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DEVELOPMENT OF FLEXIBLE HYBRID ELECTRONICS FOR STERILIZATION AND
STRUCTURAL HEALTH MONITORING APPLICATIONS

Arnesh Bose, Ph.D.

Western Michigan University, 2022

Traditional MicroElectroMechanical systems (MEMS) devices are fabricated utilizing
Integrated Circuit (IC) based batch processing techniques. These systems are capable of sensing,
controlling, and actuating on the micro scale and function/operate individually or in arrays.
However, such devices typically utilize rigid substrates and are therefore not flexible. The upfront
cost of research and development phase, investment for cleanroom and foundry facilities, testing
and quality equipment is very expensive. Flexible Hybrid Electronics (FHE) refers to devices and
systems that are fabricated utilizing an amalgamation of functional materials, films, membranes
and integrated with functional electronic components that are mechanically flexible and
stretchable. FHE combines the flexibility and low cost of printed functional inks on plastic film

substrates with the performance of semiconductor devices to create a new category of electronics.

Microplasma discharge devices have been fabricated using MEMS processes. One
application of microplasma is for sterilization of pathogenic microorganisms. Sterilization using
microplasma has been of great interest in research as it provides a low-cost, safe, clean and more
effective alternative to traditional methods. Among the various electrode design configurations
available for microplasma discharge, planar dielectric barrier discharge (DBD) configuration was
identified as the most suitable for a microplasma device where FHE fabrication method such as
laser ablation can be utilized. The cross-section of a microplasma discharge device (MDD)
consisting of a polyimide-based dielectric sandwiched between two copper electrodes was used

for modelling the microplasma discharge characteristics in an argon environment. The sterilization



efficacy of the fabricated comb and honeycomb patterned electrode configurations was
investigated. It was inferred that the honeycomb structured MDD was more effective in
inactivating bacteria. The effectiveness of the honeycomb MDD for inactivating bacterial cells in
liquid media was also demonstrated. The honeycomb MDD was then further characterized to
calculate the power density of the discharge, optical spectra of the microplasma radiation and

surface temperature of the MDD.

In structural health monitoring (SHM) applications, one of the most common sensors
utilized for monitoring the health of load bearing components are strain gauges. Conventional
strain gauges are typically manufactured using MEMS based technology. The traditional additive
printing process of screen printing is more advantageous since it involves fewer manufacturing
steps, roll-to-roll (R2R) fabrication capabilities and low operating temperatures during fabrication.
A silver ink was blended with a carbon ink to achieve a silver-carbon (Ag/C) composite ink. The
composite ink was then screen printed on a polyimide substrate in a meandering pattern to achieve
a desired gauge resistance of ~350 Q. The printed strain gauge was bonded to a flat aluminum
beam and the capability of the printed strain gauge to detect linear and transverse strain were
investigated by applying varying tensile and compressive loads on the aluminum beam, to simulate
micro strain. Corresponding linear and transverse gauge factors for tensile and compressive loads
were calculated and compared to a commercial strain gauge of similar gauge resistance. The
temperature coefficient resistance of the Ag/C ink was calculated and its invariance to humidity

was also investigated.
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CHAPTER |

INTRODUCTION

1.1 Background

Traditional MicroElectroMechanical systems (MEMS) devices are fabricated utilizing
Integrated Circuit (IC) based batch processing techniques [1-3]. MEMS are integrated micro
devices, sensors or systems with electrical and mechanical components, ranging in size from
micrometers to millimeters [4-10]. These systems are capable to sense, control and actuate on the
micro scale and operate individually or in arrays [11-13]. From the beginning of mid-1970, MEMS
have emerged as the most widely used technology for creating devices used in actuators, physical,
chemical, and biological sensors applications [14-37]. However, such devices typically utilize
predominantly silicon based rigid substrates and are therefore not flexible. Moreover, MEMS
devices are very costly during the research and development phase. The upfront costs of
investment for cleanroom and foundry facilities, testing and quality equipment are very high [38].
MEMS are not always suitable for niche applications as the price associated with the fabrication

and assembly of such MEMS devices are very high for low guantities.

Flexible Hybrid Electronics (FHE) refers to devices and systems that are fabricated
utilizing an amalgamation of functional materials, films, membranes and integrated with electronic
components that are mechanically flexible and stretchable [39-53]. FHE combines the flexibility
and low cost of printed functional inks on plastic film substrates with the performance of
semiconductor devices to create a new category of electronics [54-60]. In other words, FHE
combines traditional electronics with new fabrication methods including additive (printed

electronics (PE)) and subtractive manufacturing processes. Utilizing such materials can provide



devices that are flexible, stretchable and conformal, improving its mechanical reliability and
reduction in weight, unlike traditional devices that manufactured on rigid substrates [61-64]. Such
advantages of FHE have resulted in new applications in many fields including healthcare and
medicine, structural health monitoring applications, consumer goods, wearable applications, and
smart packaging [65-67]. The advancement of flexible device manufacturing has tremendous
market potential in the years ahead [68-70]. With the advent of the Internet of Things (loT), FHE
will provide massive opportunities to develop and integrate low-cost smart systems and devices
for use in healthcare, aerospace, automotive industries [71, 72]. According to Mordor Intelligence,
the FHE market was valued at around $108 million in 2020 and is expected to reach around
$264 million by 2026, registering a CAGR of 16.2% over the forecast period (2021-2026) [73].
North America has the largest market, and Asia Pacific has the fastest growing market. Similarly,
according to IDtechEX, FHE market can exceed $3 billion by 2030 with health care and smart

packaging being the dominant application area [74].

Fabrication of FHE devices is based on subtractive and additive print manufacturing
processes [75-84]. Subtractive manufacturing process includes laser ablation/cutting is also
commonly known as laser digital patterning (LDP) [85-88]. LDP is a photolithography free
electrode fabrication and patterning method controlled by digitized parameters and uses a
computer-aided design (CAD) image [89]. In order words, LDP utilizes a CAD image for
patterning instead of a physical patterning mask. A laser emits a collimated light of single
wavelength. The laser beam is focused on a very small surface which produces localized heating
and incineration of the material. As laser source can produce rapid heating, it can increase the
temperature of the surface faster than conventional heating systems. To mitigate thermal damage

of the laser on the substrate, the beam diameter, laser pulse duration, laser power, and distance to



the target object can be optimized [90, 91]. This makes LDP a viable and effective tool for cutting

and patterning thin film heat sensitive materials.

On the other hand, additive print manufacturing processes include screen, inkjet,
flexography, gravure and 3D printing [92-94]. Screen printing is a technique in which paste-like
material (ink) will be transferred onto the substrate by pushing the ink through a screen mesh by a
squeegee [95-99]. A section in the screen consists of the design of the desired print and the ink is
allowed to pass through it to create the desired design on the substrate [100]. Inkjet printing is a
mask-less fabrication method and uses a digital image signal to print the design by propelling ink
droplets onto the substrate instead of using any physical image carriers [101-104]. A continuous
flow of ink droplets is controlled electronically by a voltage source [105]. Flexographic printing
utilizes a steel cylindrical roller, that has finely engraved cells on its surface which collects the
specific amount of ink from the ink reservoir [95, 106, 107]. The collected ink is transferred onto
the elevated structures of the printing plate and is subsequently transferred on to the substrate
[108]. Gravure printing uses low viscosity inks where the entire gravure cylinder is flooded by ink
from the ink reservoir and the extra ink is wiped off from the cylinder with the doctor blade prior
to printing [109-112]. The ink is transferred onto the substrate from the gravure cylinder with high
pressures and the substrate movement is controlled by the impression cylinder [113]. Another form
of additive manufacturing process such as three-dimensional (3D) printing has got a lot of attention
in recent years for its ability to convert 3D CAD drawings into a physical object [114, 115]. 3D
printing allows for fabricating of complex geometrical shapes by depositing materials in a layer-
by-layer process [116, 117]. Among traditional additive print manufacturing methods, screen-
printing is one of the simplest and cost-effective printing methods that enables mass production

[118-120]. In this screen printing, different inks can be used to work with different material



surfaces such as fabrics, metals, plastics, wood, glass, ceramics, as well as paper, and such printing
methods lowers tooling, setup costs and also accommodate different image sizes. Parameters such
as screen mesh, ink, squeegee pressure and speed can be optimized for precision printing [121,
122]. Screen printing has been extensively utilized to fabricate sensors [123-127], transistors [128],
solar cells [129], organic light emitting diodes [130] and printed circuit boards [131]. In this
dissertation, LDP and screen-printing processes were employed as examples of subtractive and
additive manufacturing process to develop FHE in sterilization and structural health monitoring

applications, respectively.

Sterilization using microplasma has been of great interest in research as it provides a low-
cost, safe, clean and more effective alternative to traditional sterilization methods. Microplasma,
which is a non-thermal plasma (NTP) treatment of microorganisms at room temperature and
atmospheric pressure, has shown to reduce growth of microorganisms such as bacteria on different
surfaces like metals and fabric [132, 133]. The time required for sterilization is in the order of
seconds [134-136], a considerable reduction when compared with traditional sterilization methods.
The time reduction, and the capability of sterilization at ambient temperatures and pressures, has
made microplasma discharge, a prospective technology for the future. The operating principle of
plasma discharge is based on Paschen’s Law, which states that the breakdown voltage is a function
of the environmental pressure and the gap distance between electrodes [137, 138]. Hence,
electrode design is a crucial parameter for efficient microplasma discharge. Among the various
electrode design configurations available, the planar dielectric barrier discharge (DBD)
configuration was identified as the most suitable configuration for a microplasma device where
FHE fabrication methods can be utilized [138-141]. Also, DBD devices have multiple design

configurations for volumetric and surface plasma discharges that can operate at atmospheric



pressure and temperature with variable voltage and frequency applications [142-144]. The choice
of the DBD configuration is based on its ease of scalability as well as geometrical and mechanical
flexibility for microplasma discharge applications [142]. Traditional plasma discharge devices
have been fabricated using MEMS processes [145-148]. These devices are fabricated on rigid
substrates which do not have the mechanical flexibility and conformability [149-151]. To address
this, in this work, laser ablation was employed to pattern the electrodes on metallic tapes and are
attached to flexible platforms such as plastic films [152-155]. The development of novel and
flexible microplasma discharge devices (MDD) using laser ablation will advance the field of

plasma science and medicine for applications in surface sterilization.

In structural health monitoring (SHM) applications, one of the most common sensors
utilized for monitoring the health of load bearing components are strain gauges [156-158]. A strain
gauge is a piezoresistive, active, analog sensor that has been used in a variety of applications [159].
Conventional strain gauges are typically manufactured using MEMS based technology [160-162],
involving manufacturing processes, that have slow developmental cycles, multiple fabrication
platforms and high cost of research and development. Commercially available strain gauges have
been fabricated on flexible polyimide or glass-fiber reinforced epoxy-phenolic substrates using
lithography-based fabrication process [163, 164]. Typical sensing layers are Constantan (Copper-
Nickel) and Karma alloy (Nickel-Chromium) lithographically fabricated with metallic foils in a
meandering pattern [163, 164]. Such fabrication processes also require controlled environments,
thus significantly increasing the complexity of fabrication, costs of manufacturing, thereby
potentially increasing the cost of the device. PE has emerged as one of the forms of manufacturing
methods that can alleviate the limitations associated with conventional MEMS based fabrications

methods [123, 165]. In this work, screen printing has been utilized to fabricate strain sensors by



directly depositing conductive composites on thin films, since it involves less manufacturing steps,
roll-to-roll (R2R) fabrication capabilities and low operating temperatures during fabrication. This

significantly improves production throughput and thus lowers the cost of fabrication [166-168].

1.2 Author’s Contributions

The author’s research work has resulted in 10 high quality refereed journal articles and 27
peer-reviewed conference proceedings. The list of publications is provided in Appendix A. The

author is the recipient of the Graduate Student Research Grant from Western Michigan University.

1.3 Organization of the Dissertation

In this dissertation, the author describes in detail the research he performed during the
doctoral studies. This includes two-dimensional modelling and finite element analysis of the effect
of varying parameters such as varying input voltage, electrode and dielectric thickness on electron
temperature and electron density for optimizing design parameters. A flexible comb structured
microplasma discharge device (MDD) was fabricated using LDP for inactivation of gram-negative
bacteria such as Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aeruginosa), using
ambient air as the sterilizing agent for surface sterilization applications. In addition, a honey-comb
structured MDD was successfully developed for inactivating multi-drug resistant Gram-negative
(E. coli, P. aeruginosa) and Gram-positive (Staphylococcus aureus, Bacillus subtilis) bacteria
suspended in liquid media, under ambient operating conditions. Lastly, a printed strain gauge
based on metal/non-metal composite was successfully fabricated and tested for micro-strain (i)
detection applications. In the above three projects, subtractive and additive fabrication methods

such as laser ablation and screen printing were utilized, respectively.



The dissertation consists of seven chapters. The first chapter provides the introduction to
the contents presented in this dissertation. In Chapter 2, a comprehensive literature review of the
types of disinfection and sterilization methods used has been provided. Then a short overview of
microplasma and the various configurations of microplasma based sterilization devices has also
been provided. Mechanisms of microbial inactivation due to plasma activated agents such as

reactive species and ultraviolet radiation has been provided as well.

In Chapter 3, the voltage distribution and surface DBD of an MDD were studied and
modelled in two-dimensional domain using FEA. Initially, the voltage distribution across comb,
H-tree and honeycomb structured MDD were analyzed. Then, the cross-section of an MDD
consisting of a polyimide-based dielectric sandwiched between two copper electrodes was used
for modelling the microplasma discharge characteristics in an argon environment. The spatial
distribution of electron temperature across the electrodes for varying input voltages was simulated
to demonstrate the importance of breakdown voltage. A detailed analysis on the effect of varying
electrode and dielectric barrier thicknesses on the electron density and electron temperature was
also performed to realize the importance of optimizing device configurations for microplasma
discharge for a better understanding of the plasma discharge parameters. This may enable us to
optimize design parameters for fabricating MDDs and the operating conditions for effective

sterilization applications.

In Chapter 4, flexible MDDs were successfully developed for inactivation of Gram-
negative bacteria such as E. coli and P. aeruginosa, using ambient air as the sterilizing agent. The
design of the electrodes influences the voltage distribution across the device and is an important
contributor to the overall sterilization efficacy. Therefore, the voltage distribution across the top

electrode of two different MDDs (designed in comb and honeycomb patterns) was analyzed



initially using COMSOL Multiphysics® simulation software. The fabrication of MDD was realized
using a flexible copper tape and polyethylene terephthalate (PET) film. Top electrodes of comb
and honeycomb design were patterned using a laser ablation process. Similarly, rectangular and
circular shaped bottom electrodes were laser ablated for the comb and honeycomb structured
MDDs, respectively. PET was used as the dielectric layer, sandwiched between top and bottom
layers of flexible copper tape. The efficacy of the MDDs was analyzed by varying parameters such
as gap distance between MDD surface and bacteria (1 mm to 9 mm), treatment time (10 seconds
to 300 seconds), input DC voltage (4 V to 8 V) and bacterial concentrations. Bacterial viability
against varying parameters using comb and honeycomb patterned MDDs was analyzed in this

project.

In Chapter 5, a flexible honeycomb patterned MDD was successfully developed for
inactivating multi-drug resistant Gram-negative (E. coli, P. aeruginosa) and Gram-positive
(S. aureus, B. subtilis) bacteria, under ambient operating conditions. The MDD was fabricated
similarly as described in the previous chapter. The efficacy of the MDD to inactivate bacterial cells
in phosphate buffer saline (PBS) was investigated by testing the effect of varying treatment times
and input voltages, ranging from 1 to 10 minutes and 6 to 10 V, respectively. The flexibility of the
device was also tested by bending the MDD on surfaces with a radius of curvature of 25 mm and
50 mm and calculating its power density for each bent condition. The optical spectra of the
microplasma radiation and surface temperature profile of the MDD were also characterized and

reported in this project.

In Chapter 6, a printed strain gauge based on metal/non-metal composite was successfully
fabricated and tested for micro-strain (ue) detection. A silver ink was blended with a carbon ink to

formulate a silver-carbon (Ag/C) composite ink. The composite ink was then screen printed on a



polyimide substrate in a meandering pattern to achieve a desired resistance of ~350 Q. The printed
strain gauge was bonded on to a flat aluminum beam. The capability of the printed strain gauge to
detect linear strain was investigated by applying varying tensile and compressive loads on the
aluminum beam, to simulate pe. Corresponding linear gauge factors for tensile and compressive
loads were calculated and in addition transverse gauge factors for tensile and compressive loads
were also calculated. The screen-printed Ag/C composite strain gauge was also compared to a
commercial strain gauge of similar gauge resistance. The electromechanical response of the
fabricated strain gauge as a function of resistance was investigated and included in Chapter 6.
Finally, the conclusion for these projects along with suggestions for future work is provided in

Chapter 7.



CHAPTER II

A REVIEW OF MICROPLASMA BASED DISINFECTION AND
STERILIZATION: AN EFFECTIVE ALTERNATIVE TO CONVENTIONAL
DECONTAMINATING METHODS

2.1Introduction

Bacterial wound infections are a particularly significant problem for civil and military
personnel due to the long delay between the injury and treatment at a hospital or clinic. Bacteria
such as Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species termed as ESKAPE pathogens,
are the leading cause of health-care associated (nosocomial) infections throughout the world [169-
171]. These infections can easily lead to chronic wounds and according to the National Institutes
of Health, currently, there are 6.5 million people in U.S. suffering from chronic wounds resulting
in additional costs of $3.5-10 billion a year [170]. The majority of hospital-associated infections
(surgical site wound infections, urinary tract infections, bacteremia, respiratory pneumonia,
gastrointestinal and skin infections) are currently being treated using antimicrobial agents called

antibiotics [172].

Antibiotics, either used single or in combination, have been effective in treating wound
infections. However, the pathogens are increasingly escaping the biocidal action of antibiotics by
acquiring new resistance mechanisms and becoming non-responsive, thus making infections
difficult to treat and increasing the risk of disease transmission, illness and death [173]. In other
words, these bacteria evolve multi-drug resistance (MDR) and are tough to treat. For example,
infections caused by E. coli (which, together with Klebsiella and Enterobacter, belongs to the
bacterial family Enterobacteriaceae) were treated with fluoroquinolone antibiotics,
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but E. coli acquired complete resistance against them [173, 174]. Later, the antibiotic ciprofloxacin
was developed and used for treatment against E. coli. However, many countries reported to the
Global Antimicrobial Resistance and Use Surveillance System (GLASS) that E. coli’s rate of
resistance to ciprofloxacin increased to 92.9% [173]. Currently, colistin, which has severe side
effects and has been banned in many countries, is the only antibiotic authorized to be used as a last
resort treatment for life-threating infections caused by E. coli [173]. Nevertheless, a few countries
recently reported that they detected an increased rate of resistance towards colistin as well, which
is terrifying. A similar multi-drug resistance phenomenon was observed for all ESKAPE pathogens
[173, 175]. The clinical pipeline for the development of novel antibiotics is alarmingly low,
increasing the risk of recovery failures and deaths during any post-surgery recoveries [174, 175,
176, 177, 178]. The World Health Organization (WHO) declared the antimicrobial resistance
(AMR) problem as a global health threat in October 2020 and called for an urgent multisectoral
action [173]. This created a significant health requirement for novel technologies that facilitate

effective treatment against ESKAPE pathogens and aid in wound healing.

Various technologies such as photodynamic therapy (PDT) and UV-plasma were explored
to address MDR pathogens [179, 180]. A photosensitizer (PS), oxygen, and light are the three main
components of PDT. The PS such as porphyrin, chlorin, porfimer sodium, and 5-
aminolevulinicacid are activated by light of a specific wavelength in the presence of oxygen
leading to the generation of reactive oxygen species (ROS) [180]. ROS are the key factor that
results in localized cell death. In theory, a light-excited PS can directly react with an unsaturated
lipid, a protein or nucleic acids to produce unstable radicals such as a hydroxyl radical or hydrogen
peroxide, a superoxide anion radical, and convert molecular oxygen to singlet oxygen via energy

transfer. In PDT, singlet oxygen is a major cytotoxin that causes cell damage and cell death via

11



necrosis, apoptosis, necroptosis, or autophagy. PDT causes these different types of cell death
depending on the cell type, PS type or concentration, light dose, intracellular localization, and
oxygen partial pressure. Although PDT is effective at inhibiting bacterial growth, it has certain
limitations which constrains its use in the real world. The limitations include photobleaching of
photosensitizers, limited light dose delivery, protracted activation time (approximately 20
minutes), toxicity and bio-incompatibility [180, 181]. In addition, the PS is meant for single use
and should be disposed right after the usage. Furthermore, ROS generation and distribution in a
closed space can result in heterogeneous accumulation of PS in the wound regions, making it
difficult to determine the light dose required to induce photodynamic effects and avoid

photobleaching reactions [180].

An alternate method, UV radiation, has been gaining attention for disinfecting applications
and has several advantages when compared to other aforementioned methods [179, 182]. UV-
based disinfection devices operate in ambient conditions and utilize no chemicals. Research has
shown that disinfection efficacy against various bacteria is dependent on the wavelength of the
UV light source [183]. Commercial based UV lamps operate at a single wavelength, thereby
limiting its sterilization efficacy [184]. Microplasma, which provides a wide range of UV
wavelengths along with ROS as well as reactive nitrogen species (RNS), is an emerging field of
non-thermal plasma technology that can alleviate the disadvantages and shortcomings of various
methods currently in use [184-187]. Therefore, a flexible and portable microplasma discharge
device (MDD) that can be potentially applied as a bandage over a wound and can generate UV
light, ROS and RNS, is envisioned as a promising alternate technological solution to inactivate

and destroy ESKAPE pathogens.
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Microplasma-based UV radiation is a non-thermal plasma (NTP) device technology that
can expand our arsenal in fighting infections caused by antibiotic resistant pathogens. The key
advantage of MDD’s is the generation of UV radiation through microplasma discharge in ambient
air and in-situ production of reactive oxygen and nitrogen species. The UV radiation causes lethal
damage to DNA by the process of thymine-dimerization [188]. In addition, reactive species of
oxygen and nitrogen, such as atomic oxygen, hydroxyl radicals (OH=x), hydroperoxyls (HOOx),
superoxides (O27*) and nitric oxide (NO), can rapidly oxidize various macromolecules, including
membrane lipids [189, 190]. Once the lipid membrane is compromised, the reactive substances
provoke damage inside the cells to proteins, nucleic acids and carbohydrates leading to cell death.
Therefore, the exposure of bacteria to the microplasma causes fatal damage to the bacteria due to
UV light, ROS and RNS.

The MDD technology is envisioned to control the infection of wounds effectively without
the need of any special equipment. FHE is an emerging field that combines the flexibility of plastic
and metallic film substrates with the performance of traditional semiconductor-based devices [67,
191-202]. FHE based devices can conform to three dimensional surfaces. Laser ablation is a form
of subtractive manufacturing process that involves focusing high power lasers through optical
lenses to the surface of a specific area to remove material with a high level of precision [203-210].
This process does not involve toxic chemical solvents and does not leave any toxic waste. This
process is cost effective, enables rapid prototyping, has minimal heat transfer and has been utilized
in cutting a wide range of materials, which is a major advantage when compared to existing

methods and practices in use.
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2.2 Short History on Microbial Decontamination Methods

Various methods have been used to disinfect surfaces throughout history. Tar, sulphur,
vinegar, and copper were among the early disinfecting and preserving substances used [211-214].
Mercury was first used in the 4" century, and later mercury chloride was implemented by
physicians as an antiseptic [215-217]. Copper sulphate, zinc chloride and sodium permanganate
were used during the 18" and 19" centuries as disinfectants. In 1744, chlorine was discovered and
used mainly as a bleaching agent in the textile industry. By 1823, hypochlorite was used to
disinfect wounds and deodorize exhumed corpses. Phenol, along with formaldehyde, was used
during the late 19" century as an antiseptic and disinfectant in hospitals and for surgical

instruments [215-217].

Dry heat, pressurized steam-based methods were also discovered and developed as an
alternative chemical-based processes for disinfection and sterilization. In the 1830s, a physician
named William Henry discovered that treating articles of clothing from infected individuals with
a steam-heated hot-air vessel was an effective way of neutralizing microorganisms. Autoclaves
using both dry heat and steam sterilization were studied and found to demonstrate that moist heat
was more effective than dry heat [215-217]. In 1680 a French physicist, Denis Papin invented a
pressure cooker which was found to sterilize objects by trapped boiling water which was then
converted to steam [215-217]. The pressure cooker enabled boiling water to be maintained above
100°C in the pressurized metal container. Louis Pasteur and Charles Chamberland, his
collaborator, developed the first pressure steam sterilizer now known as the autoclave in 1876.
They discovered that exposing items with steam under pressure at 110 - 120°C for 30 minutes was

as effective as exposure to dry heat at 130 - 150°C for 1 hour [215-217].
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Gas phase disinfection using ethylene oxide, formaldehyde, and chlorine has been used
since the mid-20th century and continues to be used in present times. The effects of natural light
began to be studied in the late 19th century. It was discovered that certain bacterial cultures
exposed to light would not grow [217]. The effects of varying wavelengths as a biocide were
studied by Ward in 1892. He discovered that blue light was more toxic than red. Later, in 1903,
Barnard and Morgan found that blue light had a maximum bactericidal effect in the wavelength
range of 226 - 328 nm [217]. This discovery led to implementing ultra-violet light for air and water
sterilization applications. Other research by Mink in 1896, and Pancinotti and Porcelli in 1898
proved that radioactive rays in the form of gamma and X-rays had anti-microbial properties which
are still used in industrial sterilization processes to this day [217]. The newest form of sterilization
is a cold plasma process developed and patented by Steris in 1987. The first hydrogen peroxide
gas plasma system was field tested for sterilizing medical surgical devices in the 1980s and 1990s.
This method has remained on the market since 1993 [218, 219]. In the modern age, there are
different disinfection and sterilization practices (thermal, filtration, chemical, ultrasonic,
microwave, radiation, ultraviolet and plasma) used in medical and industrial facilities [220-222].
There are certain advantages and disadvantages with all forms of disinfection and sterilization
techniques. Some of the methods are best suited depending on factors such as the type of material
to be treated, use for surface treatment or treating densely packaged items, resistance to heat or
chemicals, biofilms or dense biomatter and disinfecting agent being environmentally friendly. A
brief introduction to all the different types of disinfection and sterilization processes used are
provided in this chapter to understand the advantages and disadvantages that the plasma-based

sterilization offers.
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2.3 Different Types of Disinfection and Sterilization Methods

2.3.1 Thermal Sterilization

One of the earliest and most widely used forms of sterilization techniques is thermal
sterilization which has been used for centuries [223]. The two main types of thermal sterilization
are dry and steam based. Dry thermal sterilization utilizes high heat (176 °C - 232°C) in either a
temporarily closed or sealed chamber which is at ambient pressure conditions [224]. This process
involves inactivation of the microorganisms via oxidation of the cellular components using
pyrolysis [225]. However, dry thermal sterilization is not appropriate for sterilizing
thermosensitive materials, dense biomatter, or objects with complex surfaces [226]. Thermal
sterilization using steam-based sterilization in a pressurized chamber known as an autoclave,
exposes objects to pressurized steam at temperatures ranging from 120°C - 129°C [224]. The
hydrolysis of the cellular components of microorganisms renders them inactive by caveating the
outer cell membrane [227]. Steam sterilization is more effective for sterilizing complex surfaces,
dense biomatter and penetrating dense biomatrices. The steam-based method is not suited to

thermosensitive instruments and materials prone to corrosion [228].
2.3.2 Filtration

The simplest and the most commonly used separation process is filtration. It is ubiquitous
in the drinking water purification, food manufacturing, and oil producing industries [229, 230].
There are several different kinds of filtration methods used for filtering solid particles including
microorganisms. These techniques include filtration from fluid using gravity, vacuum, centrifugal,
cold and heat, and multilayer filtrations [229-232]. The type of filter media and filter porosity

determine the capability and effectiveness of the various types of filtrations [232, 233]. Pore size
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of the filter media is important as pores that are too small can affect the flow of fluid and become
clogged with organic matter. Multilayer filtration combines various layers of filter material with
increasing fineness directionally with filtration [234, 235]. Sterilizing the fluid media by passage
through sterile bacteria retaining filters such as plastic, cellulose fibers, suitable sintered glass
filters, porous ceramic, or a combination can be used. Cellulose based gravity filters are the most
common method for filtering microorganisms such as bacteria and viruses. All filtration methods,
however, pose a risk of contamination due to bacterial and viral particle size being smaller than

the pore size or if there is a defect in the surface or depth of the filter being used.

2.3.3 Chemical Sterilization

Chemically based disinfection and sterilization techniques are the most common methods
found in hospitals, commercial, and household environments. Chemical disinfecting and
sterilizing substances are widely available and used on surfaces, and for sterilizing medical
equipment and instruments. This type of sterilization is quite useful for thermosensitive materials
that can be damaged by radiation sterilizing methods [236]. The most frequently used types of
chemicals include isopropyl alcohol, ethyl alcohol, hydrogen peroxide, chlorine compounds,
phenolics, formaldehyde, glutaraldehyde, peracetic acid, ethylene oxide and ozone [237]. The
chemical agents can cause inactivation in a number of ways including inhibition of protein
synthesis, oxidation of amino acids and membrane lipids, and oxidation of cellular components
with depression of DNA synthesis [238]. As with other methods, there are certain disadvantages
of chemical-based sterilization. Skin and eye irritation can occur and if ingested may cause gastric
burns. High chemical concentrations can also cause metal corrosion [239]. Other chemicals such
as aqueous formaldehyde, glutaraldehyde and ethylene oxide gas are also carcinogenic to humans

and can cause neurological dysfunction [238, 239]. Alcohol based sterilizing agents have varying
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efficacy dependent on the concentration and volume of chemical agent used. Surfaces containing
dense biomatter, or thick biomatrices may require longer exposure time or higher concentrations

of chemicals for disinfection or sterilization to have any germicidal effect [240].

2.3.4 Ultrasonics

Ultrasonication based sterilization is a decontamination technique used as an alternative to
manual scrubbing found in commercial and healthcare facilities for cleaning contaminated surgical
and dental instruments. This can help to standardize the ineffective mechanical scrubbing process
by cleaning the inaccessible areas of the instruments [241, 242]. The ultra-sonification process
uses an ultrasonic transducer mounted outside a steel basin to generate ultrasonic waves in the
frequency ranging from 20 to 120 kHz [241, 242]. Effectiveness can be enhanced by adding
chemical solutions in the processing basin. Another important parameter is temperature inside the
basin as it increases the chemical solution’s vapor pressure for the cavitation process [243, 244].
Pressure from the ultrasonic waves creates sufficient impact to rupture the cell membrane causing
leakage of intracellular components such as nucleic acids, including DNA through the cavity
formed on the cell membrane. This irreversible cellular damage inactivates the microorganism
[244-246]. The negative effect of the ultrasonic sterilization process is that it can corrode plastics
and steel after long-term use. The chemical detergents used in conjunction can also be harmful to
the operators and is not environmentally friendly [247]. Another issue is that the process is time

intensive and can also be ineffective on surfaces with dense biomatter or, thick biomatrices.
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2.3.5 Radiation

Radiation based sterilization techniques have been used extensively in industrial and
biomedical commercial packaging. It is of high interest as it can be used to sterilize samples at
room temperature and provides the highest penetrability among the varying sterilizing methods
[248]. Three different types of radiation based sterilizing methods include gamma rays, electron
beams, and X-rays [249]. Gamma rays emitted by °°Co have been used to rapidly sterilize large
quantities of densely packaged materials [250]. Electron beams and X-rays are high energy
electrons and photons, respectively [249, 251]. X-rays have higher penetrability than electron
beams but lower penetrability than gamma radiation. They also reduce material degradation and
provide flexibility to mix different products with different dose requirements in the same
irradiation cycle [249, 251]. Radiation causes ionization of key cellular components, especially
nucleic acids, resulting in the death of the microorganisms [252, 253]. Radiation induced
oxidoreduction reactions due to water radiolysis into H* and OH" radicals also alter DNA [254].
The increase in charged ions increases the electrostatic force on the cell membrane causing rupture
and thus exposure of the cellular components to oxidation. This type of damage to the DNA of the
cell has been proven to have excellent microbicidal effects [254]. Although radiation sterilization
techniques are useful in large-scale industrial environments for sterilizing highly dense packaging,
they require a controlled environment with highly skilled workers and are an expensive option.

Not all materials and apparatuses are compatible with these techniques [252, 255].
2.3.6 Microwave

Microwave based sterilization is the most common process used in the food industry for
sterilizing packaged and pre-cooked food [256]. It utilizes electromagnetic energy to generate dry
heat which can inactivate pathogenic microorganisms. The US Federal Communication
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Commission (FCC) allocates 915 MHz and 2450 MHz bands for industrial and domestic
microwave heating applications [257]. The food industry sterilizes at 915 MHz and 2450 MHz
frequency with heating capacities ranging from 10 to 200 kW [258]. The microwave-based method
has the advantage of not involving any combustion of materials used to generate the heat with
cycle times being quite reduced compared to that of thermal based sterilization. As it does not
incinerate the food upon exposure to microwaves and helps retain nutrients during the heat
generation, this method is of high importance in the food industry for thermally processed foods
[256]. The microwaves generate ionized water molecules which in turn generate hydroxyl ions.
These are essential for rupturing the cell wall due to electrostatic force generated outside the cell
membrane [259, 260]. Drawbacks of microwave-based sterilization include unsuitability for
metallic objects and surfaces. The packaging density and thickness of the object to be sterilized
are also dependent on the electromagnetic radiation penetrability [256, 261]. This method is also
bulky and requires high power units to operate, increasing operating costs due to increased
electricity consumption. It is also prone to heating non-uniformly which can affect sterilization

efficacy [256, 261].

2.3.7 Ultraviolet Radiation

Ultraviolet radiation is a form of electromagnetic radiation with wavelengths from 10 nm
to 400 nm [262]. UV radiation has been used for decades by hospitals for disinfecting indoor air,
surfaces and instruments in laboratories, and hospital and drinking water treatment facilities [262-
264]. It is one of the most cost-effective methods used for disinfection of drinking water and the
surfaces of objects. UV based disinfection devices utilize no chemicals, have no discharge
byproducts (DBPs), and operates in ambient conditions [265]. The most sensitive targets of

microorganisms during UV exposure are the nuclei acids of bacteria and viruses. This exposure
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causes photochemical reactions not only in nucleic acids, but also in proteins such as enzymes and
damages other intercellular and viral components [183, 184, 266]. Mercury-vapor lamps have
traditionally been used for UV radiation and are widely used in biosafety cabinets and hand-held
UV-lamps. Unfortunately, mercury vapors are extremely toxic when inhaled or not contained from
environmental leakage [267]. More recently, LED based UV radiation lamps have been
implemented to alleviate this issue. They are safer and more easily adjusted for tuning the UV
radiation for specific wavelengths [268]. Research has proven that disinfection efficacy against
various bacteria is wavelength dependent [269, 270]. As similar to other methods of sterilization,
there are certain disadvantages with the use of UV radiation. It provides limited use for surfaces
with dense biomatter and thick biomatrices. Disinfection of liquids is largely dependent on the
presence of miniature solid particles that can block the penetration of UV radiation through the

liquid media and on turbidity of the liquid media [271, 272].
2.3.8 Plasma

Plasma based sterilization involves highly excited gas, where the plasmas are generated in
an enclosed chamber, utilizing high frequency and voltage to excite the gas molecules and produce
charged particles, many of which are in the form of free radicals [273]. A free radical is an atom
with an unpaired electron and is a highly reactive species. The action mechanism of this device is
the production of free radicals within a plasma field that are capable of interacting with essential
cell components (e.g., enzymes, nucleic acids) and thereby disrupt the metabolism of
microorganisms [274, 275]. The discharge medium, type of excited gas, electrode configuration
and treatment time are the most important variables that can determine the effectiveness of this
process [276-278]. Ethylene oxide (EO) and vaporized hydrogen peroxide (VHP) are the two most

common types of gases that are being commercially used in hospitals for generation of plasma
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[279]. However, EO is a carcinogen and a major occupational health hazard for the workers.
Therefore, VHP are commonly used for sterilization of medical devices and instruments.
Moreover, the byproduct of the VHP during sterilization is water and oxygen [280]. The oxygen
radicals are crucial for killing the microbial pathogens. This method of sterilization is therefore
relatively safe and does not produce any toxic chemical byproduct after the sterilization process.
However, since hydrogen peroxide is an oxidizer, it reacts with various surfaces and can also be
an occupational hazard for the operator. Hydrogen peroxide can cause eyes and skin irritation and
if exposed by inhalation can result in lung irritation as well [280]. It can also cause permanent eye
damage, DNA damage and mutations. The American International Agency on Cancer Research
(IARC) has categorized hydrogen peroxide as a carcinogen and according to the Environmental
Protection Agency (EPA), it has been registered as a pesticide [281, 282]. Also, commercially
available VHP systems are bulky, require high sterilization time ranging from 15-60 minutes and
have a very high-power consumption in the order of kW [283, 284]. Research is being done to use
sterilizing agents that are non-toxic and inert. Uses of inert gases is a major advantage as it does
not react with materials [187, 285]. Ambient air as a sterilizing agent is a prospective new field of
sterilization. Ambient air as a sterilizing agent is a prospective new field of sterilization. Ambient
air is abundant in nature and use of it will not only reduce costs but will make the sterilization
system less bulky. As compared to thermal and microwave sterilization, plasma-based sterilization
is operated under ambient temperature and can also be operated in ambient pressure conditions.
The use of toxic chemicals can be reduced if the sterilizing agent is inert or ambient air and does
not involve any harmful radioactive exposure. Unlike ultrasonics- based sterilization, which can
only sterilize hard metallic and polymer surfaces, plasma sterilization can be utilized to sterilize

pathogens on a variety of materials (metals, polymers, ceramics, textile etc.). The key advantage
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of ambient air based microplasma discharge for disinfection applications, is its ability to generate
UV radiation and in situ production of reactive oxygen and nitrogen species [276, 278]. It is
hypothesized that UV radiation causes lethal damage to the DNA strand by the process of
photodesorption [286, 287]. Reactive oxygen and nitrogen species also cause oxidation of the
cytoplasmic membrane causing it to rupture because of electrostatic force due to accumulation of
the charged particles [288, 289]. This synergic effect of UV photons and reactive species makes

ambient air microplasma discharge a prospective disinfection and sterilization method.

A summary of all types of sterilization methods and their corresponding advantages as well
as disadvantages is shown in Table 2.1. In addition, the key information of each sterilization
method such as sterilizing media, variable parameters, sterilizing agents and the mechanisms of

sterilization is summarized in Table 2.2.
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Table 2.1: Advantages and disadvantages of various sterilization and disinfection methods

Method

1. Thermal
2. Filtration
3. Chemical
4, Ultrasonics
5. Microwave
6. Radiation
7. Ultraviolet

Radiation
8. Plasma

Advantages

Widely used method and involves no pyrolysis
Relatively inexpensive
Does not pollute or cause toxic fumes

Least expensive method
Works well for thermosensitive fluids
Large volumes of fluids can be filtered relatively faster

Relatively rapid cycle time
Used in ambient to low temperature
Most popular method used in medical and hospital environment

Provides alternative method to manual scrubbing improving
reliability and effectiveness
Removes pathogens from less accessible surfaces

Relatively rapid cycle time
Does not require any chemicals and involves no gas or
combustion

Very rapid cycle time and high cell penetration of the radiation
Effective in ambient and sub-zero temperature environments
Products can be processed in final packaging format and leaves
no residue

Non-toxic and no formation of hazardous by-products
Inexpensive and can be portable

The most user-friendly method

Rapid cycle time and high rate of efficacy

Relatively inexpensive when ambient air is used as the
sterilizing agent

Along with reactive species, it also radiates UV that adds to it
sterilizing capability

Disadvantages

Requires specialized chamber for operation
Slow cycle time
Not suitable for thermosensitive objects

Can only be used for liquids and gases.
Will not filter microorganisms that are smaller than the pore size of
the filter membrane

Not suitable for objects sensitive to chemicals
High risk of pollution and health-risk for workers
Chemicals must be safely stored and have short shelf-life

Requires specialized electronic wet bath and multi-step processing
Cannot be used for materials sensitive to corrosion caused due to
ultrasonic waves

Can only be used on solid objects

Cannot be used for sterilizing metal surfaces or instruments
Requires specialized and enclosed chamber for operation

Heat sensitive materials are prone to convection in the chamber

Special chamber and equipment required for storing, handling and
operating of radioactive isotopes and system

Radioactive isotopes are highly toxic for the environment

Plastics are sensitive to radiation

Loses effectiveness in turbid fluid environment

Discharge wavelength dependent on the type of lamp and operates
at single wavelength

Low penetrability of the reactive species and UV radiation on thick
bio-matter

Complexity of operation increases if used in enclosed chamber and
use of special gases such as Ar, Xe, N, etc.
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Table 2.2: Sterilization and disinfection methods

Method

1. Thermal

2. Filtration

3. Chemical
4. Ultrasonics
5. Microwave

6. Radiation

7. Ultraviolet
Radiation

8. Plasma

Sterilizing
Media

Solid
surfaces,
Liquids

Liquid, Gases

Solid
surfaces,
Liquids

Solid surfaces

Solid
surfaces,
Liquids

Solid
surfaces,
Liquids,
Gases
Solid
surfaces,
Liquids,
Gases
Solid
surfaces,
Liquids,
Gases

Varying Parameters

Ambient temperature and
pressure

Pore size, granule size
and ambient pressure

Chemical concentration
and exposure time

Ultrasonic frequency and
basin temperature

Microwave frequency,
exposure time
Energy  density and

exposure time

Intensity of UV light and
exposure time

Electrode design,
exposure time, discharge
medium

Sterilizing  or
Agent

Disinfecting

Hight heat

Perforated cellulose, ceramic or
metallic membrane

Alcohols, Aldehydes, Halogens,
etc.

Ultrasonic shock waves

Electromagnetic radiation

Radioactive
Electron beam

isotopes, X-rays,

Photons

Reactive species, UV radiation

Cause of Sterilizing or Disinfection

Leads to hydrolysis, coagulation and oxidation of cellular
proteins

Pore size small enough to block bacteria and most viruses

Denaturation of proteins

Formation of cavitation on the cell membrane due to
ultrasonic waves

Degradation of the cells due to convection of heat

Rupturing of cell membrane due to exposure of highly
charged particles

Degradation of the cell DNA due to UV rays

Degradation of the cell DNA due to UV rays,
electroporation of cell membrane due to electrostatic force



2.4 Plasma and Microplasma Fundamentals

2.4.1 Plasma Background and Theory Sublimation

| solid Soeien”

Plasma is an excited gas sustained in

special environments and conditions. It is a
collection of charged particles (electrons and
ions) and excited elements collectively termed

plasma that is sustained in a neutral

E lectron Energy

background of gas [273]. Plasma can be
Figure 2.1: States of matter.

defined as a physical state with very high

conductivity due to the presence of free ions and radicals. Plasma is initiated when the electrons
are accelerated between a cathode and anode electrode in a gaseous environment [290]. When the
appropriate plasma discharge conditions such as high electric field, high electron energy and
ambient conditions (temperature and pressure) are no longer applied to the plasma, electrons
recombine with ions, returning the gas to its natural state. In Fig. 2.1 is a description of the states
of matter and the process required to convert from one state to another. The direction of increasing
electron energy is also indicated. These states of matter occur as the substance acquires more or
less electron energy, to an electron temperature above or below the bonding energy corresponding
to a particular state, respectively. This causes the phase transition which transforms the substance
to the next state of matter [291]. Almost all matter in the universe is in the state of plasma, such as
the sun, stars, interstellar matter, planetary atmospheres and terrestrial ionosphere. Plasmas that
occur naturally on earth are very rare and can be seen in the form of lightning. Artificially induced

plasma is generated for applications in surface sterilization, manufacturing microelectronic

devices, environmental remediation, arc welding, plasma torches, high pressure fluorescent lamps,
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the ignition spark in an internal combustion engines and space thruster for propulsion [292-297].
One of the most promising applications of microplasma discharge is surface sterilization from
microbial contamination for food processing and alleviating skin infection of surgical, burn

wounds and cancer treatment on human skin [298-303].

In 1889, Friedrich Paschen published a manuscript on the breakdown voltage of plasma
which is now commonly known as Paschen’s Law. The breakdown voltage (Vs) of microplasma
NTPs is a function of the product of the pressure and the electrode gap distance. The Vs is

mathematically written as Eq. (1) [304-307]:

_ Bpd
o ln(Apd)—ln[ln(1+y—ie)]

Eq. (1)

Vg

where, A is the ionization saturation, B is the excitation & ionization energies, p is the pressure
(Pa), d is the gap distance (m), and yse is the secondary electron coefficient. A, B and ys. are
constants. Constants A and B depend upon the composition of the gas, and they are mathematically

defined as [306]:

_ o
_Vio

where ¢ is the collision cross-section, Vi is the ionizing potential, ks is Boltzmann’s constant and
T is the temperature of the neutral atoms. Hence, constants A and B can be correlated as B = V;A.
Differentiating Eq. (1) with respect to the product of the pressure and distance (pd) and setting the

derivative to zero, the minimum voltage, or breakdown voltage can be written as

bin(1+2)
VB|min = Te Eq. (4)
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Also, the minimum pressure and distance product can be given by Eq. (5):

exp(1) ln(%)

pd|min = - Eq. (5)

Paschen’s curve is obtained from Eq. (6) and by differentiating Eq. (1) with respect to pd and

setting the derivative to zero:
pd =e'™" Eq. (6)

It has been observed that as the size of the gas/atom increases, o also increases due to more
frequent collisions, lowering Vg for low pd but increasing Vs when pd is higher [307]. From
experiments, it has been demonstrated that a higher yse has a very small effect in the higher pd
region [307]. The plasma discharge environment and the choice of electrodes and dielectric
material are some of the most crucial parameters that must be considered when designing the
microplasma NTP device. Operating conditions such as ambient pressure, the type of discharge
medium is crucial in characterizing the “Paschen’s curve” and every discharge medium or gas
(argon, helium, air etc.) has its own characteristic curve [304-307]. An example of the Paschen’s

curve in air, in relation to the breakdown voltage (Vs) vs the pressure electrode distance (pd) are

given in Fig. 2.2. The pressure E
. ) -
is kept constant at 1 atm and o 10’ === 0.01 mm
)
) .= === (.5 mm
the electrode gap distance is g WE !
=~ 107 === 5mm
varied. It was observed that as E 104 T ws= 10 mm
o w ==
the electrode gap distance 'E 1ono . Te um= )
= -6 = 0.01 1
increases, the breakdown -2 10 10
Pressure distance (m atm)
voltage also increases. At 0.1
Figure 2.2: Paschen’s curve for air at varying electrode gap
mm, 0.5 mm, 5 mm and distances.
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10 mm electrode spacing, the breakdown voltages are calculated as 1.2 kV, 4.2 kV, 29.1 kV and
53.2 KV, respectively, using constant values of A = 4.36x10" V/(m atm) and
B =362,000 m™* atm™. The curve was obtained using the WolframAlpha breakdown voltage model

[308].
2.4.2 Thermal vs Non-thermal Plasma

A plasma is ignited between or around two electrodes of opposite polarity in a gaseous
medium, where the gas is dissociated into free electrons, radicals, ions, and excited molecules. The
electrons accelerate towards the anode, colliding with the gaseous elements, thereby creating a
chain reaction, that excites neutral atoms and molecules in the discharge medium [291]. These
reactions can cause complete or partial ionization of the electrons energy which is denoted as
electron temperature (Te) [309, 310]. These additional electrons freed from the atoms are then
accelerated towards the anode, causing more collisions and ionizations. When the frequency of
collisions between the electrons, radicals, ions, neutral and excited molecules increases, the
transfer of kinetic energy of the particles increases, which causes an increase in the gas temperature
(Tg) [310]. Such conditions can be achieved if the plasma is generated under high pressure
discharge or very high ambient pressure conditions while sustaining high voltage difference

between the anode and cathode.

Plasma can be generally categorized as thermal and non-thermal plasma depending on its
electron temperature and gas temperature [311-313]. When the gas particles attain the same energy
as the electrons, it reaches a state of equilibrium. This state of plasma is referred to as thermal
equilibrium, where the electron and gas temperature are the same [309]. Traditional plasma
discharges tend to exist in thermal equilibrium in the bulk plasma, where energy distributions for

electrons, ions, and neutral particles are assumed to be Maxwellian everywhere, and electrons and
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ions have the same temperature [314]. The electron and gas temperature ranges from 10° to 10* K.
Electron density for thermal plasma ranges between 10%1-10%® m= and electrode gap distance is
much greater than 1 mm [309]. Typical examples of thermal plasma are DC transferred arcs,
plasma torches and RF inductively coupled discharges. Thermal plasmas are used in industrial
welding and cutting applications, processing wastewater, synthesis of nano powders and plasma
based vapor deposition processes [309, 314]. NTP discharges are those in which, ions, electrons
and neutral particles cannot be described by a single temperature. Rather, electrons (Te>>Tg) are
at significantly higher temperatures than heavy particles (ions and neutral species) [309, 313].
Thus, electrons drive gas phase reactions while little energy is spent on heating heavy species. This
type of plasma is referred to as non-equilibrium, non-thermal or cold plasma and NTP is generated
at vacuum low pressure conditions or ambient pressure conditions [309, 313]. The gas temperature
is under 400 K and electron temperature ranges from 10* to 10° K. Electron density for NTP ranges
between 10%3-10%° m™ and the electrode gap distance is smaller than 1 mm. NTP’s are used in a

variety of applications such as sterilization, surface property modification, etching processes,
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Figure 2.3: Types of thermal and non-thermal plasmas.
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elemental analysis and micro propulsion technologies [314-320]. Figure 2.3 provides a detail

depiction of the different types of plasma and the type of discharge in various conditions.

2.4.3 Microplasma

Microplasmas are stable glow discharge NTPs generated over a pressure range from 0.1 to
1.5 atm [316]. Electron temperatures range from 10,000 K to 100,000 K while ion and neutral
particle temperatures remain at ambient levels, preventing the destruction of temperature-sensitive
materials [321]. They are created by spatially confining the energy discharge to micro-cavities
with dimensions less than 1000 um [322]. Microplasmas are gaining interest and have been a major
focus of research in biomedical, food, and environmental industries [323-325]. The major
advantage of microplasma devices lies in the ease of fabrication with various miniaturized
configurations, thereby enabling portability and increasing cost efficiency. The small sizes of these
devices allows for applications focused on trace detection of various elements with sample
volumes in the nanoliter range [326, 327]. A decadal survey by the National Research Council,
Physics 2020/Plasma Science Committee states that the expanding scope of plasma research is
creating significant interest and scientific opportunities in NTPs within the fields of chemistry,

biology, physics, and materials science and
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engineering [328]. Emerging and exciting \
areas of plasma research focus on \

developing novel applications for NTPs,
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Pressure
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including surface sterilization, cancer Microplasma
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treatment, water purification, and surface ~ o
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Figure 2.4: Graphical representation of Equilibrium
pressure and plasma discharge size is & Non-Equilibrium Plasma.
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compared. Also shown are the plasma operation regimes in relation to the ratio of bulk gas
temperature to electron temperature. Hence, at atmospheric pressure or below, with smaller plasma
size, an NTP can be generated where the gas temperature is significantly lower than the electron
temperature [323-325].There are several factors that contribute to a stable microplasma in the
discharge medium. One stabilizing factor can be explained in terms of “pd scaling”, where “p” is
the ambient pressure in the discharge medium and “d” is the distance between the cathode and
anode [326]. The voltage required to generate a plasma discharge, is called the breakdown voltage,
which depends on the product of pressure “p” and electrode separation “d”” as shown schematically
in Fig. 2.2 (Paschen’s curve) [329]. If the separation between the two electrodes are kept constant
and the ambient pressure increases the required breakdown voltage for microplasma discharge
increases [330]. At atmospheric conditions and electrode separations in the range of centimeters
to tens of centimeters, breakdown voltages at several kV range are required to ignite the
microplasma discharge. The high breakdown voltage leads to a high current density after the
discharge is ignited, particularly in the cathode fall of the discharge [331]. The high current density
is the source of discharge instabilities in the cathode fall region, which quickly leads to the
formation of an undesirable arc. This also results in gas dynamics of heating and momentum
transfer from the electrons to the gas molecule, due to thermionic emission [332]. From “pd
scaling,” the breakdown voltage can be kept low if the electrode separation “d” is reduced when
the pressure “p” is increased. At atmospheric pressure, electrode separation below 1 mm are
required to be near the minimum in the Paschen’s curve for essentially all discharge medium gases
[333]. Another factor, that at least in part contributes to the stability of high-pressure microplasmas
are the high losses of charge carriers to the surrounding walls [334]. The typical operating

parameters of microplasmas corresponding to “pd” values are between 1 and 10 Torr-cm, with
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pressures exceeding 1 atm (760 Torr) and electrode separation dimensions below 1 mm [321].
These “pd” values are similar to those for large volume, low-pressure plasmas, although the current

and the energy densities in microplasmas are much higher [321].

2.5 Microplasma Discharge Device Configurations for Sterilization Applications

The breakdown voltage is a function of the environmental pressure and the gap distance
between electrodes, therefore the electrode design is a crucial design parameter for efficient
microplasma discharge. There are various electrode configurations such as dielectric-barrier
discharge (DBD), atmospheric pressure plasma jet (APPJ), micro-hollow cathode discharge
(MHCD), cathode boundary layer (CBL), capillary plasma electrode discharge (CPED), inverted
square pyramidal (ISP) and square cross-sectional cavities (SCSC) [138]. Operation at high
frequencies offers some advantages: gas breakdown in high frequency fields requires lower
voltages than in DC fields, and the potential across the sheaths decreases [335]. As a result, high
frequency operation results in less energy being transferred to the ions (which in atmospheric
pressure plasmas ends up mostly heating the background gas), more efficient plasma generation,
and a longer device lifetime [336, 337]. A schematic drawing of the different types of microplasma
discharge configurations is provided in Fig. 2.5. Description of each of these in the rest of this

section.

2.5.1 Dielectric Barrier Discharge

Dielectric barrier discharge (DBD) is a type of plasma actuation discharge configuration.
The microplasma is formed between two parallel conducting electrodes separated by an insulated
dielectric material and/or discharge medium [338]. The dielectric layer can be monolithically

attached between two electrodes or cover one or both electrodes. This layer limits charge transfer
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by forming a barrier preventing spark or arc discharges in the conduction path [339]. As the
dielectric material properties such as operating temperature, insulation strength, dielectric
constant, and mechanical properties determine the stability of the DBD and most discharge
parameter, material choice is important [340]. As the dielectric barrier alters the gap field strength,
it must be higher than average field strength. The constant of the dielectric barrier layer must be
higher than that of the dielectric constant of air or other gases. Commonly used materials for the
dielectric layer are quartz, glass, ceramics, and polymer layers. Thickness of this layer and the
electrode gap are directly proportional to the breakdown voltage [338, 340]. A thicker dielectric
layer can deliver adequate breakdown strength and reliable insulation from discharge current to
prevent spark discharge. However, thicker layers require a higher applied voltage. As such, a
balance between dielectric thickness, electrode gap, and applied voltage must be obtained for

optimum microplasma discharge [341-343].

DBDs can function under a wide range of gas pressures (normally 0.01 to 10 MPa) and are
driven by a pulsed voltage and by AC voltage with a broad frequency band (50 Hz-1 MHz) [143,
344]. Some specific layouts with special dielectric material arrangements can be driven by a DC
voltage [345, 346]. One end is comprised of a grounded electrode (ground electrode) while a
sinusoidal voltage is applied to the other electrode (terminal electrode). At atmospheric pressure,
the breakdown of the gap in the DBD is generally streamer breakdown [347]. The applied voltage
should be sufficiently high enough to cause ionization of the discharge media. The discharge
medium can be in a controlled chamber in an environment with inert gases (He, Ar, Xe, or a
mixture) and elemental gases (N2, Oz, or mixture of the gases) or can be discharged in

environmental ambient air which primarily consists of N2, Oz, CO> and water vapors (H20) [344].
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Figure 2.5: Various DBD configurations for microplasma discharge.

The discharge medium between the electrodes reaches a higher state of electron energy as
the high sinusoidal voltage is applied. Once the applied voltage is high enough, the electrons
dissociate from the atoms, and form free electrons and ions [143, 344]. A cascading effect is
achieved as the free electrons in the discharge gap accelerate and acquire higher potential,
increasing the number of free electrons. These free electrons and ionized charges move across the
discharge gap to the opposite electrode potential [143, 344]. As the charge accumulation process
is temporary, once the electric field potential is reversed the entire process flips in the opposite
direction and repeats as long as the sinusoidal voltage is applied. The primary DBD configurations
are illustrated in Fig. 2.5 (a,b,c). Typical gap distance and dielectric thickness in DBDs vary from
0.1 mm to several centimeters. The discharge gap and dielectric thickness should be kept small
depending on the application and power usage to lower the breakdown voltage and gas
temperature. In Fig. 2.5(a), the high-voltage electrode is covered by a dielectric layer. The thermal
heat generated with extended operation can be dissipated through the metallic electrode although
it then becomes exposed to erosion. In Fig. 2.5(b) both electrodes are covered by the dielectric
layer. Electrode erosion can be avoided using this configuration which improves longevity of the
device. Using the configuration Fig. 2.5(c), the two electrodes can be monolithically attached

together without requiring any discharge gap. The breakdown gap for the plasma discharge is
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based on the thickness of the dielectric layer. This enables thin DBD configurations to be quite

flexible. These basic configurations can be planar, coaxial, surface, or other novel combinations.

2.5.2 Atmospheric Microplasma Jets

The plasma jet is a broad concept covering different electrode configurations in electrical
operating modes of gaseous discharge. Key parameters for the projection of the discharged plasma
species into an open environment include enclosed electrode arrangement and the type of gas used
for plasma discharge [348-351]. Traditional plasma jet devices are usually operated as a thermal
arc jet and used in applications such as welding, cutting, and other material techniques. The
discharge is ignited and operated on a feed stock gas with application of radio frequency (RF)
power. It flows between an outer grounded electrode and a central electrode producing a high
velocity effluent stream of highly reactive chemical species [352]. The high flow of a carrier or
working gas is often the cause of plasma expansion but electrical field geometry can also be a
determinant. RF power drives the central electrode causing acceleration of free electrons. In-elastic
collisions between the free electrons and freed gas cause the production of excited state molecules,
atoms, free radicals and additional ion-electron pairs [353-355]. Rapid recombination of the ions
and electrons causes many to be lost once the gas exits the discharge volume, but neutral
metastable species and radicals are still contained in the fast-flowing effluent [356, 357]. A
distinctive feature of the plasma jet configuration is the ability to launch the stable plasma species
into a separate environment containing a significantly lower electric field. Thus, allowing the
treated target to be no longer confined to the close proximity of the plasma source. Microplasma
jets can operate with a kHz AC power supply, RF, microwave, or pulsed DC supply [358-362].
Atmospheric pressure microplasma jets can be driven by a DC power source with varied current

in some electrode configurations [362]. Orientation of the electric field with respect to the direction
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of gas flow varies depending on microplasma jet configuration. Research for biomedical
applications and surface modifications has been focused on generating laminar longitudinal flow
of gases through the tube to generate longer afterglow [363, 364]. Higher discharge gas
temperatures can be reduced by using noble gases such as argon and helium [365]. Although there
is a similar flow rate through the capillary, when utilizing inert noble gases as feed gases it becomes
relatively expensive to operate and provides a shorter plasma afterglow when compared to feed
gas of oxygen, nitrogen and ambient air [366]. Inert feed gases such as argon and helium also
create a less reactive plasma afterglow which does not generate the reactive species useful for
sterilization and biomedical applications [190]. However, significantly less expensive, nitrogen,
oxygen and ambient air generate filamentary microplasma discharges which produce a high
current arc. The plasma discharge can become highly unstable leading to higher gas temperature
[367]. Reducing the capillary (dielectric tube) diameter can reduce the radial size of the plasma jet
to micrometer ranges. Jets can be moved across the object surface or operated in an array mode
for applications requiring a large area or bulk treatment [368, 369]. Parallel operation of multiple
jets requires uniformity and stability, which is dependent on balancing voltage and current of the
driving circuit [369, 370]. Microplasma jets not only improve the discharge and treatment area but
can also provide a different diameter of the electrode and tune the reactive species composition

using different feeding gas mixtures to each jet. The primary configurations for producing
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Figure 2.6: Various jet configurations for microplasma discharge.
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microplasma jet is given in Fig. 2.6 (a,b,c). Coaxial electrode, DBD based and floating electrode
DBD are typically used for generating microplasma jets. Configuration of the electrodes can be
altered based on application and power usage. In Fig. 2.6 (a,b), a coaxial arrangement of the
electrodes is shown used for generating microplasma jet. Feed gas is passed through the capillary
tube which is surrounded by coaxial rings of the terminal and ground electrodes. The third
geometry shown in Fig. 2.6 (), is also suitable for generating microplasma jets and the operation
is similar to DBD based devices. The dielectric separating of the two electrodes on adjacent sides
is the thickness of the capillary tube and the outer diameter. Feed gas passes through the tube
generating reactive species in between the electrodes. These three geometries have been
extensively utilized for biomedical and sterilization applications. The fourth geometry is typically
used for applications in plasma torches and generated high gas temperature. This design generates

arc jets and is un-suitable for applications involving thermolabile materials.
2.5.3 Micro-hollow Cathode

A type of plasma discharge, where microplasma is generated in microcavities of electrode-
dielectric-electrode sandwich structures, is known as micro hollow cathode discharges (MHCD’s)
[371, 372]. The phrase “hollow cathode” has historically referred to a specific mode of plasma
discharge operation where the current increases, as the operating voltage drops. Current research,
however, uses a different method without the hollow cathode mode using stable glow discharges
[371, 372]. Because of this modern shift, several research groups refer to such microplasma
discharges as “microdischarges” or “micro-structured electrode arrays”. MHCD allows for higher
pressure operation when the perforated electrode hole diameter is decreased [373, 374]. A hole
diameter less than 1000 um for a high feed gas rate allows for lower gas temperature at ambient

conditions. A non-equilibrium microplasma having a density above 10*cm can easily be
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achieved in an MHCD [375]. Use of MHCD for surface modification, treatment of wastewater,
and use in micro-thrusters for guiding microsatellites is a growing area of interest aside from the
use in sterilization applications [376-380]. The primary configuration for producing micro hollow
cathode jet is given in Fig. 2.7. The geometry consists of thin dielectric layer sandwiched between
a cathode and anode. The thickness can be changed along with the hole diameter. The type and
rate of feed gas can also be altered and optimized based on the application. The standard low-
pressure discharge with a hollow cathode effect typically has the advantage of higher
concentrations of electrons and ions with lower breakdown and operating voltages as compared to
traditional normal glow discharges. Two dimensional arrays of individual MHCDs can be operated
in parallel without individual ballast resistors if the current voltage curve has a positive slope.
However, a current voltage curve with a negative slope MHCD array can be generated by using a
distributed resistive ballast or multilayered structure where each micro-discharge is individually

ballasted.

2.5.4 Capillary Plasma Electrode Discharge

The capillary plasma electrode discharge (CPED) configuration is one of several actuations

of discharge concepts which generate and sustain high electron density stable glow discharges with
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Figure 2.8: CPED configuration for microplasma discharge.
self-current limiting [381, 382]. The basis of the CPED is suppression of the glow-to-arc transition
instability by stabilizing the cathode fall region of the discharge [381, 382]. A narrow channel is
provided by a micro-hole in the perforated dielectric layer limiting discharge current. This uses a
novel design where dielectric capillaries cover one or both electrodes of a discharge device
(Fig. 2.8). Many details of the CPED look similar to conventional dielectric barrier discharge
(DBD) but CPED exhibits a mode of operation called “capillary jet mode” which is not seen with
DBDs [383]. Capillaries with diameters ranging from 0.01 to 1 mm and length-to-diameter (L/D)
ratios from 10:1 to 1:1, serve as plasma sources and produce jets of high-intensity plasma at high
pressure. These jets emerge from the end of the capillary forming a “plasma electrode” [384].
When excited by pulsed DC or AC, CPED displays two distinct modes of operation. When the
applied voltage pulse frequency is increased above a few kHz, initially a diffuse mode similar to
the DBD’s diffused glow can be observed as described by Okazaki et al. [385]. Once the frequency
reaches a critical value (depending on the L/D value and the feed gas), the capillaries “turn on”
and bright, intense plasma jets emerge. When many capillaries are in close proximity to each other,
the emerging plasma jets overlap, and the discharge appears uniform [321]. The preferred mode
of operation of the CPED is the “capillary” mode. It has been characterized for multiple laboratory-

scale research discharge devices in terms of its electrical and plasma properties [386-388].
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2.6 Gram-positive and Gram-negative Bacteria

The bacterial cell envelope is a multilayered and complex structure encasing the cytoplasm
serving to protect the organism and internal contents from the surrounding environment. In 1884,
Christian Gram developed a staining method allowing him to classify most bacteria into two broad
categories, ‘Gram-positive’ and ‘Gram-negative’. The Gram-negative and Gram-positive cell wall
structure is show in Fig. 2.9. The envelopes of Gram-negative bacteria are composed of three
principal layers; the outer membrane, the peptidoglycan cell wall, and the cytoplasmic or inner
membrane [389]. Gram-positive bacteria lack the outer lipid membrane. This unique outer
membrane is a lipid bilayer containing phospholipids which are confined to the inner leaflet of the
membrane [390]. The outer leaflet of the outer membrane is composed of glycolipids, principally
lipopolysaccharide. Both Gram-positive and Gram-negative bacteria have a peptidoglycan layer
surrounding the entire cell which is a heteropolymer of glycan chains crosslinked by amino acids.
The covalently bonded peptidoglycan layer varies in thickness between the two types with Gram-
positive bacteria having a thicker peptidoglycan layer (20-80 nm) and Gram-negative bacteria a
thinner one (<10 nm) [391]. The cytoplasmic or inner membrane is composed of a layer of proteins
and phospholipids with some proteins interspersed. It encloses the internal contents of the

bacterium regulating flow of materials in and out the cell. The cytoplasm, or protoplasm, of
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Figure 2.9: Gram-negative and Gram-positive cell wall structure.
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bacterial cells is where the metabolic reactions and the replication of nucleic acids occur, allowing

bacterial growth and multiplication [389, 392].

2.7 Plasma Actuated Agents for Sterilization and Disinfection

The complex chemical composition of microplasma is comprised of different reactive
agents (electrons and positive and negative ions, free radicals, excited atoms and molecules) and
UV radiation. A key advantage of microplasma discharge for disinfection and sterilization
applications under ambient conditions is the ability to generate UV radiation and in situ production
of reactive agents [393, 394]. UV radiation is known to cause lethal damage to the DNA strand by
the process of photo-desorption [395]. ROS and RNS accumulate creating an electrostatic force
causing lipid and protein oxidation and eventually rupturing of the cytoplasmic membrane which
leads to the exposure of the intracellular matter of the cell to the environmental elements [274].
Due to the synergistic effect of reactive species and UV photons, this makes microplasma
discharge a potential disinfection and sterilizing method for neutralizing pathogenic
microorganisms [396]. The microbicidal effects of reactive species, and ultraviolet radiation

(Fig. 2.10) will be discussed in the following section.

2.7.1 Reactive Species

Research has shown that reactive nitrogen species (RNS) and reactive oxygen species
(ROS) generated from microplasma (particularly plasma energy particles such as electrons and
excited atoms) can cause mechanical erosion or oxidative damage (lesions) to cellular envelopes
[188-401]. Accumulation of charges (electrons, excited atoms, RNS and ROS) on cellular
envelopes can lead to permeabilization through the formation of pores, in a phenomenon known

as electroporation [398, 402]. A schematic representation of the effects of microplasma on bacteria
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is shown in Fig. 2.10. At the intracellular level, reactive species of oxygen and nitrogen, such as

atomic oxygen, hydroxyl radicals (OH=x), hydroperoxyls (HOOx), superoxides (O2-x) and nitric

oxide (NO), can rapidly diffuse into the cells and oxidize various macromolecules [398, 402].

Once inside the cell, reactive substances provoke damage not only on lipids, but also on proteins,

nucleic acids and carbohydrates. Reactive species also initiate lipid peroxidation phenomena, chain

reactions that begin with the attack of unsaturated fatty acids by the oxygen species and can

compromise cell viability by modifying membrane properties, decreasing permeability and even

its integrity [190, 402]. Compromising the cellular membrane facilitates the release of important
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intracellular components to the external environment thus accelerating the inactivation process.
Therefore, the exposure of bacteria to the microplasma causes an uncontrolled damage to the

bacteria.

2.7.2 Ultraviolet Radiation

UV radiation is a form of electromagnetic radiation that covers the wavelengths in the
range from 100 to 400 nm. The UV spectrum can be categorized as UVA (400-315 nm), UVB
(315-280 nm), UVC (280-200 nm), and vacuum-UV (VUV, 200-100 nm) subdivisions. The UVC
band is divided into near-UVC (280-240 nm) and far-UVC (240-200 nm) [403]. Microbial growth
inhibition by induction of DNA thymine dimers is widely known to occur with exposure to UV
radiation wavelengths in the 220-280 nm range [404]. Intercellular components of living cells;
e.g. nucleic acids, such as ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), and proteins;
can absorb UVC with different sensitivities. As these UVC photons have the highest absorption
rate by microbial pathogens, these wavelengths are also referred as germicidal UV wavelengths.
The microorganism is inactivated by UV radiation and prevents from reproducing, but does not
destroy microorganisms [401, 405, 406]. The most sensitive targets during UVC exposure are the
DNA of bacteria, the DNA and RNA of viruses [183, 407, 408, 409] and damages the nucleic acid,
cyclobutane pyrimidine dimers, (6-4) photoproducts, and protein-nucleic acid cross-links [188,
410]. UVC radiation damages biological molecules with unsaturated bonds like coenzymes,
hormones, and electron carriers as well as other intracellular and viral components by causing
photochemical reactions in proteins and enzymes [188, 411]. However, different proteins have
different wavelength-sensitivity patterns of UVC absorption than nucleotides [412]. Peak UVC
absorption is reached near the range around 265 nm, whereas the protein UVC absorption starts

increasing below 240 nm wavelengths (far-UVC) and even surpasses DNA absorption at around
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225 nm [412]. Effects of UV radiation can completely halt cell reproduction due to DNA mutation

[411].

2.8 Summary

Microplasma based UV radiation is an emerging field of low temperature, non-thermal plasma
device technology that can alleviate the disadvantages and shortcomings of current disinfection
methods currently in use [184, 185, 187, 413, 414]. Microplasma NTP treatment of microorganisms
at room temperature and atmospheric pressure has been shown to reduce growth of microorganisms
such as bacteria on different surfaces like cloth, metal and laboratory-based growth media. Although
there are other disinfection and sterilization methods, those methods utilize special chambers and
chemicals which makes them non-portable, or can be harmful for the operator due to the use of toxic
chemicals, toxic discharge byproducts, high operating temperature and pressure. However,
microplasma based sterilization considerably reduces the time required for sterilization into the order
of seconds (depending on the device configuration and its operating voltage), which is a considerable

time reduction when compared with traditional sterilization methods.

The key advantage of ambient air based microplasma discharge for disinfection applications,
is its ability to generate UV radiation and in situ production of reactive oxygen and nitrogen species
[415-418]. The synergic effect of UV photons and reactive species makes ambient air microplasma
discharge a prospective disinfection method to kill harmful pathogens that cause diseases. Therefore,
there is immense potential in flexible microplasma based devices for application in textile, wound
surfaces and polymeric surfaces and there is a need to perform more research to develop such low cost
and low power flexible devices that will be accessible to the public in future years and provide a safe

and low cost alternative to existing disinfection and sterilization methods.
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CHAPTER Il

2D FINITE ELEMENT MODELING OF SURFACE DIELECTRIC BARRIER
PLASMA DISCHARGE DEVICES TO UNDERSTAND THE INFLUENCE OF
DESIGN PARAMETERS ON STERILIZATION APPLICATIONS

3.1 Introduction

Traditional thermal and non-thermal plasma require very high voltage of operation and
often operated in special chambers where the ambient conditions such as temperature and pressure
are continuously monitored and controlled [419, 420]. The major advantage of microplasma
discharge device (MDD) lies in the ease of fabrication with various miniaturized configurations,
which reduces the breakdown voltage for igniting plasma, requiring relatively smaller transformer
and power supply. This increases the possibility to design and fabricate portable MDDs, thus
leading to cost efficiency. The performance of MDDs are dependent on a stable and uniform
microplasma discharge. MDD parameters such as electrode gap distance (dielectric thickness),
electrode thickness and the applied voltage will affect microplasma discharge characteristics such
as electron density (ne) and electron temperature (Te) [421]. Moreover, the change in ambient
conditions such as temperature and pressure will affect the net ne of the microplasma discharge
due to the change in electron mobility (Ue) [422]. Understanding the effect of such variable
parameters including electrode and dielectric thickness, applied voltage, and changing ambient

conditions will enable us to design effective MDDs based on their operating conditions.

The generation of uniform and effective plasma in MDDs depends on electrode
configurations and designs [182, 423-430]. It is hypothesized that uniform voltage distribution
across the electrodes will result in the generation of uniform ne and Te, which will lead to uniform,

stable and steady microplasma discharge across the electrode. DBD is the most suitable
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configuration for fabricating a surface plasma based MDDs due to its ease of scalability and
geometrical flexibility (planar geometry) unlike other configurations [142, 431, 432]. These
devices can operate at atmospheric pressure and temperature with variable input voltage and
frequency. Recently, new geometries such as micro hollow cathode geometries and plasma pencil
geometries have been used to generate microplasma for medical and sterilization purposes [431,
432]. While MDDs utilizing such geometries operate at ambient pressure and temperature, the
effective treatment area for each device is very small and not scalable unlike for MDDs that can
be made of DBD configuration. Various DBD based electrode designs including comb, H-tree and
honeycomb were chosen to simulate and study its voltage distribution effect on the microplasma
discharge of MDDs. Typically, comb structure is selected due to its simplicity [433], and H-tree
design is a very common design feature utilized in the electronics industry to keep the clock
frequency and voltage uniform across the printed circuit board [434]. Honeycomb pattern has high
surface area, provides uniform voltage and is highly scalable in size and area as compared to the
other designs [435]. Moreover, the hexagon pattern has proven to divide surfaces into regions of

equal area with the most highest density [436, 437].

Microplasma based finite element analysis (FEA) simulations have been performed to
study the electron and ion Kinetics and breakdown voltages in coplanar electrode based
microplasma devices [438-442]. Some application specific FEA simulations [443-450], were
utilized to study microplasma discharges including plasma thruster [451, 452], material deposition
[453], etching processes [454], pollution degradation devices [455] and analytical spectroscopy
[456]. Deconinck et. al. and Shimizu et. al. performed simulations on microplasma jet-based
propulsion device to study the variations in plasma kinetics for various applied voltages and the

flow velocity in microcavities, respectively [451, 457]. Seo et. al. performed simulations of AC
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driven DBD microplasma in circular microcavities to understand the effect of the cavity diameter
on ne under various ambient pressure conditions [458]. Simulations for microplasma used for
additive (printing) and subtractive (etching) manufacturing processes have also been performed
by Sawant et. al. and Dai et. al. respectively, to study the effects of dimensional properties on
material deposition and ne [453, 454]. As microplasma based sterilization is of growing interest,
there is a need to investigate the effect of dielectric and electrode parameters for microplasma
discharge. To the best of the authors’ knowledge, there is no literature available on two-
dimensional FEA simulations focusing on the effects of electrode and dielectric dimensional
parameters on the surface DBD based microplasma discharges for sterilization applications.
Therefore, in this work, the effect of different electrode designs on voltage distribution were
investigated. Effect of varying applied voltages, electrode, and dielectric thickness on the ne and

T were also analyzed across the electrodes using COMSOL Multiphysics® simulation software.
3.2 Simulation Model

Dielectric barrier discharge (DBD) are plasma discharges characterized by formation of
electrical discharges between two conducting electrodes, separated by an insulating material [341].
A sinusoidal voltage is applied to one of the electrodes (terminal electrode) and the other electrode
is grounded. Depending on the thickness of the dielectric and/or discharge gap and the discharge

medium the amplitude of the sinusoidal voltage will vary [143]. A schematic drawing of the
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Figure 3.1: (a) Schematic of the simplified surface DBD and (b) cross-sectional

view of DBD model in COMSOL simulation software.

simplified DBD based microplasma discharge (side-view) and its two-dimensional model (cross-
sectional view) created in COMSOL Multiphysics® software along with their different layers is
shown in Fig. 3.1(a) and (b), respectively. Simulation were performed utilizing the Plasma (plas)
module in COMSOL Multiphysics®. This program couples the drift diffusion, heavy species
transport, and electrostatics interfaces into an integrated multiphysics interface to model plasma
discharges. The model consists of two copper electrodes (ground and terminal electrode) and a
polyimide based dielectric medium. In a surface based DBD, the thickness of the dielectric
between the two electrodes is also referred as the gap distance [459, 460]. The electrodes were
separated from each other with a gap distance comprised of a dielectric such as polyimide and a
sinusoidal voltage was applied to the terminal electrode [459]. The applied voltage should be high

enough to cause ionization of the discharge medium of argon (Ar). Argon gas was chosen as the
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discharge medium for its smaller reaction model and slower gas phase chemistry. This enables
faster computational times, thereby allowing vast parametric studies [461]. The free electrons
across the electrodes accelerate and acquire higher potential which leads to an electron avalanche,
increasing the number of free electrons. The free electrons and the ionized charge species move
across the electrode gap to the opposite electrode potential [447]. This process of charge
accumulation is temporary and when the electric field potential is reversed, the process reverses in

the opposite direction and repeats as long as the sinusoidal voltage is applied.

The operating principle of microplasma is based on Paschen’s Law which states that the
breakdown voltage (V) of an MDD is a function of the ambient pressure (p) (Pa) and electrode

gap distance (d) [307, 462]. The relation between Vg and p is given by Eq. (1) [307, 462].

_ Bpd
- 1n(Apd)—ln[ln(1+y1§)]

1)

Vg

where A is the ionization saturation constant, B is the excitation and ionization energy constant,
and pse is the coefficient of secondary electronic emission. Using Paschen’s Law, the breakdown
voltage for microplasma discharge can be calculated. The breakdown voltage and electrode gap
distance are some of the most important parameters for an optimized electrode configuration. For
high pd values the applied Vs is directly proportional to d [463]. Therefore, if d increases, the Vs
required to dissociate the electrons of the ambient gas (in this work, Ar gas) also increases. A
surface based DBD can also be related to a parallel electrode configuration. From the fundamental
laws of electromagnetics, the relation between electric field and electrode gap distance is given by

[464]:

E=2 )
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where, E is the electric field and V is the potential difference between the parallel conductive plates.
When the applied voltage (V) at the terminal electrode is kept constant, it can be derived that E is
inversely potential to d. Therefore, if the electrode gap distance increases, the electric field across
the two parallel plates will decrease and vice versa. This will affect the electron drift velocity (va)

and from the fundamental laws for L in electric field [464]:

Vg = U E (3)

where, Ll is the electron mobility. Therefore, vq is directly proportional to E. According to kinetic

theory of gases, the relationship between the vq and electron temperature Te is given by [465]:

1

vg = (22%)? (4)

TMme

where, ky is the Boltzmann constant and me is the electron mass. According to Maxwellian electron
energy distribution function the effect of Te on the electron density (ne) and electron energy density

(n¢) is given by [466]:
=2() ©

therefore, ne is inversely proportional to Te and n¢ is directly proportional to Te. The Te must be
several orders of magnitude greater than the gas temperature in the discharge medium to be
classified as non-equilibrium plasma discharge to maintain lower surface temperature [321].
Therefore, ne is inversely proportional to Te if ne is constant. It can also be inferred that for a
constant applied voltage, Te is inversely proportional to the electrode gap distance (d) (distance
between the terminal and ground electrode). This reduction in Te will inhibit the microplasma

discharge of the device. Similarly, the electrode thickness is also an important design parameter
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for microplasma discharge. The relation between Te and electrode layer thickness (ds) is given by

[467]:
T, = Cyv pd, (6)

Therefore, the electrode layer thickness (ds) is directly proportional to Te. The gap distance between
the two electrodes and electrode thickness should be optimized for a lower breakdown voltage
allowing for greater operating range of the MDD. If the electrode gap distance is not optimized, it

would result in low Te, rendering the MDD ineffective.

Constituent equations from the Drift Diffusion Model (DDM) in COMSOL Multiphysics®
used for determining the ne for microplasma discharge is mathematically calculated using Eq. (7)

[468].
Z(ne)+ VI, =R, (7

where,
I = —(pe » E)ne — VDen, 8

and, ne denotes the ne (1/mq), Re is the electron rate expression (1/(m?-s)), He is the electron mobility
which is either a scalar or tensor (m?/(V-s)), E is the electric field (V/m), D¢ is the electron
diffusivity coefficient (m?/s), and -(ueoﬁ) ne and -VDe ne represents the effect of electric field on
electron drift and electron diffusion between high to low ne , respectively. The effect of ne and the
electric field, for varying input voltages across the two electrodes were simulated and investigated.
The electric field across the MDD is also a crucial parameter for uniform microplasma discharge.

The generation of the reactive species is dependent on ne and ple. Non-uniform electric fields across
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the MDD will result in inconsistent generation of the reactive species across the electrode,

compromising the optimum performance of the MDD.

Similarly, the ns was determined using Eqg. (9) [468].
Z(n)+ V- L+EI =R, (9)
where,
I; = —(pg » E)ng — VDeng (10)

and, n. denotes the ns (V/m®), Re is the energy gain/loss (V/(m®:s)), | is the electron energy

mobility which is either a scalar or tensor (m?/(V-s)), E is the electric field (V/m), and D, is the

electron energy diffusivity (m?/s), -(uyﬁ) ne and - V D N, represents the effect of electric energy

on electron drift and electron diffusion between high to low electron energy density, respectively

and E . represents the effect of external electric field on heating of electrons, where the heating
can be a form of source or sink. Electrons are lost to the dielectric wall due to random motion
within a few mean free paths of the wall, and are gained later due to secondary emission effects,

resulting in the following boundary condition for the electron flux [468]:

n.I, = (30e,me) = p¥p( L) (12)

and the electron energy flux is given as [468]:

n.rl, = (gve,ns) — Yy &pYp(Ip.1) (12)

The second term on the right side of Eqg. 11 is the gain of electrons due to secondary emission
effects where y, is the secondary emission coefficient. The second term in Eq. 12 is the secondary

emission energy flux, where g, is the mean energy of the secondary electrons.
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Table 3.1. The reactions of electron impact with active species of argon.

Reaction Formula Type AE (eV)

R1 e+Ar—e +Ar Elastic Scattering m/M = 0.136e-4
R2 e+Ar—e +Ar Excitation 11.50

R3 e +Ar—e +Ar Superelastic -11.50

R4 e+ Ar— 2e +Ar* lonization 15.80

R5 e +Ar —2e + Ar* lonization 4.27

Table 3.2. Reactions between the atoms and molecules with its reaction rates.

Reaction Formula Rate (m3/s.mol)
R6 Ar'+Ar" > e +Ar+Art 3.3734e8
R7 Ar" + Ar > Ar + Ar 1807

Using the classical kinetic theory, L. is dependent on the change in ambient temperature (Ta) and

is mathematically given by Eq. (13) [469].

el =2 o (=Y mrag (13)

} Grmyateptz 0 NIme®

where, N is the gas density, omt is the electron-atom momentum transfer scattering cross section,
m and e are the electron mass and charge respectively, kg is the Boltzmann’s constant. Also, as per
the ideal gas law [470], since Ta and N are dependent on p, it can be inferred that a change in

ambient conditions (pressure or temperature) should affect pe and ne.

The reactions due to electron impact inside the gas gap are given in Table 3.1 and Table
3.2. The reactions of electron impact with active species of Ar including: metastable argon (Ars),
Ar molecule and singly ionized Ar molecule (Ar®) are depicted in Table 3.1 [307, 462]. In
Table 3.2, the reaction rates for Ar atoms and molecules along with their corresponding two-body

reaction are also given [307, 462, 464]. The surface reactions are also given in Table 3.3. The
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Table 3.3. Surface reactions.

Reaction Formula Sticking Coefficient
RS Art > Ar 1
R9 Ar" > Ar 1

initial electron density (g,) was considered as 10° and the mean electron energy was considered as
4 eV. The ambient temperature and pressure were kept constant at 300 K and 1 atm, respectively:

when simulating for voltage distribution, Te and ne for varying electrode and dielectric thickness.
3.3 Simulation Results

Surface microplasma discharges produce reactive species of gas molecules, which induce the
electroporation effect. This causes DNA mutation, inhibits DNA repair and enzyme activities,
resulting in cellular death and is responsible for the pathogenic microbial inactivation [471-479].
To achieve the electroporation effect, the applied voltage to the MDD is an important parameter
and the voltage distribution across the device should be uniform for effective destruction of

pathogenic microorganisms. To obtain uniform voltage distribution across electrodes, the design

Figure 3.2: Comb (a)(b), H-tree (c)(d), and honeycomb (e)(f) structured microplasma discharge device
for 35 mm and 100 mm diameter standard petri dish, respectively. (The doted yellow circle represents
the petri dish perimeter and all images are not to scale)
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of electrodes is crucial when fabricating the MDD. Non-uniform voltage distribution across the
device can result in ineffective sterilization. A case study of three different electrode structures
was performed, to investigate the voltage distribution across electrode. A schematic of the comb,
H-tree and honeycomb structured MDD for 35 mm and 100 mm diameter petri dish is shown in
Fig. 3.2. The red dotted circle indicates the perimeter of the petri dishes, to illustrate the coverage

of each designed MDD.

A 2D simulation in FEA software COMSOL Multiphysics®, was performed using the magnetic
and electric field modules. An input voltage of 2000 V at 20 kHz was applied to the terminal
electrode and the voltage distribution across the different electrode designs to sterilize the surface
of 35 mm and 100 mm petri dishes was simulated and is shown in Fig. 3.3. It was observed that,
for a comb structured MDD (Fig. 3.3 (a), (b)), the voltage gradually dropped towards the comb
tips by ~15%. If the voltage across the comb structured device decreases then it will affect the
microplasma discharge leading to non-uniform microplasma discharge. Such non-uniform voltage

distribution will ultimately affect the formation of reactive species throughout the surface of the

device, causing ineffective sterilization. However, the voltage distribution on the terminal

(@)

(d)

Figure 3.3: Simulated voltage distribution across the comb (a)(b), H-tree (c)(d), and honeycomb
structured (e)(f) electrodes for 35 mm and 100 mm diameter petri dish, respectively. (all images are not
to scale)
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Figure 3.4: lllustration of microplasma discharge coverage for (a) H-tree and
(b) Honeycomb structured MDD.

electrode was uniform for the H-tree (Fig. 3.3 (c), (d)) and honeycomb device (Fig. 3.3 (e), ()),

with minimal drop (<0.5%) in voltage towards the ground terminal. This results in uniform electric
field distribution and leads to uniform microplasma discharge throughout the surface of the
devices. The voltage distribution across the H-tree structured device was very similar to
honeycomb, however, the coverage of the microplasma discharge was very different for both the
designs. Considering 0.5 mm (Fig. 3.4) thick/wide microplasma spread across the terminal
electrode, for 35 mm diameter petri dish, it was calculated that the H-tree structured device has
~12% greater coverage in microplasma discharge as compared to the honeycomb device. However,
when the MDD was scaled for 100 mm diameter petri dish, the honeycomb device has ~55%
greater coverage of microplasma discharge as compared to the H-tree device. Therefore, the
honeycomb structured MDD not only has uniform voltage distribution across the terminal
electrode, but it also improves the scalability over the H-tree patterned MDD and provides

relatively large microplasma discharge area.

The input sinusoidal voltage at the terminal electrode was varied from 1500 V to 3500 V
in steps of 500 V, and its effect on ne and Te was investigated. Electric potential distribution across

the terminal electrode, dielectric and ground electrode for 1500 V and 3500 V is shown in
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Figure 3.5: The electric voltage distribution across the layers for an input terminal voltage of
(a) 1500 V, (b) 3500 V.

Fig. 3.5 (a) and (b) respectively. The thickness of the electrodes and dielectric was considered as
200 um and the voltage distribution across the electrodes was simulated under ambient
atmospheric temperature (300 K) and pressure (1 atm). For varying voltages of 1500 V, 2000 V,
2500 V, 3000 V and 3500 V, the maximum Te decreased to 4.39 eV, 4.28 eV, 4.20 eV, 4.13 eV
and 4.08 eV, respectively. Similarly, the maximum ne per cubic meter increased to 1.21 x 10%3,
1.05 x 10, 1.35 x 10%*, 1.68 x 10 and 2.01 x 10 when the input sinusoidal voltage at terminal
electrode was varied from 1500 V to 3500 V, respectively. From Fig. 3.6, it was observed that the

Te is inversely proportional to the ne (also evident from Eq. 5). In addition, the breakdown voltage
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Figure 3.6: Influence of varying input voltage on electron density and temperature.
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for 200 um dielectric was observed at approximately 2000 V. If the voltage distribution across the
electrodes is uniform and above the breakdown voltage (2000 V) of the dielectric layer, uniform

microplasma can be generated across the surface of MDD.

The effect of varying dielectric thickness on Te and ne was investigated. The dielectric
thickness was varied from 100 pm to 300 pum in steps of 50 pm with an input sinusoidal voltage
of 2000 V at the terminal electrode under ambient atmospheric temperature (300 K) and pressure

(1 atm). The simulation results of Te and ne distribution for 100 pm and 300 pum thick dielectric
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Figure 3.7: The electron temperature and density distribution across (a,b) 100 um and (c,d) 300 um
thick dielectric where arrows indicates the direction of electron flux towards the ground electrode.
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Figure 3.8: Influence of dielectric thickness on electron density and temperature.

along with direction of the electron flux is shown in Fig. 3.7 (a-d), and the results are plotted in
Fig. 3.8, respectively. For dielectric thickness of 100 um, 150 um, 200 pm, 250 um and 300 pum,
the maximum T, decreased to 5.95eV, 4.99 eV, 4.28 eV, 3.86 eV and 3.59 eV, respectively.
Similarly, ne increased to 0.01 x 10%*, 0.22 x 10, 1.04 x 104, 1.19 x 10'* and 1.79 x 10'* when
the dielectric thickness increased from 100 pum to 300 pum, in steps of 50 um, respectively. From
Eq. 2, it is inferred that for a constant voltage at the terminal electrode, the dielectric thickness of
a device is inversely proportional to the electric field. The electric field is directly proportional to
the drift velocity of the electrons (from Eq. 3). The drift velocity in turn is proportional to the
square root of Te (from Eq. 4). Correlating Eq. 2-5, it can be deduced that the electrode gap distance
is inversely proportional to Te and directly proportional to ne (from Eqg. 5). Therefore, to achieve
similar levels of plasma discharge for increased dielectric thickness, a higher voltage needs to be
applied at the terminal electrode to increase Te. However, if the input voltage is kept constant as
the dielectric thickness increases, then the voltage at the terminal electrode will not be enough to

breakdown and dissociate the discharge media, thereby limiting the generation of microplasma.

Similarly, the effect of varying electrode thickness (increased from 100 pum to 300 pm in

steps of 50 um) on Te and ne was investigated with an input sinusoidal voltage of 2000 V at the
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Figure 3.9: The electron temperature and density distribution across (a,b) 100 um and (c,d) 300 um
thick electrodes where arrows indicates the direction of electron flux towards the ground electrode.

terminal electrode under a temperature of 300 K and a pressure of 1 atm (Fig. 3.9 (a-d)). For
increasing electrode thickness of 100 pum, 150 pm, 200 pm, 250 pm and 300 um, the maximum
Te increased to 4.06 eV, 4.19eV, 4.28 ¢V, 4.35¢eV and 4.41 eV, respectively. Similarly, ne
increased to 2.28x1014m3, 1.23x1014m3, 1.04x1014m3 0.74x1014m* and
0.11 x 1014 m™ when the dielectric thickness increased 100 pum to 300 um. From Eq. 6, and from
the results shown in Fig. 3.10 it is inferred that the Te is directly proportional to the electrode

thickness and, ne is inversely proportional to the electrode thickness. If the electrode is too thick,
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Figure 3.10: Influence of electrode thickness on electron density and temperature.

the voltage drop across the electrode will be higher and this will result in lower input voltages
(increasing the breakdown voltage in the discharge medium) across the dielectric. Therefore, the

choice of electrode thickness is an important parameter for microplasma discharge.

In Fig. 3.11, the effect of varying ambient temperature on ne and e is shown. The electrode
and dielectric thickness were fixed at 200 um with an input sinusoidal voltage of 2000 V at the
terminal electrode. It was observed that the ne and pe were varied from 2.03 x 1014 m™ to
4,54 x 102 m3 and 0.14 [m?/(V.s)] to 0.19 [m?/(V.s)], respectively, as the ambient temperature
increased from 250 K to 350 K, in steps of 25 K at a constant ambient pressure (1 atm). This

corresponds to a 78% and 50% change in the ne and L., respectively. As the atmospheric
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Figure 3.11: Influence of varying ambient temperature on electron mobility and electron temperature
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Figure 3.12: Influence of varying ambient pressure on electron mobility and electron temperature

temperature decreases, the e decreases and ne increases, thereby decreasing the Te and vice-versa
(as per Eq. 5). Therefore, at lower ambient temperature, the input voltage supply must be increased
to maintain constant Te [480]. Similarly, in Fig. 3.12, the effect of varying ambient pressure on ne
and pe is shown. The electrode and dielectric thickness were fixed at um with an input sinusoidal
voltage of 2000 V at the terminal electrode. It was observed that the ne and pe varied from
9.64 x 10 m= to 2.64 x 10 m™ and 0.23 [m?/(V.s)] to 0.15[m?/(V.s)], respectively, as the
ambient temperature increased from 0.7 atm to 1.1 atm, in steps of 0.1 atm at a constant ambient
temperature (300 K). This corresponds to a 174% and 36% change in ne and Lle, respectively. The
results indicate that the ne is inversely proportional to the pe for varying atmospheric pressure
conditions. When the atmospheric pressure increases, the He reduces, thereby reducing the Te (as
per Eg. 3 and 4). To maintain the Te constant, the input voltage can be increased, which would also
increase the collisional energy transfer between electrons and background gas [481, 482].
Therefore, it can be concluded that the change in the ne and e due to variations in the ambient
conditions will have a direct effect on the microplasma discharge, influencing the sterilization

efficacy of the MDD towards harmful pathogens.
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3.4 Summary

In this work, an MDD was successfully modelled and simulated using FEA in COMSOL
Multiphysics® simulation software. Initially, the voltage distribution across comb, H-tree and
honeycomb structured MDDs were analyzed to find the optimum design for microplasma
discharge. The results indicate that the honeycomb structured MDD provides uniform voltage
distribution and relatively larger microplasma coverage as compared to comb and H-tree structured
MDDs. The cross-section of a MDD was modelled in an Ar environment with a polyimide
dielectric sandwiched between two copper electrodes. Simulations were performed to investigate
the ne and electric field distribution for AC terminal voltages ranging from 1500 V to 3500 V with
a constant dielectric and electrode thickness of 200 um. Then, the effect of varying dielectric and
electrode thickness parameters on ne and temperature was investigated. As the dielectric thickness
was increased from 100 to 300 um the Te decreased by almost 40%. The results indicate that, it is
necessary to have a thinner dielectric between the two copper electrodes for lower breakdown
voltage and effective microplasma discharge. The varying electrode thickness from 100 to 300 um
resulted in a 9% increase of Te. This was because Te is directly proportional to the electrode
thickness. The results from the two-dimensional modelling indicate that electrode configuration is
an important parameter to optimize for fabricating MDDs. For light weight and wearable
applications, it is essential to have thinner electrode and dielectric such that the device is flexible
and conformal enough. Finally, the effect of varying ambient temperature and pressure on ne and
the mobility of the MDD was studied. A variation of 78% and 50% change in ne and e was
obtained as the ambient temperature was increased from 240 K to 360 K at constant ambient
pressure (1 atm), respectively. A variation of 174% and 36% change in ne and ple was obtained as

the ambient pressure increased from 0.7 atm to 1.1 atm at constant ambient temperature (300 K),
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respectively. It was observed that a change in ne and pe will affect the microplasma discharge
which in turn can affect the sterilizing efficacy of the MDD. Therefore, further research includes
developing an adaptive system such that the input voltage can be changed depending on the
varying ambient conditions to generate a consistent microplasma discharge. The system will be
developed and tested, to sterilize surfaces from harmful Gram-negative and Gram-positive bacteria

such as Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus and Bacillus subtilis.
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CHAPTER IV

IN-VITRO ANALYSIS OF THIN-FILM MICROPLASMA DISCHARGE
DEVICES FOR SURFACE STERILIZATION AND INACTIVATING
BACTERIA SUSPENDED IN LIQUID MEDIA

4.1 Introduction

Disinfection and sanitization are processes of eliminating pathogenic microorganisms
(such as bacteria, viruses, and fungi) on solid surfaces or in fluid media. Surgical site infections
(SSI) are most common among all hospital-acquired infections as per World Health Organization
(WHO), and many of such SSls are caused by antibiotic-resistant bacteria [483, 484]. In the United
States alone, there are approximately 46.5 million surgical and invasive medical procedures
performed every year and almost 300,000 patients are reported to be affected with SSls, at
estimated costs of $3.5-10 billion a year. Health-care facilities must adhere to strict guidelines and
protocols to reduce the risk of transmissions of pathogenic microorganisms [221, 485]. There are
multiple meta-analysis data available on the SSlIs. A meta-analysis published in “New England
Journal of Medicine” has concluded that 25% of patients had one or more health care—associated
infections (survey includes 183 hospitals and 11,282 patients). Another meta-analysis published
in “American Journal of Infection Control” concluded that the SSIs resulted in approximately 1
million additional inpatient-days [486]. Based on the analytical data and the recent increase in
pandemic outbreaks, it is clearly evident that there is an urgent need to address the SSIs to improve

the health condition of patients and to reduce the burden on the health-care facilities.

According to the World Health Organization (WHO), over 2 billion people consume

contaminated drinking water with potentially pathogenic microorganisms, and almost half a
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million people die due to various diarrheal diseases each year worldwide [487]. Some of the most
common methods for disinfecting drinking water are chemical treatment (adding chemicals such
as chlorine, iodine and potassium permanganate), heat treatment and exposing water to ultraviolet
(UV) light [488]. Among the chemical treatments, chlorination of drinking water is the most
common disinfection method in public facilities [488, 265]. However, excessive addition of
chlorine poses a health risk, potentially leading to eye and skin irritation, difficulty in breathing
and sore throat [265, 489]. In addition, addition of chlorine adds undesirable bleach taste and odor
to the water. The heat treatment or boiling of water to a high temperature of 100 °C is simple and
effective for small volumes of water. However, application of heat treatment to large volumes is
not effective and economically feasible. An alternate method, UV radiation, has been gaining
attention lately for water disinfecting applications and has several advantages when compared to
chemical and heat-based disinfection methods [490, 491]. UV-based disinfection devices operate
in ambient conditions, utilize no chemicals, and have no discharge byproducts (DBPs) [490].
Research has shown that disinfection efficacy against various bacteria is dependent on the
wavelength of the UV light source [183]. Commercial based UV lamps operate at a single
wavelength, thereby limiting it efficacy for disinfecting a large variety of bacteria [492].
Microplasma based UV radiation, which provides a wide range of UV wavelengths, is an emerging
field of non-thermal plasma technology that can alleviate the disadvantages and shortcomings of

water disinfection methods currently in use [184-187, 413].

Escherichia coli and Pseudomonas aeruginosa are some of the common bacterial
organisms associated with the SSls [493]. E. coli is a Gram-negative bio-safety level 1 bacterium
commonly found in the environment, food and lower intestines of humans and animals. Although

most strains of E. coli are harmless, there are some pathogenic strains that can cause diarrhea,
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urinary tract infections, respiratory illnesses and pneumonia [494]. According to the Centers of
Disease and Control (CDC), 5-10 % of people diagnosed with severe infections by Shiga-toxin
producing E. coli can suffer from potentially life-threatening complications [494]. It is important
to treat and sterilize surfaces of various materials and textures for better prevention of pathogenic
bacterial contamination. P. aeruginosa is a Gram-negative ubiquitous, rod-shaped bacterium that
can infect patients in hospital environment, especially patients with wounds from surgery or burns
[495, 496]. P. aeruginosa is classified as a multidrug resistant biosafety level 2 pathogen.
According to a report published in 2017 by CDC, there have been around 32,600 cases and 2,700
deaths reported with P. aeruginosa related infections in the hospitalized patients, especially those
that suffer from weakened immune systems or chronic lung diseases [497, 498]. The transmission
of antibiotic resistant pathogens occurs from person-to-person contact via hands, equipment and

surface touching or from the patient’s own microbiota [497, 498].

S. aureus is a non-spore forming, facultative anaerobic Gram-positive bacterium. It is
estimated that 30% of the entire human population are asymptomatic carriers of S. aureus, which
can be associated with skin infections [499]. Nevertheless, it can be a fatal risk to immune
compromised individuals, especially in healthcare settings [499, 500]. B. subtilis is a strictly
aerobic, spore forming Gram-positive bacterium that is commonly found in soil, air, and water
[501]. B. subtilis has been extensively used in agriculture for its antibacterial and disease-
preventing effects on crops, thereby protecting the plants from pathogenic microorganisms [502,
503]. B. subtilis is considered a benign organism as it does not possess any traits that can cause
disease [501]. Nevertheless, in a few cases, B. subtilis was identified causing infections such as
bacteremia, pneumonia, endocarditis, and septicemia in patients with compromised immunity

[501]. In this work, B. subtilis was also used to demonstrate the capability of MDD towards spore-
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Table 4.1: Characteristics of the bacteria used in this research.

Bacteria GramType Morphology Growth  Biosafety Transmission and Infection Symptoms
Condition Level Occurrence
Escherichia Negative Rod Facultative 1/2 Direct contact, consumption Stomach cramps, diarrhea,
coli anaerobic of contaminated food, and vomiting
gastrointestinal tract
Pseudomona Negative Rod Strict 2 Direct contact, moist Pneumonia, ear, eye, wound
s aeruginosa aerobic environment and healthcare and urinary tract infections
facilities
Staphylococc Positive Spherical Facultative 1/2 Direct contact, person-to- Abscess, cellulitis,
us aureus anaerobic person skin contact bacteremia, pneumonia
Bacillus Positive Rod Strict 1 Direct contact, soil and Stomach cramps, diarrhea,
Subtilis aerobic gastrointestinal tract and vomiting

forming cells such as B. subtilis. A summary of the bacteria used in this research and some of its
characteristics are provided in Table 4.1. Current methods of inactivating such types of bacteria
include thermal and chemical treatments which often require toxic chemicals, involve high
temperatures or bulky equipment [504-510]. There is a need to develop MDD’s that are flexible

and operate at ambient temperatures for inactivating bacteria.

Some of the most common methods for disinfecting drinking water are chemical treatment
(adding chemicals such as chlorine, iodine and potassium permanganate), heat treatment and
exposing water to UV light [511]. Among the chemical treatments, chlorination of drinking water
is the most common disinfection method in public facilities [265, 511]. However, excessive
addition of chlorine poses a health risk, potentially leading to eye and skin irritation, difficulty in
breathing and sore throat [265, 512]. In addition, addition of chlorine adds undesirable bleach taste
and odor to the water. The heat treatment or boiling of water to a high temperature of 100 °C is
simple and effective for small volumes of water. However, application of heat treatment to large
volumes is not effective and economically feasible. An alternate method, UV radiation, has been
gaining attention lately for water disinfecting applications and has several advantages when

compared to chemical and heat-based disinfection methods [269, 266]. UV-based disinfection
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devices operate in ambient conditions, utilize no chemicals, and have no discharge byproducts
[269]. Research has shown that disinfection efficacy against various bacteria is dependent on the
wavelength of the UV light source [183]. Commercial based UV lamps operate at a single
wavelength, thereby limiting it efficacy for disinfecting a large variety of bacteria [184].
Microplasma based UV radiation, which provides a wide range of UV wavelengths, is an emerging
field of NTP technology that can alleviate the disadvantages and shortcomings of water

disinfection methods currently in use [184, 187, 413].

There has been an increase in focus of research involving microplasma discharge devices
(MDD) for applications in biomedical, food, and environmental industries [513, 514]. Surface
sterilization of food processing surfaces and use of microplasma as an antiseptic on human skin
are one of the most promising applications of MDDs [515-519]. Although the food industry has
been focused on eliminating microbial organisms [518, 519], the biomedical industry has been
focused on alleviating healthcare associated infections (HAIS) of surgical and burn wounds [182,
423-425, 520]. However, the current microplasma generation devices are rigid and not

conformable which is a crucial factor while decontaminating either wounds or food products.

The generation of uniform microplasma across the surface electrode is dependent on the
uniform voltage distribution [427, 428, 429]. To compensate for non-uniform microplasma
discharges, high input voltages are applied across the electrodes. This can be avoided by designing
and optimizing the electrode design for uniform voltage to generate uniform microplasma
discharge. Such optimized electrode design can be utilized to generate the uniform electrons and
excited gaseous species required to inactivate the pathogens [274, 415]. There are various electrode
configurations such as cathode boundary layer (CBL), dielectric-barrier discharge (DBD),

capillary plasma electrode discharge (CPED), micro-hollow cathode discharge (MHCD), inverted
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square pyramidal (ISP) and square cross-sectional cavities (SCSC) [138]. DBD based devices were
identified as the most suitable configuration for surface microplasma discharge [275, 521, 522].
DBD devices can be made scalable and designed to be geometrically flexible (planar design) unlike
other configurations [275, 521, 522]. In this work, comb and honeycomb designed electrodes were
employed to study the effect of electrode designs on sterilization efficacy. Comb structured
electrodes were selected due to their simplicity, while honeycomb structured electrodes have a
high surface area, are expected to provide uniform voltage and are highly scalable in size and area

as compared to the other designs [435].

In this chapter, a flexible microplasma discharge device (MDDs) was fabricated to
inactivate Gram-negative and Gram-positive bacteria using ambient air as the sterilizing agent, by
two different inactivation protocols. In the first protocol, colonies of E. coli, P. aeruginosa and
B. subtilis on agar surfaces were exposed to microplasma. The voltage distribution across the comb
and honeycomb patterned MDD was simulated and analyzed. The MDDs were then fabricated
using a laser ablation process and by attaching flexible copper tape electrodes on two sides of a
flexible polyethylene terephthalate (PET) dielectric film. Using laser ablation, the copper tape was
patterned in a comb and honeycomb design for the top electrode, and in a rectangular and circular
pattern for the bottom electrodes. The sterilizing efficacy of the comb and honeycomb structured
MDDs was investigated by exposing pathogenic bacteria such as E. coli and P. aeruginosa to
microplasma discharge from the surface of the MDDs. Since the honeycomb structured MDD was
more effective, B. subtilis cells were also exposed to microplasma irradiated from the honeycomb
device. In the second experimental protocol, Gram-negative (E. coli, P. aeruginosa) and Gram-
positive (S. aureus, B.subtilis) bacteria were suspended in liquid media and exposed to

microplasma. In this experiment, the honeycomb MDD was attached to a custom fabricated
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polystyrene platform to irradiate microplasma on the liquid media containing bacterial cultures.
The disinfecting capability of the MDD for varying treatment times and input voltages was
analyzed by exposing the bacterial cells to the microplasma discharge from the device. The power
density of the device was also calculated in its flat state and then compared to power densities in
a bent state subjected to a radius of curvature of 25 mm and 50 mm. The optical spectra of the
microplasma radiation were captured and analyzed. Finally, the surface temperature of the MDD
for varying input voltage was measured. The efficacy of the MDD towards various bacteria was

investigated and analyzed in this chapter.

4.2 Protocol 1: In-Vitro Analysis of Thin-Film Microplasma Discharge Devices
for Surface Sterilization

4.2.1. Theory and Simulation

Atmospheric NTP based medical treatment on biological surfaces such as skin tissue
involves a combined effect of ultraviolet and infrared radiation, electric fields and reactive species
to induce biochemical processes in the living cells and tissues. The controlled delivery of such
reactive species results in altered metabolism of the target cells. Surface microplasma discharges
in ambient humid air produce primary reactive species of gas molecules including electric and
vibrationally excited N2 and O> molecules, as well as N, O, and H atoms in ground and excited
states, OH radicals, positive and negative ions, and electrons [523, 524, 525]. Reactive oxygen-
and nitrogen-containing species such as NO, NOz, Oz, HO2, HNO2, HNO3, H20», are also
generated when the primary species react with the ambient air molecules. The presence of such
reactive species of O, N and OH radicals induce the electroporation effect that facilitates the
penetration of the target cell membranes. Hence, the applied voltage to the MDD is an important

parameter for the electroporation effect and thus the voltage distribution across the device should
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Figure 4.1: Simulated voltage distribution across (a) comb and (b) honeycomb MDD.
be uniform for effective inactivation of pathogenic microorganisms. Moreover, for uniform
voltage distribution, design of electrodes is crucial and must be considered when designing the
MDD. Non-uniform voltage distribution across the device can result in ineffective sterilization.
Therefore, the voltage distribution across the MDD was investigated by simulating the devices

shown in Fig. 4.1 in FEA software COMSOL Multiphysics®.

Voltage distribution across the MDD is crucial for uniform microplasma discharge.
Therefore, MDDs representing comb and honeycomb configuration were investigated using finite
element analysis (FEA) in COMSOL Multiphysics®. The simulated voltage distribution across the
device is shown in Fig. 4.1. A two-dimensional (2D) simulation was performed using the magnetic
and electric field modules. An AC voltage of 765 V was applied to the terminal electrode for both
devices to investigate the voltage distribution across the terminal electrode of the device. The AC
voltage of 765 V was chosen because in the experimental study, a maximum of 765 V AC voltage
can be applied (this corresponds to 8 VDC which is the input of 5 W DC to AC converter) to the
comb MDD as the total power consumption of the MDD reached 5 W. The simulation results are

shown in Fig. 4.1. It was observed that, for a comb structure, the voltage gradually dropped
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towards the comb tips by ~9 % (See attached supplementary section Fig. 4.15 for simulations with
higher input voltages). However, the voltage distribution on the terminal electrode was uniform
for the honeycomb device with minimal drop (less than 0.5 %) in voltage towards the ground
terminal. Since the electric field distribution was uniform for the honeycomb, it leads to uniform
formation of the reactive species throughout the surface of the honeycomb device. This
characteristic of the honeycomb device is a major advantage over the comb device for achieving
higher sterilizing efficacy. The sterilizing potential of the honeycomb structured electrode when
compared to the comb structure MDD was investigated by performing in vitro tests on potentially

pathogenic microorganisms such as E. coli and P. aeruginosa.

4.2.2 Methods

4.2.2.1 Materials

A 50 um thick transparent PET film from DuPont Teijin Films was used as the substrate.
A 4.5” wide and 2 mil thick copper conductive tape (CFT-4.5) from Bertech was utilized to
fabricate the top and bottom electrodes of the MDD. A 4” wide and 2 mil thick single-sided Kapton
tape (KPT2-4) from Bertech was used as the support/encapsulation layer for PET to avoid short
circuit between top and bottom electrodes. High voltage alligator clips (BUU-65-2, Mueller

Electric Co.) were used to connect the wires to the MDD.
4.2.2.2 Preparation of Bacteria

A liquid medium of Luria-Bertani (LB) was used to culture E. coli (ATCC 35353),
P. aeruginosa (strain PAO1) and B. subtilis (ATCC 6051). The bacterial cultures were incubated
at 37 °C for 24 hours. Serial dilutions from 10! to 10"1° were carried out to determine the numbers

of colony forming units (CFU). The bacterial colonies were grown on LB agar medium in
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petri dishes (diameter 85 mm or 55 mm; height 15 mm). The cultures of E. coli and P. aeruginosa
reached a concentration of 8.85x10° CFU/mL cells. The agar plates with the bacteria were placed
upside down on the MDDs as per standard aseptic laboratory techniques and the spread plate
protocol [475]. A single colony of B. subtilis was inoculated into a 50 mL brain heart fusion (BHI)
broth batch culture. The cultures were then placed on an orbital shaker and incubated at 28 °C. For
vegetative B. subtilis, the culture was grown for 24 hours and to induce sporulation in B. subtilis,
the culture was incubated on the orbital shaker for 7 days. The optical density (OD) of the cultures
was then measured using a Pharmacia GeneQuant Pro spectrophotometer at a wavelength of 600
nm. The ODeoo Was adjusted to 0.241+0.006 using BHI broth to achieve cell density in the range
of 107 cells for the one- and the seven-day old cultures of B. subtilis. In this protocol, bacterial
cultures were pipetted on top of the agar surface and spread uniformly with a sterile spreader. (The
bacteria do not fall onto the device as the bacteria cells attach to the surface of the agar media
[524]. The petri dishes containing the agar are often inverted to avoid any external contamination
from the ambient environment, and to avoid the falling of water droplets on the media surface
during the incubation process [525]). Bacterial cell concentrations of 4.4x10* to 108 were used in
the experiment for varying the input voltage, treatment time and gap distance between the surface

of the device and the agar media surface containing the bacteria.
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Figure 4.2: Fabrication process of the MDD
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Figure 4.3: Fabricated (a) comb and (b) honeycomb MDDs in the OFF and ON mode (c) Photograph of
the flexible MDDs

4.2.2.3 MDD Fabrication

Fabrication steps for assembling the MDDs are shown in Fig. 4.2 and the fabricated comb
and honeycomb devices in the OFF and ON modes are shown in Fig. 4.3. First, a flexible PET film

of 2-mil thickness was cleaned with isopropyl alcohol (IPA). Then, a copper tape of 2-mil
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thickness was attached on one side of the PET film. The copper tape was laser ablated into comb
or honeycomb structures as the top electrode. The laser cutter used in this experiment was a
Universal Laser System (PLS 6MW). The parameters for the laser to pattern the copper tape using
a fiber cartridge were 50% of power, laser cutting speed of 8% and a frequency of 30 kHz using
2.0” lens (focal length 2.0”, spot size 0.005” and depth of focus 0.100). Only one pass was
required to fully cut the ~0.05 mm (2-mil) thick copper tape. The comb structure had an overall
dimension of 55 mmx70 mm and the honeycomb structured electrode had an overall diameter of
35 mm. During the laser ablation process, perforations were observed on the PET film. To avoid
any short circuit between the top and bottom electrodes, a single sided Kapton tape of 1-mil
thickness was attached on the other side of the PET film. Finally, a rectangular electrode with a
dimension of 60 mm x 75 mm and a circular ground electrode of 40 mm diameter were laser
ablated and attached on the Kapton tape as the ground electrode for comb and honeycomb devices,

respectively. The total thickness of the comb and honeycomb MDDs was ~ 8-mil.
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Figure 4.4: Experimental workflow.

4.2.2.4 Experimental Setup

The experimental setup for sterilizing petri dishes containing the E. coli, P. aeruginosa and
B. subtilis bacteria is shown in Fig 4.4. A DC power supply of variable input voltage (Agilent
E3610A) was connected to a step-up DC/AC inverter (American High Voltage, 5 W) and
connected to the MDDs via alligator clips. Bacteria suspended in broth were pipetted on the surface
of the agar contained in a petri dish. The bacterial sample was spread on the surface of the agar for
uniform distribution and exposure to microplasma discharge. The agar plate containing the target
bacteria was inverted and placed on top of the activated MDD. The sterilization efficacy was
analyzed by evaluating varying parameters such as gap distance (1 to 9 mm), treatment time (10 to
300 seconds), input DC voltage (4to 8 V) and higher bacterial cell concentrations. All the

experiments for varying parameters were performed three times.
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Figure 4.5: Optical spectrum (200 nm — 800 nm) of the microplasma discharge from the honeycomb
structured MDD.

4.2.3 Results and Discussion

4.2.3.1 Microplasma Optical Spectroscopy

Ambient air consists of nitrogen, oxygen and water molecules as the primary components
along with carbon dioxide, hydrogen and traces of inert elements. The discharge medium of
microplasma is critical for generating the reactive species required to inactivate bacteria [418, 475,
477, 526]. The optical spectrum in the range of 200 nm-800 nm of the microplasma discharge
from the honeycomb structured MDD is shown in Fig. 4.5. The spectra were obtained using the
spectrophotometer SpectraNet Inc. EEP2000 utilizing the F600-UV-VIS-SR probe with a
resolution of 0.1 nm. Nitrogen oxide (NO) groups were detected from 200-250 nm [527]. Hydroxyl
ions (OH") were detected at 309 nm followed by excited nitrogen (N%*) in the range of 350-400 nm
[399, 528]. Positively charged species of nitrogen (N2*) were also observed in the range of 400-
500 nm along with positively charged species of oxygen (O%*) ranging from 500-550 nm [399,

528]. Atomic oxygen was also detected around 750 nm [399, 528]. It is worth noting that there
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Figure 4.6: Surface temperature profile of (a) comb and (b) honeycomb structured MDD at 8 V of input

DC voltage.
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Figure 4.7: Graphical representation across the comb and honeycomb MDD for input voltage varying
from4Vto8V.

will be no difference in the types of species created by the comb and honeycomb structured MDDs
because species generation is entirely dependent on the discharge media (air in this case).
However, due to the difference in surface areas and the total microplasma generated, the

concentrations of the species created by the honeycomb structured MDD will be higher than those

created by the comb structured MDD.
4.2.3.2 MDD Surface Temperature

The maximum surface temperature generated when the MDDs of honeycomb and comb

structured electrode were activated was measured using a thermal camera (FLIR E53). The surface
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temperature profile for comb and honeycomb MDD are provided in Fig. 4.6 (a) and Fig. 4.6 (b),
respectively. The average temperature for input voltages ranging from 4 to 8 V is graphically
presented in Fig. 4.7. 1t was observed that the temperatures increased from ~23 °C to ~33 °C as
the input voltage was increased from 4 V to 8 V, respectively. According to CDC, microorganisms
are typically autoclaved at 121 °C for a minimum time of 30 minutes to ensure that all the
microorganisms have been destroyed [405]. The average surface temperature of the device is very
low as compared to heat-based sterilization. Therefore, it can be concluded that the increase in
surface temperature does not play any role in the killing of the bacteria. Moreover, low
temperatures are safe to handle during the use of the MDDs and can facilitate the production of

wearable MDDs in the near future.
4.2.3.3 Experimental Results for E. coli and P. aeruginosa

E. coli and P. aeruginosa were exposed to the microplasma generated from the surface of
the MDDs at a varying distance ranging from 1 to 9 mm, with a step size of 2 mm. This was done
by pouring different volumes of LB agar into the petri dishes to create the varying distances. The
bacteria were treated for five minutes at a maximum allowable power of 5 W. The number of

bacteria treated in this experiment were 4.4x10* cells. MDDs of two different top electrode
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Contrel

Constant Parameters for Comb Device: P. aeruginosa concentration = 4.4x10%, Power =5 W, Time = 5 minutes

(b)

Figure 4.8: Results for varying gap distance (a) E. coli and (b) P. aeruginosa on LB solid media for
comb device.

structures of comb and honeycomb designs were investigated and the effect of their microplasma
discharge on two different bacterial species was observed. After treating the surface of the agar
plate, the plates were incubated for 24 hours. Fig. 4.8 and Fig. 4.9 show the effect of the comb and

honeycomb structured electrode designs for inactivating E. coli and P. aeruginosa, respectively.

Constant Parameters for Honeycomb Device: P. aeruginosa concentration = 4.4x10% Power = 5 W, Time = 5 minutes

(b)

Figure 4.9: Results for varying gap distance (a) E. coli and (b) P. aeruginosa on LB solid media for
honeycomb device.
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For the comb structured MDD, an effective sterilization of 4 logio reduction was achieved for both
E. coli and P. aeruginosa, with a gap distance of 7 mm and 9 mm while partial inactivation was
observed for 1 mm, 3 mm and 5 mm gap distances. This can be attributed to the inefficient voltage
distribution on the comb structured MDD and lower volume of ambient air in between the device
and the colonies. Larger volume of ambient air results in more availability of the nitrogen, oxygen
and hydroxyl groups that are essential for inactivating the bacterial cells. However, for the
honeycomb structured MDD, the voltage distribution across the device is uniform, resulting in

uniform microplasma discharge and killing of the bacterial cells irrespective of the volume of

Constant Parameters for Comb Device: P. aeruginosa concentration = 4.4x10%, Power = 5 W, Gap distance =4 mm

(b)

Figure 4.10: Results for varying treatment time (a) E. coli and (b) P. aeruginosa on LB solid media
for comb device.
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ambient air. For the honeycomb MDD, a 4 logio reduction was achieved for E. coli and

P. aeruginosa irrespective of the gap distance between the MDD and the biofilm.

The results for varying treatment times to inactivate E. coli and P. aeruginosa are shown
in Fig. 4.10 and Fig. 4.11 for comb and honeycomb structured MDDs, respectively. The efficacy

of the comb and honeycomb structured MDDs was investigated by varying treatment times ranging

Constant Parameters for Honeycomb Device: P. aeruginosa concentration = 4.4x10%, Power =5 W, Gap distance = 4 mm

(b)

Figure 4.11: Results for varying treatment time (a) E. coli and (b) P. aeruginosa on LB solid media
for honeycomb device.
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from 10 to 50 seconds and 60 to 300 seconds, with a step size of 10 seconds and 60 seconds,
respectively. The total power of the devices was 5 W and the distance between the MDD and the
bacterial colonies was kept constant at 4 mm. The number of bacteria used for this experiment was
4.4 x 10* bacteria cells. After treatment, the plates were incubated for 24 hours. For the comb
structured MDD it was observed that the inactivation of bacteria was effective from 10 seconds to
1 minute of device activation. However, complete eradication of E. coli was observed at 2 minutes
resulting in a 4 logio reduction. Similarly, utilizing the comb structured MDD, P. aeruginosa cells
were also inactivated. It was observed that only two colonies grew on the agar surface after
2 minutes of treatment. As the exposure time was increased to 3 minutes, complete eradication of
P. aeruginosa cells was observed, resulting in a 4 logio reduction. The above experimental
protocol was repeated with the honeycomb structured MDD. It was observed that the device is
effective starting from one second of treatment time and complete eradication of bacteria was
observed at 10 seconds resulting in a 4 logio reduction. Similarly, utilizing the honeycomb
structured MDD, most of the P. aeruginosa cells were also eradicated. It was observed that only
three colonies grew on the agar medium after 10 seconds of treatment. As the exposure time was
increased to 20 seconds, complete eradication of P. aeruginosa was observed resulting in a 4 logio
reduction. The honeycomb MDD was much more effective due to the uniform voltage distribution

across the electrode when compared to the comb structured MDD.

E. coli and P. aeruginosa cells were treated with varying input voltages, ranging from 4 VV
to 8 V with a step size of 1 V. The results are shown in Fig. 4.12 and Fig. 4.13. Bacterial cell
concentrations of 4.4x10* were used. The gap distance between the device and the agar surface
was kept constant at 4 mm and a treatment time of one minute was used in the experiment. After

treatment, the plates were incubated for 24 hours. For the comb structured MDD, no reduction in
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Constant Parameters for Comb Device: P. aeruginosa concentration = 4.4x10%, Time = 1 min., Gap distance=4 mm

(b)

Figure 4.12: Results for varying input voltage (a) E. coli and (b) P. aeruginosa on LB solid media for
comb device.

E. coli CFUs was observed for 4 V, 5 V and 6 V input voltage. Effective reduction in cell numbers

was observed starting from 7 V. At 8 V of input voltage, only a few surviving E. coli CFUs were

observed. The comb structured MDD was also used to treat P. aeruginosa cells. No reduction in

Constant Parameters for Honeycomb Device: P. aeruginosa concentration= 4.4x10%, Time = 1 min., Gap distance =4 mm

(b)

Figure 4.13: Results for varying input voltage (a) E. coli and (b) P. aeruginosa on LB solid media for
honeycomb device.
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CFUs was observed for input voltages ranging from 4 V to 7 V. There was some reduction in
CFUs for an input voltage of 8 V but it would require longer exposure time to fully eradicate
P. aeruginosa. Nevertheless, for the honeycomb structured MDD, no reduction in CFUs was
observed for an input voltage of 4V and 5 V. When the input voltage was increased to 6 V,
effective reduction in numbers was observed, resulting in only six surviving CFUs on the agar
surface. No colonies were observed at 7 V, thereby resulting in a 4 logio reduction of E. coli.
Similarly, when P. aeruginosa cells were treated with the honeycomb MDD, no change in bacterial
viability was observed for an input voltage of 4 V and 5 V. Effective reduction in numbers was
observed at 6 VV and only three CFUs were observed when the input voltage increased to 7 V.
Nevertheless, when the input voltage increased beyond to 8 V, no colonies were observed, thereby
resulting in a 4 log1o reduction of P. aeruginosa. The comb structured MDD required higher input
voltage to compensate for the non-uniform voltage distribution, whereas the honeycomb structured
MDD achieved almost complete eradication of bacteria at a lower input voltage. This demonstrates
how voltage distribution and electrode design are critical for uniform microplasma discharge and

effective eradication of bacteria.

E. coli and P. aeruginosa with a density of 4.4 x 10® bacterial cells were plated on LB agar
plates and treated for 300 seconds at a total power consumption of 5 W for the comb and

honeycomb structured MDD, shown in Fig. 4.14. The gap between the sample bacteria on LB agar

Constant Parameters: E. coi} concentration = 4.4x108, Constant Parameters: P. aeruginosa concentration = 4.4x108,
Time =5 mins., Power =5 W. Gap distance= 4 mm Time =5 mins., Power = 5 W, Gap distance=4 mm

Figure 4.14: Comb and honeycomb MDD performance on higher concentration of (a) E. coli and
(b) P. aeruginosa on LB solid media
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media and MDD was also kept constant at 4 mm. After treatment, the plates were incubated for
24 hours. Partial eradication was achieved utilizing the comb structured MDD on E. coli and
P. aeruginosa (Fig. 4.14(a)). However, at the density of 4.4 x 108 bacterial cells of E. coli and
P. aeruginosa, the honeycomb structured MDD was more efficient when compared to the comb
device in sterilizing, resulting in an 8 logio reduction (Fig. 4.14 (b)). The results validate the
importance of having a MDD with uniform voltage distribution for achieving maximum

sterilization efficacy.
4.2.3.4 Experimental Results for B. subtilis

The honeycomb-structured MDD is more effective as compared to the comb MDD as
shown when treating Gram-negative bacteria with microplasma. For treating Gram-positive spore
forming B. subtilis bacteria, the honeycomb MDD was utilized to showcase it effectiveness. B.
subtilis cells from one- and seven-day old cultures were spread on top of BHI agar media and
exposed to microplasma radiation for varying treatment times ranging from one to sixty seconds.

A control of 4.4 x 10* number of bacterial cells were used for this experiment. The distance

(b)

Figure 4.15: Results of varying treatment time for B. subtilis on LB solid media using honeycomb
MDD on (a) one-day, and (b) seven-day culture.
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between the MDD and agar surface containing the bacterial cells was 4 mm. A constant input
voltage of 10 V from the DC power supply was maintained for the experiment. After treatment,
the agar plates were incubated at 28°C for 16 hours to observe the inhibition capability of the
MDD. The results for the efficacy of the device on one and seven-day old cultures of B. subtilis
are shown in Fig. 4.15 (a) and Fig. 4.15 (b), respectively. It was observed that the MDD was
effective from only one second of exposure time. Seven-day old cultures of B. subtilis have more
sporulated cells as compared to one-day old cultures of B. subtilis, which consist of vegetative
cells. Sporulated cells of B. subtilis are also more resistant to plasma generated species and UV
radiation. [36,37]. As evident from Fig. 4.15, the number of CFUs in seven-day old culture was
more than in the one-day old culture B. subtilis for similar range of treatment time. However, when
the agar surface was treated for sixty seconds, a 4Log1o reduction was observed for both cultures,
demonstrating the capability of the MDD to inactivate sporulated B. subtilis cells. The results for
one- and seven-days cultured B. subtilis cells are shown in Fig. 4.16 (a) and Fig. 4.16 (b),
respectively. Similarly, by pouring different volumes of agar medium into the petri dish, the

distance between the surface of the agar to the honeycomb MDD was varied ranging from 1 to

(b)
Figure 4.16: Results of varying gap distance for B. subtilis on LB solid media using honeycomb MDD
on (a) one-day, and (b) seven-day culture.
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(b)

Figure 4.17: Results of varying input voltage for B. subtilis on LB solid media using honeycomb MDD
on (a) one-day, and (b) seven-day culture.

9 mm, with a step size of 2 mm. B. subtilis cells cultured for one day or seven- days were treated
at an input voltage of 10V at the DC power supply, for 60 seconds and a control of 4.4x10* cells
were used to compare to the treated samples. The treated and control plates were also incubated
for 24 hours to observe any growth of colonies after the treatment. It was observed that for one-
day culture the MDD was able to inactivate the B. subtilis cells irrespective of the gap distance
achieving a 4log10 reduction. However, for the seven-day old culture, 3mm and 5mm gap distance
was the optimum gap distance for inactivating the cells. B. subtilis spores occurring in the seven-
day old culture have a thicker peptidoglycan layer and the presence of a thicker cell wall and other

mechanisms (special proteins, absence of water) protect the DNA from irradiation [529, 530].

B. subtilis cells were treated with varying input voltages, ranging from 4 V to 8 V with a
step size of 1 V. The gap distance between the device and the agar surface was kept constant at
4 mm and a treatment time of one minute was used in the experiment. The results for one- and

seven-day old cultures of B. subtilis are shown in Fig. 4.17 (a) and Fig. 4.17 (b), respectively. The
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(b)
Figure 4.18: Results of treatment for higher concentration of B. subtilis on LB solid media for
honeycomb MDD on (a) one-day, and (b) seven-day culture.

results indicate that a 4logio reduction required 10V input voltage at the DC power supply to
destroy one- and seven-day old cultures of B. subtilis. It was also observed that at lower input
voltage seven-day-old cultures of B. subtilis which contained sporulated cells are more resistant as
compared to the one-day-old cultures of B. subtilis cells as they contain mostly vegetative cells
(non-sporulated cells). Higher cell concentrations in the one- and seven-day-old cultures of B.
subtilis were also inactivated. The gap distance between the device and the agar surface was kept
constant at 4 mm, the input DC voltage was 10V and 2.5 x107 cells were used in this experiment.
The treatment time was varied from one to three minutes. At three minutes, no bacterial colonies
were observed. The results for one- and seven-day-old cultures of B. subtilis are shown in
Fig. 4.18 (a) and Fig. 4.18 (b), respectively. For one-day cultures, some B. subtilis colonies were
observed after one minute of treatment after 24hours of incubation. However, a 7logio reduction
was observed for one-day-old culture of B. subtilis when treated for two minutes. When seven-
day-old cultures of B. subtilis were treated, they were more resistant to microplasma due to the
presence of sporulated cells which have thicker peptidoglycan layer and the presence of a thicker

cell wall also protects the DNA from irradiation [529, 530]. Although colonies were observed for
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one and two minute treatment times, a 7log1o reduction was observed when the treatment time was

increased to three minutes.

4.3 Protocol 2: Inactivating Bacteria Suspended in Liguid Media

4.3.1 Materials

The materials used for making the MDD was the same as used in the protocol 1. In addition,
polystyrene sheets from polymer shapes were used as a platform to attach the MDD on the top side
of the petri dishes. Bacterial cultures were grown in sterile 50 mL conical-bottom centrifuge tubes
(UX-06336-91, Cole-Parmer). Sterile 15 mL centrifuge tubes (VWR®) were used to aliquot 3 mL
of the bacterial cultures. Bacteria res-supended in phosphate buffered saline (PBS: 0.01 M
phosphate buffer, 0.0027 M KCL, and 0.137 M NaCl; pH 7.4) were transferred to 35 x 10 mm

sterile petri dishes (351008, Corning™ Falcon™) for this experiment.
4.3.2 Preparation of Bacteria

The bacteria were prepared as per the standard batch culture method [531]. Initially, a single
colony of E. coli (ATCC 25922), P. aeruginosa (strain PAO1, ATCC 87110), S. aureus (ATCC
6538) or B. subtilis (ATCC 6051) was inoculated in separate 50 mL Brain Heart Fusion (BHI)
broth batch cultures. The cultures were then placed on an orbital shaker (EW-51700-14, Cole-
Palmer) and incubated at 37 °C for 16 hours for E. coli, P. aeruginosa, S. aureus. For B. subtilis,
an ideal growth temperature of 28 °C was maintained for a time period of 24 hours for vegetative
B. subtilis cells, and to induce sporulation of B. subtilis cells, the culture was incubated for 7 days
on the orbital shaker. The optical density (OD) of the cultures was measured by a Pharmacia
GeneQuant Pro Spectrophotometer at a wavelength of 600 nm. The ODsoo Was adjusted using BHI

broth to achieve a cell density in the range of 10%-108. For cultures of E. coli and P. aeruginosa,
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Figure 4.19: (a) Schematic of the MDD device setup (b) Photograph of the MDD device setup.

an ODsoo 0f 0.627 + 0.007 was obtained to achieve ~108 colony forming units (CFU) per milliliter.
Similarly, for cultures of S. aureus, an ODgoo of 1.025 + 0.016 was obtained to achieve ~10° CFU
per milliliter. The optical absorbance was limited from zero to one, which is the linear range of the
spectrophotometer and therefore ~106 was utilized as the control for S. aureus. Finally, for cultures
of B. subtilis, an ODggo of 0.241 + 0.006 was obtained representing ~10” CFU per milliliter. Three
milliliter aliquots of the culture were then pipetted into 15 mL centrifuge tubes and centrifuged
(Sorvall Legend RT+ centrifuge, Thermo Scientific) at 3,500 rpm for 10 minutes resulting in
pellets. These bacterial pellets were re-suspended in 3 mL of PBS and vortexed (Genie 2, Thermo
Scientific) until the bacteria were homogenous in the solution. The bacteria suspended in PBS

were transferred into the petri dish and treated with microplasma radiation.
4.3.3 MDD Fabrication

The fabrication steps of the MDD is same as in protocol 1. In addition, polystyrene sheets were
also laser ablated in circular shapes with an overall diameter of 40 mm and 33 mm and attached to
the MDD so that it could be placed on top of the petri dish. The schematic and the fully assembled
setup including the MDD attached to the polystyrene platform on top of the 35 mm circular petri
dish are shown in Fig. 4.19 (a) and (b), respectively. The parameters for the laser to cut the

polystyrene sheets using a 10.6 i 75 W CO cartridge were 3 % power, 10 % speed and 500 pulses
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Figure 4.20: (a) Experiment setup, (b) Photograph of the MDD attached to the polystyrene platform,
and (c) setup on the stir plate with the power supply connected to the terminal and ground electrodes.

per inch (PPI) using 2.0” lens. Only two passes were required to fully cut the ~1.5 mm thick

polystyrene sheets.
4.3.4 Experimental Setup

The experimental setup is shown in Fig. 4.20 (a). A variable DC input power supply
(Agilent E3610A) was connected to a step-up DC/AC inverter (American High Voltage 5 W)
which was connected to the MDD. The DC input voltages of 6 V, 7 V, 8 V, 9 V and 10 V applied

in this experiment correspond to AC output voltages of 505 V, 607 V, 679 V, 765 V and 828 V,
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Figure 4.21: Summary of the experiment protocol.

respectively. The MDD attached to the polystyrene platform and connected to the terminal (red)
and the ground (black) alligator clips is shown in Fig.4.20 (b) and (c), respectively. A
10 mm x 3 mm magnetic stir bar was placed inside the petri dish that was filled with the bacterial
suspension in PBS solution. The petri dish was then placed on top of the stir plate (stir rate:
~50 rpm) at ambient temperature. The MDD with the polystyrene platform was placed over the
petri dish and the distance between the surface of the PBS solution to the MDD was kept constant
at ~4 mm. The efficacy of MDD disinfection for varying parameters such as treatment time (1 to
10 minutes) and input voltage (6 to 10 V) were tested. Then, 100 uL of the treated bacterial
suspension was pipetted and serially diluted from 10 to 108 to determine the surviving CFU on

Luria Bertani (LB) agar in petri dishes with a size of 85 mm x 15 mm. The petri dishes were then
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incubated at 37°C for 16 hours and the surviving CFUs were counted to determine the efficacy of

the MDD. A flowchart summary of the experimental protocol is shown in Fig. 4.21.

4.3.5 Results and Discussions

4.3.5.1 Varying Treatment Time

E. coli, P. aeruginosa, S. aureus, and B. subtilis, suspended in PBS solution, were initially
subjected to varying treatment times ranging from 1 to 20 minutes at constant input voltage of
10 V from the DC power supply. The results for E. coli, P. aeruginosa, S. aureus, and B. subtilis
are shown in Fig. 4.22 (a), (b), (c) and (d), respectively. Each experiment was performed in
triplicate, and the error bars indicate the standard deviation. The control for the experiment was

represented as “time-zero” along the x-axis. Photographs of the bacteria on BHI agar growth media
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Figure 4.22: Efficacy of the MDD for varying treatment time on (a) E. coli, (b) P. aeruginosa
(c) S. aureus (d) B. subtilis.
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Figure 4.23: Photographs of the bacteria cultures (a) E. coli, (b) P. aeruginosa
(c) S. aureus (d) B. subtilis.

indicating the countable plate and serial dilution number are also shown for E. coli, P. aeruginosa,
S. aureus, and B. subtilis in Fig. 4.23 (a), (b), (c), and (d), respectively. As shown in Fig. 4.22 (a)
and Fig. 4.23 (a), when E. coli was treated with the MDD, there was no reduction in total cell
viability for an exposure time of 1 minute. When the exposure time was increased, a reduction in
viable cell count was observed. A 1 Logio reduction was observed at around 10 minutes of
exposure time. Finally, as the treatment time was increased further to 11 minutes, an 8 logio
reduction of CFUs was observed resulting in complete eradication of E. coli. Similarly,

P. aeruginosa was treated with the MDD (Fig. 4.22 (b) and Fig. 4.23 (b)). No reduction in colonies
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was observed for 1 minute of exposure time. However, when the exposure to MDD was increased
to 5 minutes, a partial reduction in CFUs was observed. Furthermore, at 7.5 minutes of exposure
time, a 3 logio reduction was observed when compared to the control. An 8 logio reduction of CFU
was observed from a treatment time of 8.5 minutes and onwards. The results indicated that
8.5 minutes at 10 V of input voltage is sufficient to eradicate the bacteria suspended in liquid
media. Gram-negative bacteria such as E.coli and P.aeruginosa have a thin layer of
peptidoglycan layer in the cell wall and the entire cell is encapsulated in a lipopolysaccharide
membrane which protects them from harmful substances in the environment [390]. The
peptidoglycan layer in E. coli and P. aeruginosa is ~6.4 nm and ~2.4 nm, respectively [532, 533].
It is hypothesized that due to the relatively thicker peptidoglycan layer in E. coli, it is more resistant
to microplasma discharge and required higher treatment time when compared to P. aeruginosa

[391].

The Gram-positive bacterium S. aureus was similarly treated with the MDD, and the results
are shown in Fig. 4.22 (c) and Fig. 4.23 (c). For one minute of exposure time there was no
reduction in cell viability. However, when the treatment time was increased to two minutes,
~1 Log1o reduction was observed, and then, a 6 Logio reduction when treated for three minutes.
The device showed a higher efficacy against S. aureus when compared to Gram-negative bacteria
such as E. coli and P. aeruginosa. Similarly, Gram-positive bacteria such as B. subtilis were also
exposed to the MDD. The performance of the device was evaluated and is as shown in Fig. 4.22 (d)
and Fig. 4.23 (d). It was observed that when B subtilis cells were exposed to the MDD for one
minute, almost no change in bacterial cell viability was observed. When the treatment time was
increased to five and ten minutes, a 3 Logio and 6 Logo reduction was observed, respectively. The

treatment time was increased further to 11 minutes, which resulted in more than a 7 Logio
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Figure 4.24: Efficacy of the MDD for varying input voltage on (a) E. coli, (b) P. aeruginosa
(c) S. aureus (d) B. subtilis.

reduction in cell viability. Gram-positive bacteria have a much thicker peptidoglycan layer in their
cell walls [390]. Moreover, unlike the Gram-negative bacteria, Gram-positive bacteria do not have
an outer lipopolysaccharide membrane, which makes them more susceptible to harmful substances
in the environment [390]. S. aureus has a peptidoglycan layer thickness ranging from 20-40 nm

[534], whereas the peptidoglycan layer thickness of B. subtilis ranges from 50-70 nm [391, 535].

4.3.5.2 Varying Input Voltage

E. coli, P. aeruginosa, S. aureus, and B. subtilis suspended in PBS solution were initially
subjected to varying input voltage ranging from 6 to 10 V from the DC power supply, at constant
treatment time of 10 minutes. The efficacy results for E. coli, P. aeruginosa, S. aureus, and
B. subtilis are shown in Fig. 4.24 (a), (b), (c), and (d), respectively. The control for the experiment

is represented as “time-zero” along the x-axis. E. coli suspended in PBS solution was treated with
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the MDD. No reduction in bacterial viability was observed from 6 to 8 V of input voltage. Partial
reduction in CFU was observed at 9 V, however, when the voltage was increased to 10 V, an
8 Logio reduction was observed. Similarly, the other Gram-negative bacterium, P. aeruginosa,
was exposed to MDD. The results indicated no reduction in colonies for an input voltage of 6 V.
Nevertheless, partial reduction was observed for an input voltage of 7 V and 8 V. Finally, an
8 logio reduction was observed when the voltage was increased to 9 V and 10 V. The results
indicate that a 10 minute of exposure time at 9 V of input voltage is sufficient to inactivate

P. aeruginosa suspended in liquid media.

The Gram-positive bacterium S. aureus was similarly treated with the MDD for varying
input voltage. For input voltage of 6 to 8 V, no significant changes in the bacterial viability was
observed. However, when the input voltage was increased to 9 and 10 V, an over 6 Logio reduction
in CFUs was observed. The experiment was repeated for cultures of B. subtilis. For B. subtilis, no
change in CFUs was observed for input voltages ranging from 6-8 V. As the voltage was increased

to 9 and 10 V, an over 2 Logio and 4 Logio reduction in CFUs was observed, respectively.

4.3.5.3 Decimal Reduction Time

Decimal reduction time or D-value is a log-linear model and is defined as the duration of
time required to reduce the number of living bacteria by 90% (one log factor) [536-538]. The D-
value is highly dependent on the type of microorganisms, the operating temperature/input voltage
to the microplasma device and the growth medium of the microorganisms [538]. The D-value
simply provides a measure to evaluate the resistance of microorganisms towards experimental
results of a particular sterilization process and is not based on any biological mechanism of cell

death [538]. In this experiment, the D-value for each microorganism was calculated for varying
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Figure 4.25: Microplasma discharge distribution for input voltage ranging from 6-10 V.

treatment times when the MDD was operated at an input voltage of 10 V. E. coli was the most
resistant organism towards radiation from the MDD and the estimated D-value was calculated as
~5 minutes. Similarly, for S. aureus, P. aeruginosa and B. subtilis, the D-values were estimated as

1.3, 1.9 and 1.8 minutes, respectively.
4.4.5.4 Power Density

The power density of the MDD was also obtained for a flat surface. Photographs of the
microplasma discharge at input voltage ranging from 6-10 V are shown in Fig. 4.25. Initially, the
current was measured for every input voltage ranging from 6-10 V. Triplicate measurements from
three different MDD samples were used. The input voltage of 6 V, 7 V,8 V, 9 V and 10 V resulted
in an operational current of 0.092 + 0.001 A, 0.172 + 0.002 A, 0.241 + 0.001 A, 0.302 + 0.003 A
and 0.368 + 0.010 A, respectively. The power of the device was then calculated as the product of
the input voltage and the current. The corresponding power for input voltage of 6 V, 7V, 8 V,9V
and 10V were 0.553 +£0.008 W, 1.202 +0.017 W, 1.928 +0.011 W, 2.719 +0.023 W and
3.677 £ 0.102 W, respectively. The spread of the microplasma on the surface of the device was
approximately 1 mm and the area of the microplasma discharge was calculated as 4.34 cm?. Since
there was partial discharge of microplasma across the MDD at 6 V and 7V voltage, the
microplasma area was assumed to be 4.34 cm? for power density calculations. The power density

of a device is given as the total power of the device over the total area of the microplasma discharge
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Table 4.2. Summary of the current, power and power density of the device for varying input voltages
from the DC power supply.

Voltage
v)

10

Flat
0.092 +0.001
0.172 £ 0.002
0.241 £ 0.001
0.302 £ 0.003

0.368 £0.010

Current
(A)

25 mm
0.092 +0.002
0.173 £ 0.004
0.243 +0.001
0.304 +0.002
0.369 +0.009

Voltage
(v)

9

10

50 mm

0.097 + 0.002

0.178 £0.003

0.247 £ 0.001

0.309 * 0.002

0.373 +0.009

Flat

0.127 £0.002

0.276 £ 0.004

0.443 £ 0.003

0.625 £ 0.005

0.845 £0.024

Voltage
(v)

10

Power Density
(W/cm?)

25 mm
0.126 £ 0.002
0.279 £ 0.006
0.446 £ 0.002
0.629 £ 0.004

0.848 £0.021

Flat
0.553 +0.008
1.202 £0.017
1.928 £0.011
2.719+0.023

3.677 +0.102

50 mm

0.133+£0.003

0.286 + 0.005

0.454 £ 0.003

0.639+0.003

0.858+£0.022

Power
(W)

25 mm
0.550 £ 0.010
1.212 £ 0.025
1.941 £ 0.007
2.734 £ 0.020

3.689 +0.093

50 mm

0.581 +0.012

1.24510.022

1.975+0.011

2.781 +0.015

3.731+0.095

[539]. The corresponding power densities for the input voltages of 6 V, 7V, 8V, 9V and 10 V

were 0.127 +0.002 W/cm?, 0.276 + 0.004 W/cm?, 0.443 +0.003 W/cm?, 0.629 + 0.004 W/cm?

and 0.845 +0.0.024 W/cm?, respectively. The summary of the current measured, and the

calculations for power and power density for the input voltage ranging from 6 V to 10 V are given

Table 4.2.

Figure 4.26: MDD on surfaces with different radius of curvature of zero (Flat), 25 mm, 50 mm.
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Figure 4.27: Power density of the MDD in relation to the input voltage.
4.3.5.5 Flexibility Test

Polylactic acid (PLA) filaments were used for printing three-dimensional (3D) blocks with
one of its side having a radius of curvature (ROC) of 25 mm and 50 mm, utilizing a da Vinci mini
(XYZ Printing Inc.) 3D printer. The MDD was attached to the curved surface of the block by
double-sided tape as shown in Fig. 4.26. The flexibility of the MDD was investigated by activating
it on the curved surfaces (Fig. 4.26) and by measuring the current during activation of the MDD
for voltages ranging from 6 to 10 V. The power and power density were calculated for
corresponding input voltages of MDD for ROC surfaces of 25 mm and 50 mm and compared with
the MDD performance in its flat position. Triplicate measurements from three different MDD
samples were considered for calculating error bars. It was observed that the results were very
similar when the MDD was bent on a ROC of 25 mm and 50 mm, when compared to its flat
position. The slopes of the linear fit for flat, 25 mm and 50 mm were 0.178, 0.179 and 0.180,
respectively, as shown in Fig. 4.27. The corresponding correlation coefficients for the linear fit for
the power density of the MDD for flat, 25 mm and 50 mm position were 0.994, 0.995 and 0.995,

respectively. The results indicate that there is a minimal change in power density of the device
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when the MDD is bent and this clearly shows that the fabricated MDDs are flexible. The full

summary of the results with their standard deviations is provided in Table 4.1.
4.4 Summary

Flexible microplasma discharge devices of comb and honeycomb pattern were fabricated
to eradicate Gram-negative bacteria of biosafety level 1 and 2 such as E. coli and P. aeruginosa,
respectively. The voltage distribution across the devices were first simulated with the FEA
software. The results indicated that the honeycomb-structured devices had a uniform voltage
distribution across the terminal electrode, whereas the comb-structured device had a voltage drop
towards the tips by ~15%. The effectiveness of the honeycomb-structured MDD versus the comb-
structured MDD was investigated by using the devices to eradicate bacteria. E. coli and
P. aeruginosa bacteria were plated on agar medium and exposed to the microplasma generated
from the MDDs. The sterilizing efficacy of the MDDs was investigated by testing the effect of
varying parameters including gap distance (1 to 9 mm), treatment time (10 to 300 seconds), input
DC voltage (4 to 8 V) and bacterial concentrations. An efficacy of a 4 logio reduction was achieved
for a gap distance of 9 mm, when compared to the untreated control for both the devices. In
addition, efficacy of a 4 logio reduction was achieved with a treatment time of 10 seconds for the
honeycomb-structured MDD while it was 2 minutes for the comb-structured MDD. A 4 logio
reduction in bacterial cells was also observed at an input voltage of 8 V for the honeycomb MDD
with E. coli and P. aeruginosa. Furthermore, an 8 logio reduction was observed when the
honeycomb MDD was used to inactivate 108 E. coli and P. aeruginosa cells. The results also
demonstrate the effectiveness of the honeycomb MDD when compared to the comb MDD.
Moreover, the honeycomb-structured MDD was also utilized to inactivate spore-forming B.

subtilis cells. The MDD was effective from just one second of treatment time as compared to the
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control. A 4logio of bacterial numbers was observed when B. subtilis cells from one- and seven-
day-old cultures were treated for sixty seconds. The honeycomb MDD was also effective in
inactivating one-day-old cultures of B. subtilis cells with using varying gap distance of 1-9 mm
and it was effective at an optimum gap distance of 3mm or 5mm for seven-day-old cultures of B.
subtilis. When one- or seven-day-old cultures of B. subtilis were inactivated for varying input DC
voltages ranging from 6-10V, it was observed that 10V was optimal for achieving a 4logio
reduction. A higher concentration of B. subtilis cells (2.5 x 107 cells) was utilized as control and
the sterilizing efficacy of the honeycomb MDD was also observed. The MDD was effective in
inactivating one-day-old cultures of B. subtilis and a 7logio was observed at two minutes of
treatment time. For the seven-day-old culture of B. subtilis cells, three minutes of treatment were
required to achieve a 7logio reduction as sporulated cells have thicker peptidoglycan layers and
thicker cell walls, protecting the DNA against the effects of microplasma. The uniform voltage
distribution of the honeycomb-structured MDD over the comb MDD, facilitates the formation of
reactive species and UV radiation throughout the surface of the MDD in ambient air conditions.
Such reactive species of oxygen and nitrogen (ROS and RNS), and UV radiation will affect the
integrity of the microbial cell walls and membranes. Such plasma induced stress will not only
degrade the integrity of the cellular structure but also inhibits bacterial growth by damaging its

DNA [188, 183, 401].

A flexible MDD was successfully fabricated for the inactivation of Gram-negative (E. coli,
P. aeruginosa) and Gram-positive bacteria (S. aureus and B. subtilis) suspended in liquid media
under ambient environmental conditions. The MDD was fabricated by sandwiching a flexible PET
film, as the dielectric layer, between two layers of flexible copper tape. The copper tape was

patterned in a honeycomb and circular design for making the top and bottom electrodes,
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respectively, using laser ablation. A polystyrene-based platform was custom fabricated using laser
ablation and attached to the MDD, and suspended over the liquid medium containing the bacteria.
The capability of the MDD to inactivate bacteria was investigated by testing the effect of varying
parameters including treatment time and input voltage from the DC power supply. An 8 logio
reduction was observed for E. coli and P. aeruginosa when treated for 11 and 8.5 minutes,
respectively. A 6 logio reduction was observed for S. aureus when treated for 3 minutes. When
B. subtilis was treated with microplasma discharge, an 8 logio reduction was observed. The power
density of the MDD was also calculated which ranged from ~0.127 to ~0.845 W/cm? for DC input
voltage ranging from 6 to 10 V. In addition, the MDD exhibited similar power density when bent
at a ROC of 25 mm and 50 mm when compared to the power density of MDD in a flat state,
indicating that the MDD is flexible. A maximum surface temperature of ~ 48 °C was obtained for
the MDD at 10 V input voltage, indicating that the surface temperature of the microplasma is not
a factor in inactivating the bacteria. Concurrently, a copper film was used as electrode material in
the fabrication of MDD due to its abundant availability and low cost compared to many other

metals.
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CHAPTER V

SCREEN-PRINTED STRAIN GAUGE FOR MICRO-STRAIN DETECTION
APPLICATIONS

5.1 Introduction

Strain gauges, which are one of the most fundamental sensing devices, can be utilized as
transducers for monitoring load, pressure, strain and torque [540-544]. There has been a recent
surge in the varied use of strain gauges, in different configurations, to monitor strain and analyze
the stress and deformation on civil structures, robots and automobiles [545-548]. Strain gauges
have also been implemented in biomedical applications for monitoring body vitals including
heartbeat, respiration rate and motion sensing [549-551]. However, one of the growing interests
for application of strain gauges is in structural health monitoring (SHM) of civil structures, wind
turbines, aircraft structure and components [541-553]. It is essential to detect micro-strain (&) on
such structures to detect crack propagation that could lead to structural failures [541, 543]. The
strain gauges must adhere to high degree of civil and aviation safety standards required to maintain
the aircrafts and prevent failures of components that can lead to fatal calamities. Therefore, it is
important that such strain gauges, employed for SHM of aircrafts, are sensitive to p€ and can detect

severe strains before it leads to failure.

Conventional strain gauges are typically manufactured using MEMS based technology
[160, 162, 433, 555, 554], involving manufacturing processes, that have slow developmental
cycles, multiple fabrication platforms and high costs of research and development. Such
fabrication processes also require controlled environments, thus significantly increasing the
complexity of fabrication and cost of manufacturing [161, 556-567]. In addition, processing silicon

wafers involves the use of toxic chemicals that are harmful to the environment and need specialized
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training and equipment. Strain gauges designed and fabricated based on lithography-based
techniques also utilize expensive metals that increases the production cost [163, 164, 561]. Further,
the silicon-based substrates used for MEMS based devices are brittle and not flexible. The devices
also include rigid housing and are not conformal enough to be used on three-dimensional (3-D)

surfaces and remain relatively limited in form factor.

Printed electronics (PE) has emerged as one of the forms of manufacturing methods that
can alleviate the limitations associated with conventional MEMS based fabrications methods [568-
631]. Traditional additive printing processes such as screen, inkjet, flexography, aerosol and
gravure are utilized for fabricating electronic circuits and transducers [632-653]. Such additive
print manufacturing processes are more advantageous as compared to MEMS-based
manufacturing methods since they involve less manufacturing steps, roll-to-roll (R2R) fabrication
capabilities and low operating temperatures during fabrication. This significantly improves
production throughput and thus lowers the cost of fabrication [168, 654, 655]. PE also enables the
use of diverse substrates, deposition materials, and fabrication methods that are relatively easier to
integrate with conventional manufacturing processes and systems [131, 656]. Among traditional
additive print manufacturing methods, screen-printing is one of the simplest and cost-effective
printing methods that enables mass production [657]. In this printing method, a viscous ink can be
deposited on different substrates, by pushing the ink through a patterned screen mesh by a
squeegee. Parameters such as screen mesh, ink, squeegee pressure and speed can be optimized for
precision printing [657]. Screen printing has been extensively utilized to fabricate sensors [591-

662], transistors [596], solar cells [663], organic light emitting diodes [664] and printed circuit
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Table 5.1. Summary of recently published composite strain gauges.

Strain Gauge Material Substrate Fabrication Method S:le[gi Reference
CNT yarns - Capstan rod system 0.15 [665]
PEDOT/PSS ink. 3D printed resin Inkjet Printing 0.3/0.98 [666, 667]
Silver nanowires / ecoflex composite PDMS Screen Printing 0.7 [668]
PANI/PVDF nanofibrous membrane PDMS Electrospinning 0.045-0.840 [669]
MWCNT on polystyrene microspheres PDMS Solvent evaporation 1.35 [670]
OTFT sensor Polyimide Molecular beam deposition 151 [671]
Resin reinforced MWCNT Epoxy blend Incorporated by 0.43 [672]
ultrasonication
Silver ink CNT sheet Aerosol Printing 0.49 [544]
Commercial Foil type Polyimide Etching Lithography ~21 [673]
Ag/C ink on polyimide Polyimide Screen Printing 2.39 This work

boards [131].

Commercially available strain gauges have been fabricated on flexible polyimide or glass-
fiber reinforced epoxy-phenolic substrates using lithography-based fabrication process [163, 164].
The most common gauge resistance values of commercial linear strain gauges are 120 Q, 350 Q,
and 1,000 Q [163, 164]. Typical sensing layers are Constantan (copper-nickel) and Karma alloy
(nickel-chromium) lithographically fabricated with metallic foils in a meandering pattern. These
devices are not printed and this involves relatively expensive fabrication processes when compared
to additive print manufactured devices. Typically, strain gauges have been fabricated by blending
conductive inks and particles with polymer composites [674-678]. However, this increases the
complexity of fabrication, thereby potentially increasing the costs of the device. Moreover, the
conductive and polymer composites do not necessarily increase the sensitivity of the device. A

summary of various composites utilized for strain gauge fabrication and their gauge factors is
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given in Table 5.1. It is envisioned that direct printing of conductive composites on thin films will
not only reduce fabrication costs but also be used to selectively attach on to civil structures and
vehicles for optimum monitoring and testing [678]. Silver ink-based devices have low absolute
resistance and low strain sensitivity but show higher stability at high temperatures [679]. However,
carbon black based inks have higher absolute resistance and provides higher sensitivity but have
very high temperature dependence on deformation sensitivity [679]. Blending silver and carbon
ink in the desired ratio can result in custom gauge resistances of the sensor, compared with standard
commercial linear strain gauges and also be integrated into existing sensing systems [680]. In this
paper, a strain gauge was screen printed on a flexible polyimide substrate. The sensing layer was
prepared by blending a commercially available silver and carbon ink to achieve a comparable
gauge resistance to a commercially available strain gauge. The electromechanical response of the
strain gauge towards varying tensile and compressive loads was investigated and is presented in

this paper.

5.2. Methods

5.2.1. Materials

A Kapton film (HN500) from DuPont de Nemours, Inc. was used as the substrate for
depositing the silver/carbon (Ag/C) composite ink as the sensing layer. Silver ink (Ag800) and
carbon ink (C200) from Applied Ink Solutions was blended in a centrifugal mixer (AR-
100, Thinky) at 1500 rpm for 4 minutes. Encapsulant ink (UV2510) from Applied Ink Solutions
as the passivation layer was used to protect the sensor from environmental effects of humidity.
Silver conductive epoxy adhesive (8331-14G) from MG Chemicals was used for soldering the

wires to the sensor.
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. Kapton D Ag/C Ink D Encapsulation Ink

Figure 5.1: Strain gauge fabrication steps.

5.2.2. Preparation of Beam

An aluminum flat beam (1/8” x 1”°) from Hillman Group was used as the platform for
bonding the strain gauge. A surface application kit (BAK-200) from the Vishay Precision Group
was utilized for surface preparation of the aluminum beam. Initially, the surface of the beam was
degreased with isopropyl alcohol (91%, Equate). The aluminum surface was then dry abraded
using a 320-grit silicon carbide paper wetted with M-Prep Conditioner A, after which it was
rigorously cleaned using a cotton gauge. Then, the aluminum surface was abraded again using a
400-grit silicon carbide paper wetted with M-Prep Neutralizer 5A followed by cleaning the surface
using cotton gauge. The surface of the beam was further cleaned with cotton tips wetted by the M-

Prep Neutralizer 5A until no residue can be seen left on the cotton tips.
5.2.3. Strain Gauge Fabrication

The layers and the steps of fabrication are shown in Fig. 5.1. The strain gauge has an overall
dimension of 9 mm by 30 mm was consisted of three layers: Kapton substrate, Ag/C composite
ink as the sensing layer and an encapsulant for passivation against environmental effects. The
sensor consists of a meandering trace line of 200 um width and spacing. Stainless steel screens
with mesh count of 325, wire diameter of 28 microns, mesh angle of 22.5 degree and emulsion
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Figure 5.2: Screen printed strain gauge.
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Figure 5.3: (a) Ag/C composite ink (b) Encapsulatlon ink thickness.

thickness of 12.7 microns were used for screen printing the inks on to the substrate. The strain
gauge was screen printed on a flexible Kapton substrate by depositing Ag/C composite ink using
MSP 485 screen printer (Affiliated Manufacturing Inc.). The ink was then cured in a thermal oven
(VWR® 1320) at 110 °C for 8 minutes. The encapsulant ink was then screen printed and UV cured
(LC6B Benchtop Conveyor Fusion UV Systems Inc.) at 17 feet/min. with a 300 W/inch UV lamp
for 2 passes. The fully fabricated strain gauge is shown in Fig. 5.2. The morphology of the printed
Ag/C composite layer and encapsulant layer including thickness and roughness was investigated
using a Bruker Contour GT-K profilometer. The thickness and roughness of the printed Ag/C

composite layer and encapsulant layer is shown in Fig. 5.3 and Fig. 5.4, respectively. An average
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Figure 5.4: (a) Ag/C composite ink (b) Encapsulation ink roughness.
thickness of 6.4 £ 0.08 um (Fig. 5.3 (a)) and 14.22 £ 0.09 um (Fig. 5.3 (b)) was measured for the

printed Ag/C composite and encapsulation layers, respectively. Similarly, an average roughness
of 3.43 £0.14 um (Fig. 5.4 (a)) and 1.82 + 0.14 um (Fig. 5.4 (b)) was measured for the printed

Ag/C composite and encapsulant layers, respectively.

5.2.4. Experiment Setup

A flat aluminum beam of 305 mm in length was fixed on one end to represent a cantilever

structure. A strain gauge was then attached to the top and bottom of the aluminum beams to

Load
Strain Gauge

| npp— |

—— -~
-~ =~
~ -~ S~
-~o ~
-~

Load

- - ~
-~ - ~ o~
~ -~ ~ o~
-~ ~
~ -~

Strain Gauge
(b)

Figure 5.5: Schematic representation of the strain gauge placed on (a) top of the beam to simulate tensile
strain and (b) bottom of the beam to simulate compressive strain.
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Figure 5.6: Experiment setup for micro-strain detection.

simulate tensile (Fig. 5.5 (a)) and compressive (Fig. 5.5 (b)) strain. The experimental setup for
measuring the electromechanical response from the strain gauge is shown in Fig. 5.6. The printed
strain gauge was bonded on to the flat aluminum bar 25 mm from the fixed end using M-Bond 200
Adhesive from Vishay Precision Group. The distance between the center of the sensor to the load
was maintained at 220 mm. Then, loads varying from 0.2 kg to 1.8 kg was placed at the end of the
beam. Connecting wires were used for connecting the strain gauge to a precision LCR meter
(Agilent E4980A) using silver conductive epoxy paste and alligator clips. The LCR meter was

connected to a PC via USB for post-processing and data analysis. The experimental setup for
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measuring the temperature coefficient resistance (TCR) is shown in Fig. 5.7. The electrical
connections for the printed strain gauge were made using a flat flexible connector (Amphenol ICC
65801-002LF).  Multiple  strain  gauges were placed in a  programable
Thermotron® SE - 3000 Environmental Chamber and was subjected to varying relative humidity
(RH), at a different temperature. Sensors were multiplexed to an Instek 6100 precision LCR meter
by using a Keithley 7700 multiplexer, integrated in a Keithley 2700 main frame. The Instek 6100
was used to record the resistance response of the sensors sequentially at an operating frequency of
1 kHz and an applied voltage of 1 V. A custom-built MATLAB program on a PC was used to
control Keithley 2700 and Instek 6100.The MATLAB program sequentially switch Keithley 2700
main frame channels, followed by measuring the resistance using Instek 6100 and write in excel

file simultaneously.

5.3. Results and Discussion

5.3.1. Gauge Factor

Strain Gauges Agilent E4980A Desktop
Serial
RS232

N | c— [ ]
Ribbon
Cable
GPIB
Ribbon P
! Cable 0]
l 7

Thermotron® SE - 3000 Keithley 2700 Main Frame

Environmental Chamber with 7700 Multiplexer

Figure 5.7: Experiment setup for measuring TCR of the strain gauge.
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The calculated gauge factor (GF) of the strain gauge for varying loads applied to the beam

is determined using Eqg. (1):

AR
GF =R

e 1)

=

where, AR is the change in resistance, R is the base resistance of the sensor and £'is

the strain on the beam due to load. The strain was calculated using Eq. (2):

ExI (2)

where, M is the bending moment, C is the centroid, E is the Young’s Modulus of the
aluminum beam (69 GPa) and | is the moment of inertia. M and | were calculated using Eqg. (3)

and Eq. (4),

M=mXgXx (3)

_bxhk

I'== 4)

where, m is the mass of the load, g is the acceleration due to gravity, x is the distance
between the center of the strain gauge and the load, b and h is the width and thickness of the of the

cantilever respectively.
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Figure 5.8: Sensor response towards varying (a) tensile and (b) compressive loads.

5.3.2. Strain Gauge Linear Sensitivity

The electromechanical response of the printed strain gauge towards varying tensile and
compressive loads ranging from 0.2 kg to 1.8 kg is shown in Fig. 5.8 (a) and (b), respectively. The
loads of 0.2 kg, 0.5 kg, 1.0 kg, 1.5 kg and 1.8 kg generates a calculated microstrain (u&) of ~141,
~352, ~704, ~1056 and ~1267, respectively, which corresponds to 0.01 %, 0.04 %, 0.07 %, 0.11 %
and 0.13 % of strain respectively. The loads were placed on the beam with a dwell time of
180 seconds for both under-load and rest conditions. The experiment was repeated for three
different strain gauges, with three runs for each strain gauge [681]. It was observed that the
resistance increased from its base resistance of ~358 Q, resulting in a resistance change of

0.071 £0.002 Q, 0.205 £ 0.011 Q, 0.443 £ 0.012, 0.779 £ 0.009 and 1.038 + 0.008 when tensile
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Figure 5.9: Relative resistive change for varying linear tensile and compressive loads.
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strain of 0.01 %, 0.04 %, 0.07 %, 0.11 % and 0.13 %, were applied on the beam, respectively. As
shown in Fig.5.9, these results correspond to resistance changes of 0.020 £ 0.001 %,
0.058 + 0.003 %, 0.125 £ 0.003 %, 0.220 + 0.003 % and 0.293 £+ 0.002 % when tensile strain of
0.01 %, 0.04 %, 0.07 %, 0.11 % and 0.13 %, were applied on the beam, respectively. A tensile

gauge factor of 2.39, with a correlation coefficient of 0.99, was calculated.

Similarly, when compressive strain of 0.01 %, 0.04 %, 0.07 %, 0.11 % and 0.13 %were
applied on the beam it was observed that the resistance decreased from its base resistance of
~358 Q, resulting in a resistance change of 0.089 + 0.009 Q, 0.160 = 0.004 Q, 0.315 + 0.003 Q,
0.482 +£0.006 Q and 0.713 +£0.011 Q. These results correspond to resistance changes of
0.025 + 0.003 %, 0.045 £ 0.001 %, 0.088 + 0.001 %, 0.135 £ 0.002 % and 0.199 + 0.003 % when
compressive strain of 0.01 %, 0.04 %, 0.07 %, 0.11 % and 0.13 %, were applied on the beam,

respectively (Fig. 5.9). A compressive gauge factor of 1.47, with a correlation coefficient of 0.96,

Table 5.2. Summarized results of the screen-printed Ag/C strain gauge.

Linear Sensitivity Transverse Sensitivity
Load | Strain | Strain AR/R (%) AR/R (%)
K t3 %
(Ke) (hE) (%) Tensile Compressive Tensile Compressive
0.2 | 140.76 | o001 | 0.020+0.001 | 0.025 % 0.003 [0.006 + 0.001| 0.011 + 0.002
0.5 | 351.90 0.04 0.058 £ 0.003 | 0.045 +0.001 |0.017 £ 0.001| 0.020 £ 0.002
1.0 | 703.81 0.07 0.125+0.003 | 0.088 + 0.001 |0.050 + 0.001| 0.035 + 0.001
1.5 | 1055.71| o0.11 0.220 £ 0.003 | 0.135+0.002 |0.102 £ 0.002| 0.048 + 0.002
1.8 | 1266.85 | 0.13 0.293 £0.002 | 0.199 +0.003 |0.139 + 0.002| 0.060 * 0.001

Table 5.3. Comparison of Ag/C composite and commercial strain gauge factor in linear and
transverse direction of load.

Ag/C Commercial
Tensile Compressive Tensile Compressive
Linear 2.39 1.47 2.21 2.27
Gauge Factor
Transverse 1.18 0.43 0.76 0.78

Gauge Factor
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Figure 5.10: Relative resistive change for varying transverse tensile and compressive loads.

was calculated for the printed strain gauge. A summary of the results of the Ag/C composite strain
gauge towards tensile and compressive strain is given Table 5.2. The results demonstrate the

capability of the printed Ag/C composite strain gauge to detect tensile and compressive loads.

The performance of the screen-printed Ag/C strain gauge was compared to a linear
patterned commercial strain gauge (CEA-13-250UN-350, Vishay Precision Group) with a gauge
resistance of 350 Q. The commercial sensor was also attached to the aluminum beam and the
experiment was performed in a similar manner. Linear gauge factor for tensile and compressive
loads were calculated as 2.21 and 2.27 respectively. A comparison of the tensile and compressive
gauge factor between the Ag/C and commercial strain gauge is shown in Table 5.3. It was observed
that the tensile response of the Ag/C composite strain gauge is greater than the commercial sensor.
However, the compressive gauge factor for the Ag/C composite strain gauge is lower than the
commercial strain gauge. According to the theory of tunneling effect, the resistance of the strain
gauge is directly dependent on the particle separation distance [675]. Therefore, such non-linear
piezoresistive response to tensile and compressive loads can be attributed to the dependence of

piezo resistance on bandgap of the inter- atomic spacing [676, 677].
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5.3.3. Strain Gauge Transverse Sensitivity

Transverse sensitivity is the response of the strain gauge to loads that are perpendicular to
the primary sensing axis. Ideally, it is desirable to have transverse sensitivity of the strain gauge
much smaller when compared to the response of the strain gauge to the linear sensing axis [682].
This is because, the directional sensitivity of the strain is an important parameter that needs to be
measured to determine at which direction the strain is being applied. The strain gauge is attached

on the surface of the aluminum beam transaxially to the application of the load.

Tensile and compressive loads ranging from 0.2 kg to 1.8 kg, corresponding to u& ranging
from ~141 to ~1267 were applied on the cantilever beam. The transverse electromechanical
response of the sensor was measured, and the results are shown in Fig. 5.10. When tensile strain
of 0.01 %, 0.04 %, 0.07 %, 0.11 % and 0.13 %, were applied on the cantilever beam, resistance
changes of approximately 0.006 %, 0.017 %, 0.050 %, 0.102 % and 0.139 % were observed,
respectively. A transverse tensile gauge factor of 1.18, with a correlation coefficient of 0.97, was

calculated.

Similarly, when compressive strain of 0.01 %, 0.04 %, 0.07 %, 0.11 % and 0.13 %, were
applied on the beam, resistance changes of approximately 0.011 %, 0.020 %, 0.035 %, 0.048 %
and 0.060 % were observed, respectively. A transverse compressive gauge factor of 0.43, with a
correlation coefficient of 1.00 was calculated. Finally, the transverse gauge factor for the
commercial sensor was also calculated as 0.76 and 0.78 for tensile and compressive loads

respectively.

The comparison of the transverse sensitivity for Ag/C composite and commercial strain

gauge is tabulated in Table 5.3. The results indicate that the transverse tensile and compressive
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Figure 5.11: Temperature coefficient of the strain gauge at varying ambient temperature and humidity
conditions.

sensitivity of the Ag/C strain gauge is lower than its linear tensile and compressive sensitivity by
~50% and ~30% respectively as compared to ~34% for both the instances of the commercial strain

gauge.
5.3.4. Temperature Coefficient Resistance

The measured resistance changes for evaluating the TCR of the strain gauge are shown in
Fig. 5.11. The temperature of the chamber was increased in steps of 10 °C, starting from -10 °C to
40 °C at 20 % RH. The temperature was similarly incremented for 40 %, 60 % and 80 % RH as
well. It was observed that resistance increased by approximately 0.9 Q for every 1 °C increase in
ambient temperature resulting in a temperature coefficient of 0.26 %/°C with a correlation
coefficient of one. It was observed that humidity had almost no effect on the base resistance of the
strain gauge. The temperature coefficient was constant even when the humidity was varied from
20 % to 80 % RH. Such minimal change can be attributed to the encapsulation layer that was
screen printed on top of the sensing layer to protect the strain gauge it from the humidity in ambient

conditions.

121



The temperature sensitivity of the screen-printed strain gauge must be investigated in order
to predict the sensor performance in a temperature-varying environment. The temperature
sensitivity of the Ag/C ink is a material-related property. Therefore, the thermal effect on the strain
gauge response can be mitigated using a dummy gauge compensation technique or calculating the
apparent strain using measured temperature data and material properties. One of the methods to
alleviate the effect of temperature on strain measurements, the dummy gauge compensation
technique in the adjacent arm of the Wheatstone bridge can be utilized [683-687]. The dummy
gauge must be identical to the strain gauge under test which is unstrained and placed under the
same ambient conditions. Since the active and dummy gauge are in the adjacent arm of the
Wheatstone bridge circuit, the thermal effects will cancel, registering only the stress-induced strain
[686, 687]. Some of the factors contributing to the thermal output are resistivity change as a
function of temperature, thermal stress due to the sensor-substrate thermal expansion coefficient,
thermal expansion of the material the strain gauge it is attached to and the transverse sensitivity of

the strain gauge. Therefore, the apparent thermal strain (¢a) can be described by Eq. (5) [688],

. z[ﬁ_g+ 1+S,
« = IGF "1 —y,5,

(as — a)]AT

()

where, i and Vo is the linear thermal expansion and Poisson’s ratio of material the strain
gauge is attached to, respectively. St is the transverse sensitivity, AT is the ambient change in
temperature, as and a;i are the linear coefficients of thermal expansion of substrate and ink,

respectively.
5.4. Summary

A screen-printed strain gauge based on metal/non-metal composite was successfully

fabricated and tested for micro-strain (u&) detection. A silver ink was blended with a carbon ink
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to achieve a silver-carbon (Ag/C) composite ink to get the desired resistance of ~350 Q which was
printed on a polyimide substrate in a meandering pattern. The strain gauge was then bonded on to
a flat aluminum beam and fixed on one end to represent a cantilever structure. The capability of
the printed strain gauge to detect linear and transverse strain was investigated by applying varying
tensile and compressive loads on the aluminum beam, to simulate u&. The performance of the
Ag/C composite ink-based strain gauge was benchmarked to a commercial strain gauge with
similar gauge resistance. A linear gauge factor of 2.39 and 1.47 for tensile and compressive loads
was calculated for the Ag/C composite strain gauge as compared to 2.21 and 2.27 for the
commercial foil type strain gauge respectively. Similarly, a transverse gauge factor of 1.18 and
0.43 for tensile and compressive loads was calculated for the Ag/C composite strain gauge as
compared to 0.76 and 0.78 for the commercial strain gauge respectively. The results indicate that
the linear sensitivity of the screen-printed Ag/C composite strain gauges is more sensitive than
standard foil gauge for tensile loads. However, for compressive loads, the linear sensitivity of
standard commercial strain gauges is higher than Ag/C composite strain gauges. The temperature
coefficient resistance of 0.26 %/°C was also measured in an environmental chamber to analyze the
effect of temperature on the Ag/C composite strain gauge. Temperature has a significant effect on
the base resistance of the Ag/C strain gauge, however, with proper compensation techniques the
effects can be alleviated. It was also observed that humidity has a minimal effect on the base
resistance of the strain gauge response, since the sensing layer was enveloped with a screen-printed
encapsulation layer. The results demonstrate that a strain gauge with screen-printed Ag/C ink on a
polyimide substrate can be utilized for u€ detection. for structural health monitoring applications.
Further research is underway to fabricate strain gauges on different substrates such as

thermoplastic polyurethane (TPU) and thin film polyimide that are stretchable and more flexible.
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It is in our scope of future research to develop self-temperature compensation (STC) printed strain

gauges, utilizing constantan ink-based sensing layer.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

6.1 Conclusion

In the course of this dissertation work, the author successfully demonstrated that flexible
hybrid electronics can be utilized in applications to fabricating sterilization devices and strain
gauges. Flexible microplasma discharge devices were fabricated by laser ablation process to
eradicate pathogenic bacteria on surface and liquid media. In addition, silver and carbon composite
ink-based strain gauge screen printed on polyimide substrate were fabricated to demonstrate their
capability to detect linear and transverse micro-strain for structural health monitoring applications.

The results obtained through the research work of all the three projects are listed below:

In the first research project, the voltage distribution and surface DBD of a MDD were
modelled in two-dimensional domains using FEA. Initially, the voltage distribution across comb,
H-tree and honeycomb-structured MDD was analyzed. Then, the cross-section of an MDD
consisting of a polyimide-based dielectric sandwiched between two copper electrodes was used
for modelling the microplasma discharge characteristics in an argon environment. A sinusoidal
voltage was applied to one of the copper electrodes while the other electrode was grounded. The
spatial distribution of electron temperature across the electrodes for varying input voltages was
simulated to demonstrate the importance of breakdown voltage. A detailed analysis on the effect
of varying electrode and dielectric barrier thicknesses on the electron density and electron
temperature was also performed to understand the importance of optimizing device configurations
for microplasma discharge. Moreover, the MDD was also simulated at varying ambient

temperature and pressure conditions to evaluate their effects on electron temperature and density

125



across the electrodes. The results from these simulations provide a better understanding of the
parameters such as varying input voltage, electrode and dielectric thickness on electron
temperature and electron density. This will enable to optimize design parameters for fabricating

MDDs for sterilization applications.

In the second project, flexible MDDs were successfully developed for inactivation of
Gram-negative bacteria such as E. coli and P. aeruginosa, using ambient air as the sterilizing agent.
The design of the electrodes influences the voltage distribution across the device and is an
important contributor to the overall sterilization efficacy. Therefore, the voltage distribution across
the top electrode of two different MDDs (designed in comb- and honeycomb-patterns) were
analyzed initially using COMSOL Multiphysics® simulation software. The honeycomb-patterned
MDD resulted in a uniform distribution of the applied voltage as compared to the comb-structured
MDD. The fabrication of MDD was realized by laser patterning flexible copper tape as electrodes
and sandwiching PET film as a dielectric layer between electrodes. The efficacy of the MDDs was
analyzed by varying parameters such as gap distance between MDD surface and bacteria (1 mm
to 9 mm), treatment time (10 seconds to 300 seconds), input DC voltage (4 V to 8 V) and bacterial
cell concentrations. Surface temperatures ranging from ~26 °C to ~33 °C were observed as the
input voltage was increased from 4 V to 8 V, respectively, for both MDDs. It was observed that
the honeycomb-patterned MDD inactivated ~4Log1o of E. coli and P. aeruginosa cells in less than
20 seconds as compared to two minutes for the comb-structured MDD for an input voltage of 10 V.
Bacterial viability against varying parameters using comb- and honeycomb-patterned MDDs was

analyzed and presented in this project.

Following this, the honeycomb-patterned MDD was employed for inactivating multi-drug

resistant Gram-negative (E coli, P aeruginosa) and Gram-positive (S aureus, B. subtilis) bacteria,
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under ambient operating conditions in liquid medium. The efficacy of the MDD to inactivate
bacterial cells in phosphate buffer saline (PBS) was investigated by testing the effects of varying
treatment times and input voltages, ranging from 1 to 10 minutes and 6 to 10 V, respectively.
Around 8logzo reduction of bacterial viability was achieved when the MDD was activated for less
than 11 minutes at an input voltage of 10 V. The corresponding decimal reduction time was
calculated, and it was observed that E. coli and P. aeruginosa were most resistant to radiation from
microplasma with a D-value of around 5 and 1.9, respectively. The flexibility of the device was
also tested by bending the MDD on surfaces with a radius of curvature of 25 mm and 50 mm. The
calculated power density of the MDD in bent condition and flat state was same, clearly indicating
that the MDD is flexible. The optical spectra of the microplasma radiation and surface temperature

of the MDD were also characterized in the project.

In the fourth project, a printed strain gauge based on metal/non-metal composite was
successfully fabricated and tested for micro-strain (u€) detection. A silver ink was blended with a
carbon ink to achieve a silver-carbon (Ag/C) composite ink. The composite ink was then screen
printed on a polyimide substrate in a meandering pattern to achieve a desired resistance of ~350 Q.
The printed strain gauge was bonded onto a flat aluminum beam. The capability of the printed
strain gauge to detect linear strain was investigated by applying varying tensile and compressive
loads on the aluminum beam, to simulate u€. Corresponding linear gauge factors for tensile and
compressive loads were calculated as 2.26 and 1.47, respectively. In addition, transverse gauge
factors for tensile and compressive loads were calculated as 1.18 and 0.43, respectively. The strain
gauge had a temperature coefficient resistance of 0.26 %/°C. The screen-printed Ag/C composite
strain gauge was also compared to a commercial strain gauge of similar gauge resistance. The

results demonstrate that a strain gauge with screen-printed Ag/C and encapsulation ink on a
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polyimide substrate can be utilized for p€ detection. The electromechanical response of the

fabricated strain gauge as a function of resistance was investigated and presented in this project.

6.2 Future Work

Based on the experience gained during the course of the doctoral studies, the author
believes that the current three projects can be optimized or further improved by implementing

some of the following suggestions.

Fabrication of the Flexible Microplasma Device

e Optimizing fabrication of the flexible microplasma discharge device and evaluate alternate
fabrication methods
o Laser patterning the top electrode on PET substrate causes sometimes perforation on
the PET substrate. Heat resistant flexible substrates such as polyimide can be utilized
that may reduce/ eliminate the risk of perforation during fabricating the top electrode.
o Additive print manufacturing process such as screen printing can be utilized to print
the conductive electrodes on a flexible dielectric substrate and the plasma generation
and sterilization efficacy rate for different pathogens should be compared.
e For real-world application, the top and bottom electrodes can be encapsulated to prevent any
potential shock to the user without compromising the sterilization efficacy of the current

microplasma discharge device.

Sterilize Various Other Microorganisms and Explore Other Applications

e Sterilize other types of microorganisms such as fungi, which include yeasts and molds, and

develop the device for healthcare applications.
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o Current research was focused on developing and proving the efficacy of devices for
surface sterilization. In-vivo tests on animals can be investigated for further developing
the device for applications such as skin treatment.

o Currently, the microplasma discharge device has proven its effectiveness against
opportunistic and drug-resistant pathogens such as E. coli, P. aeruginosa, S. aureus and
spore forming bacteria such as B. subtilis. Sterilizing fungi, which include yeasts and
molds, can further expand the application of the device in food and refrigeration
industry.

e There are limited articles available on the effect of microplasma for inactivating viruses.
Further research will provide significant knowledge on the efficacy of microplasma devices to

inactivate viruses.

Screen Printed Strain Gauge Design and Application

e Various other strain gauge designs such as tee and rectangular rosettes can be fabricated
by screen printing. Such printed rosettes can be used to detect strain and loads at 0°, 45°
and 90° angles, simultaneously.

e Current printed strain gauges were used in measuring linear and transverse strain. Screen
printed strain gauges can be used to investigate its capability to detect shear strain and

torque.
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