The Teflon allowed for directly

touching the mesh without being in danger of electrical shock.

4.4.2 Experiment Setup

All experiments were performed at the Oklahoma State University Advanced Tech-
nology Research Center in the Hydrodynamics and Aerodynamics Laboratory. The
following setup was on an optics table with several grounds connected for safety.
The setup for this experiment was a simple PIV arrangement consisting of a dual-

pulsed Nd:YAG laser, a high speed camera, a pulse generator to synchronize between
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Figure IV.17: PIV setup for flow visualization around a plasma thread mesh.
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Figure IV.18: Schematic of the plasma mesh electronics setup.

the laser and camera, an optical setup to create and focus the laser sheet, and the
plasma system, Fig. IV.17. The plasma system included a power supply/transformer
combination, a microcontroller for duty cycle and frequency control, and the plasma
actuator itself, Fig. IV.18. The high voltage transformer was an off-the-shelf plasma
power supply from Information Unlimited, NH. With a microcontroller, the duty cycle

was controllable, but was kept at a constant ‘on’ throughout this experiment.

4.4.3 Experiment Procedure

Due to the goal of the experiment mainly being qualitative and baseline feasibility,
the procedure was relatively simple but repetitive. Each plasma configuration was
tested at relatively similar primary side voltages until a uniform plasma distribution

is seen on the actuator. The primary and secondary side voltages and currents were
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measured. Initial tests started at a 100% duty cycle for simplicity. Each actuator had

several PIV data sets to confirm findings. The procedure was performed as followed:

1. Turned on the plasma and reach a steady and uniform state. Noted the voltage
and current on both the secondary and primary side of the plasma system upon

reaching this point.

2. Held at this position for 30 seconds to allow for the flow to stabilize. Note,
previous tests showed that the primary side voltage will steadily decrease over

time.
3. Began the high-speed camera recording.
4. Performed PIV analysis.

5. Repeated steps 1-4 for several trials and take note of voltage and current

changes.

6. Repeated steps 1-5 for each actuator configuration and mesh orientation.

4.4.4 Results and Discussion

In each of the following PIV result analyses and discussion, the laser sheet entered the
frame from the right side, thus illuminating more seeding particles on that side. The
camera was perpendicular to the one plane illuminated by the laser sheet. The circular
aperture of the camera was visible in all the following images. The laser pulses were
phase locked with the camera capture to ensure images at each laser pulse. The duty
cycle of the plasma actuators were not phase locked in this case because they were
not pulsed but kept running throughout the entire data capture sequence. Various
locations have been masked out due to bright reflections generating arbitrary data.
Due to the low velocity nature of the flows here, the time delay between laser pulses

(and thus camera snapshots) dt was approximately 1000 ms. The PIV analysis was
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(a) Thread setup schematic. (b) Mesh setup schematic.

Figure IV.19: Low interference PIV setups for mounting the thread and mesh, re-
spectively.

run with interrogation windows of 32x32 for the first pass and 24x24 for the second
pass. Minimal amounts of pre- and post- processing was performed. The coloring scale
of the vectors were arbitrarily maximized between the lowest and highest recorded

values to better display visual differences in pixel displacement.

Plasma Thread

The first configuration was the plasma thread. In the results below, the plasma thread
helix was mounted on a wooden block and viewed along the length of the helix, Fig.
IV.19a. At each section of the helix was a different flow field cross section. In the
plane viewed here, the flow is observed to flow upward directly adjacent above the
helix. From this point, the flow began to form a vortex that flows clockwise upward
and to the right of the helix, Fig. IV.20b. The flow strength was seen to be higher,
closer to the helix while weakening away from the helix. The possibility that this was
an artifact of the camera aperture should be noted. Initial thoughts were that the
helix would form a vortex centered on the helix itself, but it was possible mounting
setup affected the position of this vortex. Looking only at the raw footage, the vortex
seemed to be in the same location the entire way along the helix, Fig. IV.20a. In

all 3 trials performed on the plasma thread, the results were similar in that a vortex
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(b) PIV image of the instantaneous velocity
(a) Raw camera image of the flow. field.

Figure IV.20: Raw image and vector field of the plasma thread flow field.

formed in a similar location with similar intensities. The average velocity field of the
experiment displayed a milder version of the instantaneous velocity field, but similar
trends and slightly lower vortex core, Fig. IV.21. Further investigation is required,

but if the vortex location was controlled, this was a particularly useful find.

Plasma Mesh

The second configuration was the plasma mesh, Figs. IV.22 and IV.23. In the results
below, each corner of the plasma mesh was mounted to an optical mounting rod
directly inserted into an optical table, Fig. IV.19b. The mesh was mounted using
cloth threads to prevent the conduction of current. The first notable trend was that
there is an overall upward flow, Fig. IV.22a. The raw footage showed that flow is
pulled in from the top right, top left, and bottom of the image. The flows on the
topside of the mesh were moving faster than the flows below. All the flow was then
forced directly upward with various fluctuations due to colliding flows, Fig. 1V.22b.
Vortices rolling up along the intersection points of the mesh were also visible in the

raw footage and periodically show up in the PIV analysis. There is one section that
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Figure IV.21: Average velocity field.

appeared unnaturally darker than the rest near the middle of the PIV analysis frame
where the flow should look symmetric. This looked to be an artifact of the laser sheet
coming in from the right of the frame and even when average over many frames still

holds steady, Fig. IV.23b.

Plasma Cuff

The third configuration was the plasma cuff, Fig. IV.16. The plasma meshes were all
connected in series thus requiring three times more power for the same level of plasma
uniformity as the plasma mesh above. The cuff was also mounted in a similar method
to the mesh so that it would be suspended. It should be noted that the plasma here
in this image is safe to the touch and in these short duration experiments did not
produce large amounts of heat. Unfortunately, the plan for this analysis was to utilize
the light passing through the small holes in the mesh for PIV analysis, but there were
not enough light particles. Streaks were visible in the raw image that illuminated the
particles in the air/laser sheet, but there were not enough for a proper PIV analysis,

Fig. IV.24a. In the future works section, a technique was described to attain this
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(b) PIV image of the instantaneous velocity
(a) Raw camera image of the flow. field.

Figure IV.22: Raw image and vector field of the plasma thread flow field.

(a) Raw image of the mesh actuator ’on’.  (b) PIV image of the average velocity field.

Figure IV.23: Images of an actuating and average velocity PIV images for the plasma
mesh.
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(a) Raw camera image of the plasma cuff
prior to PIV testing. (b) Plasma cuff actuator on.

Figure IV.24: Plasma cuff actuated on and in position for PIV testing.

data at a later point in time.

4.5 Summary

4.5.1 Cylinders

In summary, using a cylindrical SDBD actuator, a correlation between an increase
in the number of electrodes and an increase in the degree of mixing was observed.
The increase in electrodes provides more wall locations for airflow to be entrained.
Velocity fluctuations increased as well, which demonstrated a higher degree of parti-
cle redistribution within the airflow. The total number of vortices perceived within
the cylindrical structure increased with more electrodes. The area between vortical
structures caused the highest fluctuation in velocities, which potentially indicated
mixing. Additionally, the increase in electrodes yielded an increase in total plasma
surface area, which is observed to correlate with an increase in bacterial inactivation.
More plasma species were generated by the higher plasma volume, and the bacterial
inactivation efficiency of these species were enhanced due to the higher particle redis-

tribution rate. A relative decrease in power per plasma surface area in the actuators
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with more electrodes was not observed to play a role in plasma-based decontamina-
tion but needed to be analyzed for changes in the type of dominant species produced
when higher power regimes are used. Increased power only produced streamers and
heat in this study, which may not be beneficial for actuator longevity.

A cartoon schematic was illustrated below to summarize expected vortices from
certain cylindrical electrode configurations (Fig. IV.25). In the case of an odd number
of exposed electrodes, the imperfections in the electrodes have one side dominant,
thus altered the positions of the expected vortices. In future studies, cylindrical
structures could be further explored in cases of electrodes all the way around the
cylinder with the jet vectors, all directed inward along with various combinations
of laid along the wall to accelerate or interrupt the flow. In this study, in which a
cylindrical configuration with an increased number of electrodes was used, a higher
efficiency SDBD actuator in terms of degree of airflow mixing was possible for bacterial
inactivation. Potential applications of these findings spanned multiple disciplines for
surface decontamination of complex structures.

Finally, there were essentially 3 pieces affecting this current analysis: 1. electrodes
or in essence plasma volume, 2. mixing (FTLE), and 3. microbial or specifically bac-
terial inactivation (or in our case the log reduction). The BI analysis resulted in a
relationship between between plasma volume and BI efficacy. Note that there were
differences in effects on mixing due to actuator geometry/position of the electrodes.
The LCS plot displayed prior shows a relationship between plasma volume and mix-
ing. And finally, the last portion should be a relationship between mixing and BI
efficacy. This last portion should ideally be independent of volume. This analysis
showed that there are several parameters that could be held static or varied in sev-
eral different configurations to observe the combination or individual contributions
of each. There was also positioning that definitely plays a complex role because of

the 6E actuator covering half the entire actuator while the 1E only covers about 1/6
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Figure IV.25: Cartoon schematic of expected vortices from one, two, three, and six
electrode cylindrical actuators.

of that. Understanding this, there were several proposed works that stem from this

analysis that will be discussed in the future works section.

4.5.2 Plasma Thread

One novel usage of the plasma thread in which it was designed for was to decontami-
nate subjects in tubes. By vortexing a test tube with a plasma helix in it, the reactive
species would be able to sterilize or decontaminate seasonings or spices (smaller par-
ticulates in the order of 0.1-0.5mm) in tubes while utilizing the induced air flow
generated by the helix to fill up the entire tube, leaving no stagnant points. The PIV
results here showed that the vortex is indeed strongest near the helix, but the air
affected extends out a sizeable range. This opens the possibility of using the thread
as pillars/nodes within a structure to release and convert the air at those points into
plasma species for decontamination. Note, for each experiment the resulting air vor-
tex was above and adjacent to the thread rather than directly around it. This may be
due to buoyancy effects as along with the semi-closed nature of the system. Though
the system was partially isolated along the sides and the top, the bottom had a small
opening that might have affected the results, though consistently. There have been
several studies that discuss running into buoyancy effects created due to the heat
dissipation from the plasma system [7, 71]. Though these plasma systems are not the
same as the one here, there was no reason to not suspect similar effects due similar

experimental conditions.
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In the future, further tests on different cross sections of the helix as well as other
custom configurations of the helix, such as a helix of the helix, could be explored
for further complex geometrical flow fields. A setup in which the system was truly
isolated would aid in confirming why the resulting vortex was not directly on the
helix. Additionally, the temperature of the helix and the surrounding air could provide
useful data in analyzing whether buoyancy effects were at play, though previous works
suggest this as a real possibility. The thread is also small enough that it could slip
into locations that many other plasma configurations cannot, such as endoscopes and
other medical devices that are difficult to sterilize. Additionally, further analysis of
the current data set in the form of derived quantities could be performed. This plasma
thread was made with just two strands of Teflon covered copper thread. Having 2
sets of pairs wrapped around one another as well as having them counter rotating

and adjacent could provide useful applications.

4.5.3 Plasma Mesh

From the results above it is evident that the flow is biased towards one side. We
hypothesized that reversing the polarity of the current could alter this. The mesh in
and of itself had many different forms, but one potential application was as a dust
mitigation tool. By having something like this on a desirable surface, one actuation
would repel charged particles away from the surface. Additionally, there are more
complex methods of weaving that would allow for possible changes to the flow field
such as having a 2:1 ratio for the positive:negative electrodes. This could bias the
flow and allow for a controllable tilt in the flow field.

Pushing this concept further, by having multiple actuator setups in the same
mesh, each controlled independently, it could be possible to have flow moving in one
direction and immediately reverse the flow by changing the threads being powered.

The flexibility of this technology is not simply in its geometry but also in its electrical
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configuration. Further tests are required in to determine the charge polarity effects
as well as the concept of thread power control. Similarly, to the plasma thread data,
derived quantities such as total momentum flux at specific cross sections could be
calculated based off the PIV data.

As with the plasma thread, buoyancy effects might have effected the plasma mesh
as well. With the current configuration, it was difficult to tell if this is the case, but
a piece of mesh that is side mounted and temperature readings would aid in properly
isolating and characterize these conditions. There was also a consistent dark spot that
could possibly be air that is rotating out of the frame that the PIV is consistently not
picking up. Taking slices of the PIV at different positions into and out of the page
would aid this or 3D PIV. The obvious usage of the mesh would be in 3D shapes like

the plasma cuff.

4.5.4 Plasma Cuff

To successfully perform PIV analysis on the cuff, the laser sheet must be allowed to
pass through the cuff. To do this, one of two methods could be used. Two smaller
1.5x3 in? sections could be mounted separately allowing the sheet to be squeezed
in between them or the same cuff but with 2 cuffs side by side could be used. A
clear, non-conductive material could be used to maintain the cylindrical shape of the
actuator on the inside such as view foil.

Being designed as clothing, the plasma cuff is the closest to being a high-tech real-
istic application. The current limitations are portable power supplies that are efficient
enough to not be cumbersome to carry but can still produce enough energy to power
SDBDs. Additionally, the biological effects on bacteria, viruses, and cells in general
are still thoroughly being researched. The parameters used to control the induced
flow generated by the SDBD are also still being properly and fully characterized. If

optimized for power miniaturization, safety, and consistency, this technology could
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yield next level benefits for not just the biomedical industry but for many aerospace

applications as well.
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CHAPTER V

Closing

In this chapter we will summarize the results and findings of the two main chapters
describing experiments, Chapter III and IV. Conclusions will be drawn and sugges-
tions will be given after the summary. The aforementioned experiments have all been
performed to determine the feasibility of an asymmetrically arranged SDBD actuator

plasma system for wound care applications.

5.1 Summary and Conclusions

In Chapter I, we defined four objectives housed under an large plasma-system based
goal within an overarching, ambitious goal for mankind. With enough time and
effort in the form of several more studies involving cold plasma based wound care,
the fabrication of a plasma system for wound care could be feasible. There are
still requirements such as the assessment of good versus bad traits of PGS on good
cells, a more in-depth analysis and isolation of confounding factors found in plasma
treatment of live cells, and a dose dependent study for the control of these PGS. On
an individual level, this paper served as a foundation for three different aspects of
cold plasma wound care: 1. CAP interactions with various inanimate subtrates, 2.
CAP interactions with organic substrates, 3. CAP interaction with blood, and 3. the
evaluation of several geometries to improve the efficacy of plasma treatment for the
proposed biological objectives.

In Chapter III, we utilized previously obtained design parameters to engineer
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an open air asymmetrically arranged SDBD actuator plasma system. There were
three sections to this chapter: inanimate substrates, mice skin, and blood. Testing
procedures were adapted from previous experiments. The actuator was designed in
Eagle and ordered. The housing unit for the actuator was 3D printed with Formlabs
resin. All three experiments utilized the same plasma system. The results of the
inanimate substrates experiment was that for S. aureus metal tabs had the highest
average log reduction, followed by coverslips, and finally glass slides being similar to
aluminum foil. Similar results were seen for P. aeruginosa but with on average higher
log reduction. These results suggest that metal tabs, or stainless steel in this case
specifically, works well as a substrate for more effective decontamination /sterilization
plasma treatment. We have guesses that this increase in BI efficacy has to do with
the plasma treatment effectively altering the substrate and causing it to become an
inhospitable location microbes to proliferate. Additionally, MRSA is more resistant
to decontamination plasma treatment when compared to P. aeruginosa. This is a
consistent find with other studies and has to do with the gram-positive /gram-negative
nature of the bacteria. We can say that a solid foundation has been defined for future
studies that involve physical surface changes due to plasma and bacterial inactivation
due to plasma. Objective 1 has been satisfied with the investigation of CAP and
inanimate substrates.

Next we plasma treated mice skin and to see if there would be thermal or other
physical damages. Our results were that there were no histological changes to the
outer layer of the skin. We also looked at surface temperature changes on the inani-
mate substrates and determined that after a 5 minute plasma treatment the surface
would reach a peak of 60°C. We can conclude that with our time frame, plasma
treatment does not cause thermal damage to skin. With the observation of an or-
ganic substrate, we round off our substrates study with a preliminary experiment that

works towards a wound healing model (possible murine model). This also satisfies
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Objective 2.

Next we plasma treated anti-coagulated equine blood to observe its effects on the
different blood cells: RBC, WBC, and platelets. The plasma system was the same
as the previous 2 experiments, treatment regime was only observed at 0, 1, 2, and 5
minutes. This was because of the staining method needed to freeze the blood cells
posttreatment. Additionally different treatment heights was tested, 0 and 1 inch from
the surface. The results showed the treatment height did not change cell morphology
or behavior. Additionally, no changes happened at 1 or 2 minutes of plasma treat-
ment. By 5 minutes however, RBCs had begun experiencing oxidative stress and
many were deemed irreparable to the point they would not function any longer. The
neutrophils and eosinophils were essentially unchanged even when compared to the
control at 0 minutes of exposure time. The platelets began aggregating and possible
activating. We can conclude that plasma does indeed have an effect on blood mor-
phology and behavior. When looking at specific cells, RBCs lose function earlier than
WBCs which could potentially be a boon towards wound healing. Damaging WBCs
could be a strike when it comes to wound care. As for the change in platelet behavior,
plasma treatment has been known to induce coagulation. This could very well align
with that theory. Overall, treatment on blood does not discount it as a possible pro
in wound healing. The observation of blood is a critical part of understanding CAP
for wound care. The initial observations have been made and overall judgments are
given. This experiment satisfies initial requirements for Objective 3.

In Chapter IV, we performed several characterization experiments on different,
potentially useful, geometries and configurations. We specifically worked on cylinders,
threads, meshes, and cuffs. PIV analysis was combined with BI testing and an LCS
analysis to determine whether cylinders yielded positive results towards BI efficacy.
Though the study resulted in being inconclusive, it paved the way for the next cycle

of testing to tie up loose ends. There is a possible co-dependency between plasma
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volume, mixing, and BI. The results of the initial PIV test on cylinders was that
1E produced the highest magnitude velocity with one large vortex while 6E produce
many small vortices with low magnitude velocities.

BI testing indicated that as the number of electrodes increased, so did the BI
efficacy. Previous other previous works we know that there has been a relationship
established between plasma volume and BI. This is because a larger plasma volume
(even if it is at a lower intensity) converts more plasma species which results in
increase BI efficacy. However, due to there being an element of mixing due to the
actuator positions and the geometry of the actuator, there is inconclusive evidence
that mixing could have played a role.

An LCS analysis was performed on the cylinder’s velocity flow field PIV data. This
resulted in linearly increasing FTLE numbers for electrodes 2, 3, and 6. 1E however,
was an exception that had almost as high of an FTLE as 6E. We hypothesize that
this is because there are no competing flows in 1E so the air inside the cylinder just
spins quickly (highest velocity magnitude) around and around causing a large deal of
separation to occur overall. We suggest from this that FTLE is proportional to the
number of electrodes save for the special case of 1E.

Lastly, PIV tests were done on the plasma thread, mesh and cuff. The cuff tests
were incomplete because of seeding issues, but the thread and mesh show expected
results. The thread generated a vortex a little way adjacent to it with fairly high
magnitude. The mesh functioned as many surface discharge actuator in series and
gather all the flow and pushed it in one summed direction. The BI and mixing analysis
of cylindrical actuators amongst other geometries starts the dive into possibly more
efficient geometries and configurations for an SDBD based wound care device, thus
satisfying Objective 4.

Overall, the four defined objectives have been given foundations for further elab-

oration through additional future studies/experiments or have been satisfied for an
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initial investigation. Progress has been made towards the overall goal of a cold plasma
based wound care device, but certain steps will be necessary to continue the develop-

ment of this technology.
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5.2 Future Work Suggestions

5.2.1 Research Suggestions
From the work described above, there are many different pathways to pursue.

Substrates: It is clear that substrates alter the Bl efficacy of plasma treatment. The
next step would be either 1. test different substrates but of the same material,
e.g. different types of stainless steel, or 2. determine why a certain material
is more or less effective based off of parametric guesses. Plasma treatment is
sometimes used for surface modification [57, 73, 27]. Various parameters like
contact angle and deposition of materials could be reasons for increased BI effi-
cacy. These are also conjointly related to humidity, pressure, and temperature.
These involve changing the PGS created and control of what is and is not af-
fected. A study that surrounds observing the materials pre- and post-treatment
from an electron microscopy stand point would provide an effective foundation

into characterizing changes in contact angle/material deposition.

It should be noted that wood was attempted as a substrate but the inoculation
of a wet bacteria sample made recovery on the wood difficult and inconsistent.
Wood is a commonly found substrate that should be explored for its effects as
a substrate. The attempt was performed with and without drying the wood
post-inoculation. Aside from wood, other new generation materials should be
tested as well such as titanium, gold, platinum, cobalt chrome, copper, or even
magnesium-based materials. The wear down of these materials should also be
a point to consider. After multiple treatments, how is the material affected in

terms of BI efficacy?

Additionally, as mentioned in the discussion of Chapter III, there are several
direct means of improving the experiment. Although utilizing log reduction was

a quick method of determining cell count, it is an estimation of powers of 10
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bacteria colonies. Because of this, a better method for counting cells should be
used if the resources were available for a more detailed bacteria count. This
would prevent the problem of having 0 SE appear in the case of P. aeruginosa
for the substrates experiment allowing for more accurate portrayal of cell death
due to plasma treatment. The experiment described here was not a dosage
dependent study, which would significantly improve the usefulness of the data.
Temperature was an after product of the treatment that was only controlled to
a minor extent. Future studies should attempt to further mitigate temperature
effects due to its effects on the species generated, the movement of the species,

and the possible hazard to the sample/subjects.

Wound Model: Moving forward from mice skin would be a skin wound or some type
of wound model. Although a live wound model is preferred and required eventu-
ally, a preliminary wound model in the form of just epithelial cells would suffice
for initial tests with surface discharge [91, 136]. Several studies by other authors
have shown the effectiveness of murine models for demonstrating the effective-
ness of wound care related technologies. Thus it is suggested that a murine
model would be a great stepping stone towards equine models and eventually

human models.

The wound models would start with a simple separated layer of cells that would
be observed over a period of time for cell migration. A dose dependent study
could be done on this simple model and slowly upgraded in terms of cell layer
thickness. The migration rate could be compared pre- and posttreatment to
estimate the efficacy of CAP for healing breaks in skin. This study could be
pushed further by ”infecting” the model with bacteria and observing the cell
migration pre- and posttreatment as a representation of an infected wound.
Here, the decontamination aspect of CAP could be quantified and determined

to be supportive or resistive of wound healing. For each increase in complexity
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of wound models, epithelial cell models — murine models — feline/porcine
models — equine/bovine models — human models, the effects of cells migration
would be a strong place to start because of the lesser invasive nature of skin
experiments versus the other phases of wound healing. The bacteria used to
"infect” the model could also be slowly upgraded in terms of its ability to
mutate and become chemically resistant. The degree to which CAP is effective
on chemically resistant infections is theorized and proven to a certain extent,
but not well quantified and if characterized could prove to be monumental for

CAP based treatments.

To improve the mice skin study itself, a controlled look at the bacteria on the
skin pre- and post-treatment would be enlightening. The main issue before was
that there was a significant amount of uncontrolled bacteria already present
on the skin. In an improved study, a set amount could be placed on a certain
location, treated with plasma, and recovered posttreatment. Additionally, a
time sensitive study, or dosage dependent study, would prove very useful to

observe changes to the skin in more extreme conditions over time.

Blood: With the main subject of wound healing in mind, testing whether the differ-
ent blood cells still function post plasma treatment would be an interesting first
step. Isolating the specific blood cell types and treating them individually and
testing their function afterwards could yield valuable results [9, 112, 130, 134].
By individually looking at how CAP treatment affects red blood cells, white
blood cells, and platelets, the total effectiveness of CAP for wound healing es-
pecially in terms of blood interactions could be quantified. The degree of platelet
aggregation and activation as well as the amount of remaining functionality of
white blood cells posttreatment would be pivotal in the development of a CAP

wound care device. Quantifying and consequently answering the question of
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whether CAP does more harm than good would provide a solid foundation for

future technology funding and development.

Next, testing the coagulation rate of blood post plasma treatment would give
a more quantifiable answer to whether plasma is good for coagulation or not.
This could be done through thromboelastography (TEG) [20, 52]. Determining
the rate of coagulation and whether it is feasible to control its rate would help
determine what applications are feasible. A steep increase in coagulation rate
could be useful in time sensitive scenarios such as war-time triage, 3rd world
country applications, etc. Applications in which the treatment would need to

be quick and effective to multiple samples would be the target here.

Cylinders: Continuing with the discussion that was started in the cylinder’s results
section, to properly close out and understand the relationship between the three
components (plasma volume, mixing, and BI), a few more steps need to be

completed.

1. Do an experiment in which mixing is taken out of the equation with a force
stronger than the actuator and observe the relationship between plasma
volume and BI efficacy. This will fundamentally be the same as a BI effi-
cacy test on any geometry because the cylindrical shape was only present
to induce mixing. This experiment will essentially be the control and base-

line, but should be proven none-the-less.

2. Do an experiment with similar plasma volumes but control the mixing with
an outside source, could be a fan or some rotating object. Increment the
mixing speed to observe the relationship between mixing and BI efficacy.
A larger mixing force would effectively eliminate the interference of the

smaller mixing due to the actuators.

3. Do an investigation into whether the cylinder itself provides an adequate
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amount of mixing to warrant its design versus other geometries that pro-
vide more erratic mixing e.g. a box. This parameter is abstract but would
determine if increasing locations of stagnation within a similar volume of

space would affect the BI efficacy.

4. Do an investigation into other curved structures with added benefits e.g.
a cone for added directional control of the species. This experiment will
have several difficult to control parameters, but one parameter to toggle

could be the distance from the testing surface.

5. Do a comprehensive study on plasma intensity versus Bl efficacy. This can
be done by utilizing previous methods such as OIA [116]. By measuring
the optical output of the actuator, they can be quantitatively compared

with their BI efficacy.

These experiments will complete the triangle that is 1. number of electrodes
has a correlation to an increase in mixing, 2. mixing has a correlation to BI

efficacy, and 3. number of electrodes has a correlation to BI efficacy.

Thread, Mesh, and Cuff: These three geometries have promise for biomedical ap-
plications. For future work, all three of them could be tested for specific sce-

narios of either BI efficacy or promoting some type of wound healing.

By configuring pairs of thread to be co/counter-rotating there are several appli-
cations that can be tested and then up-scaled. Adding single strands to adjust
the polarity also adds an avenue that could alter the electric field and thus the
flow field generated. Connecting the thread to a free spinning wheel would allow

for possibly more decontamination in powders/smaller particulates.

The mesh has several aerospace applications centered around dust mitigation.
The technology involves utilizing electron charges so experiments pertaining to

polarity control and electric field strength and direction would benefit this study.
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Weaving the mesh with a 2-to-1 ratio of threads or even creating different weave
patterns could change the resulting electric field. A circular pattern versus a

rectangular stitch pattern could result in varying control of the electric field.

For the cuff, a PIV analysis on it would be interesting to see. It is possible
that the species will be self contained and pushed inward towards the wearer if
the outside is encapsulated. Developing a cuff large enough for wound models
would be a large step in developing this technology and preparing it for wound

model testing.

5.2.2 Design Consideration Suggestions

For design considerations, there are several suggestions that arose from the experi-
ments above. For many of the tests, heat build on the actuator was a problem. Even
if the radiative heat was not enough to cause damage to surface samples, the actuator
would have to be replaced often because of damage to itself. A housing device with
more more airflow and heat sinks on the actuator would help keep the actuator cooler
for prolonged use. In addition to this, the electrode wires were too close to each other
and caused losses in energy when plasma was formed between the wires in unwanted
places. So, two separate channels made for each electrode would be beneficial in
keeping excess plasma generation to a minimum V.1.

Redesigns of the bottom piece of the hand held device could come in handy es-
pecially for benchtop testing. A changeable bottom piece means most useful shapes
can be 3D printed for the device. A cone for directing species or a space for exactly
the height needed is possible Fig. V.2.

Additionally, a large and potentially wearable plasma cuff Fig. V.3. The cuff
should be woven together from the start rather than made serially with mesh pieces.
This is for aesthetics and seamless power connection.

As for housing device material, actuator material, or leveling material, The hous-
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Figure V.1: Adjusted version of the handheld plasma device that aids in keeping
temperature and excess plasma generation down.

Figure V.2: CAD model that illustrates possible attachments to the handheld device
that separates the actuator from the sample a specific distance or directs the samples.

101



Figure V.3: An extended version of the current cuff. Ideally large enough to wear.

ing can remain something easily 3D manufacturable. Several more iterations will
happened before the ‘right’ form factor is found. The current one material uses a
normal black resin from FormLabs, but a transparent resin to look inside the device
or high temperature resin to withstand damage over time. The actuator should re-
main close to the same, Teflon dielectric with copper electrodes covered with a solder

mask.
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APPENDIX

Matlab Codes:
Dabiri Lab, LCS Calculations: “LCS MATLAB Kit Version

https://dabirilab.com/software

Software List:
e ‘DaVis - LaVision’: Software solution for laser imaging. Used for PIV analysis.
e ‘MotionStudio’: Software used to capture raw images for PIV analysis.

e ‘Fagle’: PCB design and electrical schematic software. Used to design plasma

actuators.

e ‘MATLAB’: Programming language used to perform LCS analysis and plot

data.

e ‘Arduino’: Programming language specific for Arduino microcontroller pro-

gramming. Used to control actuator pulse and duty cycle.

e ‘SOLIDWORKS’: Solid modeling computer-aided design application. Used to

make CAD models of actuators, setups, and housing devices.
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Figure 4: Platelets

Figure 5: T-0 Control
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Figure 6: T-0 Control

Figure 7: T-0 Control
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Figure 8: T-0 Control

Figure 9: T-0 Control
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Figure 10: T-0 Control
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Figure 12: T-1 min plasma treatment
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Figure 13: T-1 min plasma treatment

Figure 14: T-1 min plasma treatment
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Figure 15: T-2 min plasma treatment

Figure 16: T-2 min plasma treatment
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Figure 17: T-2 min plasma treatment

Figure 18: T-2 min plasma treatment
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Figure 19: T-2 min plasma treatment

Figure 20: T-2 min plasma treatment
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Figure 21: T-5 min plasma treatment

Figure 22: T-5 min plasma treatment
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Figure 23: T-5 min plasma treatment

Figure 24: T-5 min plasma treatment
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Figure 26: T-5 min plasma treatment
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Figure 27: T-5 min plasma treatment

Figure 28: T-5 min plasma treatment

141



Figure 29: T-5 min plasma treatment

Figure 30: T-5 min plasma treatment
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Figure 32: 1E FTLE Plot 20x20
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Figure 39: 6E FTLE Plot 50x50
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Figure 40: Base agar growth plate.
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Figure 41: Aluminum foil treated and untreated.

Figure 42: Aluminum foil treated and untreated.
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Figure 43: Glass slide treated and untreated.

Figure 45: Albino mouse skin treated with plasma.
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Figure 46: Black mouse skin untreated.

Figure 47: Black mouse skin treated with plasma.
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Figure 48: PIV flow visualization of different dielectric materials.
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