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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
Faculty of Engineering and Physical Sciences
Aeronautics and Astronautics

A thesis for the degree of Doctor of Philosophy

Development of scalable and flexible non-thermal Dielectric Barrier

Discharge systems for novel low-temperature plasma applications

by Henrike Jakob

Atmospheric non-thermal plasma has gained increasing interest for various applications
due to its unique physical and chemical properties. For example, reactive species pro-
duced by atmospheric non-thermal plasma can decontaminate spacecrafts featuring ther-
mally sensitive materials. Although Dielectric Barrier Discharge (DBD) systems have
been demonstrated as one of the many promising methods to generate non-thermal
plasma, the generation of non-thermal plasma over large and complex geometries, such
as spacecraft or the human body, remains challenging to date. This thesis, therefore,
aims to investigate and develop a scalable and flexible non-thermal plasma generation
system, thus promoting further implementation of non-thermal plasma technology.
Firstly, a new method using printed electronics techniques on thin materials is employed
for the fabrication of electrodes of DBD systems to enhance their scalability and flexi-
bility. An experimental study is carried out, where the DBD systems are assessed for
varying system sizes to assess the capability of large scale plasma geometries. Moreover,
the flexibility of the systems is quantified for varying curvatures to allow the generation
of non-thermal plasma over complex geometries.

A fully scalable and flexible plasma source can require a complex electrode geometry to
be successfully used in an application. Therefore, in conjunction with the experimental
study, a new electrical model is developed for complex electrode designs. This electri-
cal model can play an important role in the characterization, design, and definition of
optimal operating conditions for non-thermal plasma sources in a wide field of applica-
tions. The presented model focuses on the partitioning of the electrode surface into a
plasma discharging and non-discharging area. Thus the electrical model accounts for the
dynamic behaviour of the plasma generation over complex electrode geometries during

operation.
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Lastly, the developed DBD systems are employed for three feasibility studies, where
they successfully demonstrate their ability for applications within the aerospace sector
and the biomedical field. In the aerospace sector, the DBD systems and their ability
to produce a high electron density are used for a new “Cold Radio Blackout Testing”
solution. This approach aims to model the spatial gradient of the electron density within
a re-entry plasma sheath around space vehicles, causing a communication interruption,
the Radio Blackout. Further, the DBD systems are used as a decontamination system for
medical equipment, such as Personal Protective Equipment (PPE) during the COVID-
19 pandemic. The last feasibility study presents a new thin and narrow plasma source,
the plasma yarn, which is successfully used for the sterilisation of biofilms in narrow

spaces, such as endoscopes.



Contents

List of Figures ix
List of Tables XV
Nomenclature xvii
Declaration of Authorship xxi
Acknowledgements xxiii
1 Introduction and literature review 1
1.1 Non-thermal plasma . . . . .. ... ... .. ... .. ... ... ..... 2
1.2 Applications of non-thermal plasma . . .. ... ... ... ........ 3
1.2.1  Aerospace applications . . . . . . . ... 3

1.2.2  Biomedical applications . . . . ... ... ... . Lo 5

1.3 Methods to generate non-thermal plasma . . . .. ... ... ... ... .. 7
1.3.1 Corona discharge (CD) . . . ... ... ... ... .. ....... 7

1.3.2  Micro hollow cathode discharge (MHCD) . ... ... ... ... .. 9

1.3.3  Atmospheric pressure plasma jet (APPJ) . . ... ... ... ... 9

1.3.4 Dielectric barrier discharge (DBD) . . . .. ... .. ... .. ... 10

1.4 Technical limitations of current non-thermal plasma source . . .. .. .. 11
1.4.1 Scalability . . . . . ... 11

1.4.2 Flexibility . . . . . . . 12

1.5 Aims and objectives . . . . . .. 13

1.6 Overview of thesis . . . . . . . .. . 13

2 Plasma characterisation and electrode design 17
2.1 Electrode geometry and configuration . . . .. ... ... ... ... ... 18
2.2 Manufacturing method of electrode systems . . . . . . . . ... ... ... 21
2.2.1 Inkjet printing . . . . .. ... 21

2.2.1.1  Conductive ink with low viscosity . . . . ... ... ... 21

2.2.1.2  Conductive ink with medium viscosity . . . . . . ... .. 23

2.2.2 Dispenser printing . . . . . . . ... oo 24

2.2.2.1 Print precision . . . . .. ..o oo 26

2.2.3 Comparison on printing methods . . . . . .. .. ... ... ... 28

2.3 Experimental setup . . . . . . ... 29
2.4 Diagnostics . . . . . . . 33
2.4.1 Electrical diagnostics . . . . . . . . . ... L. 34



vi

CONTENTS

2.4.2

Optical diagnostics . . . . . . . . . ...
2.4.2.1 Image processing . . . . . . . . . ..o
2.4.2.2  Optical emission spectroscopy . . . . . . . .. .. .. ..

3 Scalable and flexible plasma generation systems

3.1 Ink-jet printed electrodes . . . . . . .. .. oo

3.2

3.1.1
3.1.2
3.1.3
3.14

Surface erosion of printed electrodes using inkjet printing . . . . .
Electrical characteristics . . . . . . . . . . ... oL
Scalability . . . . . . ...
Flexibility . . . . . . . . o

Dispensing printed electrodes . . . . . . . ... ... .. ..

3.2.1

3.2.2

3.2.3

3.2.4

Surface erosion on printed electrodes using dispenser printing . . .
3.2.1.1 Simplified 1-D line electrode . . . . . . . ... ... ...
3.2.1.2  Effectiveness of protective coating . . . . ... ... ...
Operating conditions . . . . . . . . . . . . ... ... ...
3.2.2.1 Electrical characteristics. . . . . . . ... ... ... ...
3.2.2.2 Optical characteristics . . . . . ... ... ... ......
Scalability . . . . . . . ..
3.2.3.1 Electrical characteristics. . . . . . . ... ... ... ...
3.2.3.2  Optical characteristics . . . . . ... ... ... ......
Flexibility . . . . . . . . .
3.2.4.1 Electrical characteristics. . . . . . . .. ... ... ....
3.2.4.2  Optical characteristics . . . . . . ... ... ... ... ..

3.3 SUMMATY . . . o e e

4 Electrical modelling of surface DBD plasma sources

4.1 Introduction . . . . . . . . e

4.2 Equivalent electrical circuit model . . . . . . ... .. ... ... ... ..

4.3

44

4.2.1
4.2.2
4.2.3

Segmentation of the surface DBD plasma source . . . . ... ...
Discharge propagation . . . . . . .. . ... oo
Equivalent electrical circuit . . . . . ... ... ... ... ... ..

MATLAB Simulink model . . . . . . . . . . . .. ...

4.3.1

Breakdown voltage . . . . . . . .. ... oo

Validation of the electrical model . . . . . . . . . . . . .. ... ... ...

4.4.1
4.4.2

Electrode configurations . . . . . . . . ... oo
Model validation . . . .. .. ... ..

4.5 Summary ... oL e e e

5 Applications of scalable and flexible plasma sources

5.1 Cold plasma experiment for radio blackout testing . . .. ... .. .. ..

5.2

5.1.1
5.1.2
5.1.3
5.1.4
5.1.5

Radio blackout . . . . .. .. .. o
Electron density Estimation . . . . . . ... ... .. ... ...
Radar transmissivity of printed electrode . . . . . . ... ... ..
Controllable non-thermal plasma sources over re-entry vehicle . . .
SUMMATY . . . . o v v e e e e e e e e

Decontamination system for PPE and medical equipment . . . ... ...

5.2.1

Introduction . . . . . . ..

47
47
47
50
51
53
95
95
95
60
64
65
73
7
78
81
86
87
88
91

93
93
95
95
97
100
103
105
107
107
109
113



CONTENTS vii

5.2.2 Plasma decontamination system . . . . ... .. ... ... .. 127

523 Results . . . . . 129

5.2.4  SUmMmary . . ... ..o e e e e e e 134

5.3 Decontamination system for narrow spaces. . . . . . . ... ... .. 134
5.3.1 Introduction . . . . . .. ... 135

5.3.2 Decontamination system in narrow lumens . . . .. ... ... .. 136

5.3.2.1 Knitted plasma yarn (Configuration # 1) . . . . ... .. 137

5.3.2.2 Printed plasma yarn (Configuration # 2) . . . . ... .. 137

5.3.2.3 Helical printed plasma yarn (Configuration # 3) . . . . . 138

5.3.2.4  Analysis of plasma yarn . . . . . . .. ... 139

5.3.3 Biological test and demonstration of efficacy . . . .. ... .. .. 142

5.3.4  Summary .. ... ..o e e 145

6 Conclusion 147
6.1 Summary and review . . . . ... Lo 147
6.2 Contributions and Limitations . . . . . ... ... ... ... ... ... 148
6.2.1 Discharge power scaling law . . . . . . . ... ... ... 148

6.2.2 Scalability of printed plasma sources . . . . . .. ... ... ... 149

6.2.3 Flexibility of printed plasma sources . . . . .. ... .. ... ... 149

6.2.4 Electrical model for complex electrode geometries. . . . . . . . .. 150

6.2.5 Cold radio blackout method . . . . . . .. .. ... ... ... 150

6.2.6 Decontamination of SARS-CoV-2on PPE . . . . . . ... ... .. 150

6.2.7 Decontamination in thin and narrow channels . . . . . . .. .. .. 151

6.3 Future Work . . . . . .. 151
6.3.1 Lifetime of printed plasma sources . . . . . ... ... ... .... 151

6.3.2 Analytical estimation of capacitance for discharge power estimation152

6.3.3 Dynamic discharge propagation length . . . . . ... ... ... .. 152

6.3.4 Electron density estimation . . . . . . . ... ... L. 152

6.3.5 Analysis of reactive species . . . . .. ... oL 153
Appendix A Design of printed plasma sources 155
A.1 Electrode pattern for scalability assessment . . . . . . .. ... ... ... 155
A.2 Electrode patterns for electrical model validation . . . . . . ... ... .. 157
Appendix B Printed plasma source images 159
B.1 Printed plasma source images for operating condition assessment . . . . . 159
B.2 Printed plasma source images for scalability assessment . . . .. ... .. 161
Appendix C Electrical Characterisitcs 163
C.1 Lissajous Graphs over varying operating conditions . . . . . . . .. .. .. 163
C.2 Lissajous Graphs over varying electrode configurations . . . . . . .. . .. 164

Bibliography 166






List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

2.1

2.2

2.3
2.4

2.5
2.6
2.7

2.8
2.9

2.10

2.11

2.12

Schematic of the four states of matter (brown = neutral particles; violet
= positive charge ions; iridescent =negative electrons) [3] . . . . ... .. 1
Schematic of thermal and non-thermal plasma (violet = positive charge
ions; iridescent =negative electrons) [3] . . . . . ... ... ... L. 2
Schematic of radio blackout on re-entry vehicles through reflection or
attenuation of electromagnetic waves in the plasma sheath . . . . . . . .. 4
Various plasma sources (a) Plasma pen (kINPen MED) for wound healing
[31]; (b) Plasma applied to teeth [27]; (c¢) Direct plasma treatment on
cancer cells (in-vitro) or tumours in mice in-vitro [3] . . . . .. ... ... 6
Schematics of various non-thermal plasma sources: (a) Corona discharge;
(b) Micro hollow cathode discharges; (c) Jet plasma; (d) Volume dielectric
barrier discharge; (e) surface DBD plasma source . . . . . ... ... ... 8
DBD plasma sources solutions for larger scale non-thermal plasma gener-
ation: (a) Hand-held plasma treatment device [35]; (b) Plasma dispenser
for hand sterilization [73] . . . . ... ... ... o Lo 12
DBD plasma sources solutions for flexible non-thermal plasma genera-
tion: (a) Flexible electrode array [32]; (b) Plasma pad to promote wound
healing [36] . . . . . . . ... 13
Overview of thesis . . . . . . . .. ... 15

Schematic of single unit of a surface DBD plasma source pattern, showing
electric field lines and region of plasma generation . . .. ... ... ... 18
Schematics of electrode pattern formed from various polygon shapes: (a)
Circle; (b) Triangle; (c) Square; (d) Hexagon . . . ... ... ... .... 19
Overview of a hexagonal electrode pattern: (a) Top view; (b) Cross section 20
Schematics of pattern formed to form larger areas as: (a) Square; (b)
Rectangular; (c¢) Circular; (d) Line . . . . .. ... .. ... ... ..., 20
Printed plasma source with Epson inkjet printer ET 2700 . . . . .. . .. 22
Dimatix Materials Printer DMP2831 [82]: (a) Overview ; (b) Ink Cartridge 23
Printed plasma source using inkjet printing method (Dimatix Materials
Printer DMP2831) . . . . . . . . . ... .. 24
Ignited plasma source fabricate on the Dimatix Materials Printer DMP2831 24
(a) Voltera V-One dispenser printing system; (b) Carriage and Calibration

switches of Voltera V-One; (c) Ink Dispenser & nozzle . . . .. ... ... 25
Printed plasma source with hexagonal pattern using dispenser printing
method . . . . .. 26
Images and schematics of print alignment using the dispenser printer sys-
tem: (a) Print pattern; (b) Print Sample #1 ; (c) Print Sample #2 . . . 27
Overview of image processing to obtain area of printed electrode . . . . . 28

ix



LIST OF FIGURES

2.13
2.14
2.15
2.16
2.17

2.18

2.19
2.20

2.21
2.22
2.23
2.24
2.25

2.26

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

Schematic of the experimental setup with the high voltage power supply,
electrical diagnostics and optical diagnostics . . . . . . .. .. .. ... .. 30
A schematic of the high voltage power supply with components and signal

path . . . e 30
High voltage step up transformer with corecap . . . . . ... .. ... .. 32
Envelope of operating conditions of built high voltage power supply system 33
Electrical measurements: (a) Voltage and current measurement; (b) Voltage-
charge characteristics (Lissajous graph) . . . ... ... ... ... .... 35
Overview of image intensity and uniformity assessment, schematically
showing RGB component of generated plasma . . . . . .. ... ... ... 37
Schematic of the setup of the optical emission spectroscopy system . . . . 39
Typical emission spectra of printed DBD plasma source with the major
emission peaks indicted . . . . . ... Lo o 40
Typical emission spectra of printed DBD plasma source compared to lit-
erature: Keller [92]; Machala [93]; Xiao [66] . . . .. ... ... ...... 41
(a) Setup of optical diagnostic (b) Schematic of calibration setup . . . . . 42
Spectra with variation of integration time for varying viewing angles . . . 43
Schematic of spectral intensity and viewing angle relation . . . . . . . .. 43
Variation of optical lens setting (a) Field of view for focused, collimated

and wide lens setting; (b) Spectra with various lens settings . . . . . . .. 44
Spectra with (a) varying distance between plasma source and lens; (b)

varying number of scans to average . . . . . . ... ... 45

Inkjet-printed plasma source using medium-viscosity conductive ink on a
flexible dielectric material . . . . . . .. L oo oo oo 48
Microscope images of printed electrodes; (a) unused printed electrode; (b)
printed electrode after operation for 15 minutes without surface coating . 49
Microscope images of printed electrodes with (a) Aerosol silicone resin
coating after operation for 15 minutes (b) printed electrodes with PDMS

coating after operation for 15 minutes . . . . ... .. ... ... ... .. 50
Electrical Characteristics of printed plasma source using inkjet printing
method: (a) Voltage and current measurements; (b) Lissajous graph . . . 51
(a) Schematic of printed plasma source of varying lengths (b) Air plasma
emission images of plasma sources of varying lengths . . . . . . . ... .. 51
(a) Inkjet printed plasma source around nylon rod (b) Variation of Diam-
eter of 20 mm, 10 mm and 6 mm . . . . . .. ... ... ... 53

FEmission images of the inkjet printed plasma sources over non-flat surfaces
having various curvatures . . . . . . .. .. L L Lo oL 54
(a) Schematic of simplified 1-D line geometry electrode (b) Picture of
simplified 1-D line geometry electrode for lifetime analysis . . . . . . . .. 55
Microscope images comparing different electrode material (Electrode ID#1,
#2and #3) . .o 57
Microscope images comparing different dielectric material of varying di-
electric constant, which are ¢, = 2.1, &, = 3.4 and &, = 4.2 (#8 #2

HO) 59
Microscope images comparing different dielectric thickness, which are 25

pm, 50 pm, 75 pm and 127 pm (IDs #7, #5, #2 and #4 respectively) . . 60



LIST OF FIGURES xi

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

3.29

3.30

3.31

3.32

3.33

3.34

3.35
3.36

3.37

(a) Schematic of hexagonal geometry electrode (b) Picture of hexagonal
geometry electrode for lifetime analysis . . . . . . . . ... ... ... ... 61
Time series of microscopy images from plasma source using 75 pm Kapton
HN without coating (Electrode ID #9) . . . . . . . . ... ... ... ... 62
Time series of microscopy images from plasma source using 75 pm Kapton
HN with silicone resin coating (Electrode ID #10) . . .. .. .. ... .. 62
Time series of microscopy images from plasma source using (a) 75 pm
Kapton without coating (b) 75 pm Kapton with coating (¢) 127 pm Kap-
ton with coating cured at 90 °C for (a) 1 hour, (b) 2 hours (c¢) 3 hours . . 64
Electrical Characteristics of printed plasma source using dispenser print-
ing method: (a) Voltage and current measurements; (b) Lissajous graph . 65
Measured average discharge power, P.g4, for printed plasma sources using
varying dielectric substrates: (a) 50 pm Kapton HN, (b) 50 pym Kapton
HN, (c¢) 75 pm Kapton HN, (d) 75 pm Kapton MT, (e) 75 pm Kapton HN 67

Scaling number, ©p against operating voltage for DBD plasma source
with varying dielectric thickness and material . . . . . . ... ... .. .. 70
Estimated discharge power, P,.g, for printed plasma sources using varying
dielectric substrates: (a) 50 pm Kapton HN, (b) 50 um Kapton HN, (c)
75 pm Kapton HN, (d) 75 pm Kapton MT, (e) 75 pm Kapton HN . . . . 72
Emission images of electrode using 75 pm Kapton HN at 6 kHz for varying
operating voltages . . . . . . ... 73
Image Intensity against power for DBD plasma source with varying di-
electric thickness and material . . . . . . . ... ... 0oL 74
Spectral Intensity against power for DBD plasma source with varying
dielectric thickness and material . . . . . . ... ... ..o 76
Schematic of scalability assessment with two aspects, length and area scaling 77
Discharge power, P, for plasma sources with varying length . . . . . . . 78
Discharge power per unit length, Py, of plasma sources with varying length 79
Discharge power, P, for plasma sources with varying area . . . . . . . . 80
Discharge power per unit area, P4, of plasma sources with varying area . 81
Emission images of plasma sources with varying lengths at an operating
voltage of 5KV . . . Lo 81
Image intensities, I;,4, over power per unit length, Pz, on plasma sources
of varying lengths . . . . . . . ... 82
Image intensities, Igpec, over power per unit length, P, on plasma sources
of varying lengths . . . . . . . ... 83
Emission images of plasma sources with varying area at an operating
voltage of 5KV . . . L oL 84
Image intensities, Iy, over power per unit area, P4, on plasma sources
of varying area . . . . . . . . ... 84
Image intensities, Ispe., Over power per unit area, P4, on plasma sources
of varying area . . . . . . .. 85
(a) Printed plasma source using dispenser printing around nylon rod (b)
Variation of diameter of 20 mm, 10 mm and 6 mm . . . . ... ... ... 86
Discharge power for plasma sources over varying curvature. . . . . . . . . 87
Emission images of printed plasma sources using dispenser printing method
over varying curvature . . . . . . . . ... oo e e e e 88
Image intensity for plasma sources over varying curvature . . .. .. ... 89



xii LIST OF FIGURES
3.38 Spectral intensity for plasma sources over varying curvature . . . . . . . . 90
4.1 Volume DBD Plasma Source and a simple equivalent electrical circuit

model, where Cy is the capacitance of the dielectric material, Cy is the
capacitance of the gas gap and R(t) resistance of the microdischarge . . . 94
4.2 (a) Top-view of one unit of hexagonal electrode patten (b) Equivalent
electrical components in segmented surface DBD plasma source (Colours:
Grey: Electrode; Blue: Dielectric material; Red: Plasma) . . . ... ... 96
4.3 Discharge propagation length from SDBDDesigner using 2D and 3D ap-
proximation . . . . . ... Lo 98
4.4 Images of the discharge propagation length on a 1-D line electrode for
varying operating voltages . . . . . . .. . ..o 99
4.5 Obtained image intensity over distance from electrode on 1-D line geom-
etry for an operating voltage of 2.6 kVrms . . . . . . ... ... ... .. 99
4.6 Estimated discharge propagation length, p,(t) over varying operating
voltages . . . . .. oL 100
4.7 Schematic of equivalent electrical circuit model . . . . . . ... ... ... 101
4.8 Theoretical voltage and current signal with the active plasma phase high-
lighted . . . . . . . o 103
4.9 MATLAB Simulink model of equivalent electrical circuit model . . . . . . 104
4.10 MATLAB Simulink model of “voltage controlled current source” block
(ICCS) . . . 105
4.11 Obtaining breakdown voltage from (a) Current measurement with micro
discharge region (b) Zoom of micro discharge identifying ignition . . . . . 106
4.12 Obtained breakdown voltage against operating voltage over varying fre-
quency for (a) positive half period (b) negative half period . . . . . . . .. 106
4.13 Schematic cross section view, schematic side view and top view of printed
electrode configurations #1 to #4 . . . . . . ..o 108
4.14 Experimental results with 3 kV at 10 kHz (a) Voltage and current reading;
(b) Lissajous graph . . . . . . . .. ... 110
4.15 Simulated results with 3 kV at 10 kHz (a) Voltage and current reading;
(b) Lissajous graph . . . . . . . . .. .. 110
4.16 Experimental discharge power of electrode configuration #1 to #4 . . . . 111
4.17 Images of plasma ignition across hexagonal unit for printed electrode con-
figurations #1 to #4 allat 44 kVand 6 kHz . . . . ... .. .. ... .. 112
4.18 Experimental and simulated discharge power of electrode configuration
HLto#4 . e 113
5.1 Schematic of discretising plasma layer using multilayer-DBD sources (a)
Electron density gradient over hypersonic vehicle surface (b) multilayer-
DBD sources over hypersonic vehicle surface . . . . . ... ... ... ... 116
5.2  Electron Density n. over spectral intensity for varying power conditions
and geometry configurations (a) varying unit size (b) varying line width . 119
5.3 (a) Schematic of plasma and electron density distribution across plasma
source units with varying geometrical configurations (b) Image of grid
pattern plasma source generation with unit size 4 mm (c) Derived Image
intensity profile across one unit . . . . ... ..o oo oL 120
5.4 (a) Schematic of anechoic chamber with radar sensor and printed electrode

(b) Picture of anechoic chamber with backview of printed electrode . . . . 121



LIST OF FIGURES xiii

5.5 Printed electrode patterns (a) Hexagonal pattern with unit size of 2 mm

(b) Hexagonal pattern with unit size of 8 mm (c¢) Hexagonal pattern with

unit size of 12 mm (d) Line pattern with unit distance of 2 mm . . . . . . 122
5.6 Printed electrode patterns (a) Hexagonal pattern with unit size of 2 mm

(b) Hexagonal pattern with unit size of 8 mm (c) Hexagonal pattern with

unit size of 12 mm (d) Line pattern with unit size of 2 mm . . . . .. .. 123
5.7 3D printed ExoMars model with plasma source attached . . . . . . .. .. 124
5.8 3D printed ExoMars model with plasma generation for varying voltages . 125
5.9 (a) Filtering facepiece respirators with highlighted surface and embossed

area (b) Prepared mask sample in mask holder and plasma source (c)

Mask holder placed on plasma source for treatment with plasma . . . . . 127
5.10 Portable plasma decontamination system which consists of a power pro-

cessing unit, plasma brush wand, and electrode cartridge: (a) Layout of

a plasma brush decontamination system; (b) Picture of the assembled

plasma decontamination system [161] . . . . . . . .. ... ... ... ... 128
5.11 (a) Plasma source mount and electrode cartridge; (b) Schematic of push-

fit system [161] . . . . . . . 129
5.12 (a) Measured voltage and current and (b) Lissajous figure of the plasma

source [161] . . . . . Lo 130
5.13 Schematic of filtration test setup [161] . . . . . . ... ... ... ... .. 131
5.14 Aerosol transmission for (a) N95 masks (b) N99 masks [161] . . . . . . .. 132

5.15 Pictures of cell monolayers in a 6-well plate (a) negative control (not
contaminated) (b) positive control (contaminated) (c) N95 mask samples

after 2 minutes of plasma treatment . . . . . . ... ... 133
5.16 Decontamination efficiency for (a) N95 masks (b) N99 masks [161] . . . . 134
5.17 Endoscope with multiple internal channels, including, air/water channel,

lens and light channel and a biopsy channel [176] . . . . . ... ... ... 135

5.18 (a) Schematic of knitted plasma yarn (b) Picture of manufacture knitted
plasma yarn . . . . . ... oL oL 137
5.19 (a) Schematic of printed plasma yarn (b) Picture of manufacture printed
plasma yarn . . . . . ..o Lo 138
5.20 (a) Schematic of helical printed plasma yarn (b) Picture of manufacture
helical printed plasma yarn (c) Ignited helical printed plasma yarn . . . . 138
5.21 Scalability assessment of plasma yarn: (a) emission images of plasma yarn
for varying lengths; (b) Power and spectral intensity of plasma yarn for
varying lengths . . . . . . . ..o oo 140
5.22 Flexibility assessment of plasma yarn: (a) emission images of plasma yarn
for varying curvatures; (b) Power and spectral intensity of plasma yarn

for varying curvatures . . . . . . . . ... e 141
5.23 Plasma yarn of 2 m lengthat 6 kV at 2kHz . . . . .. ... ... ... .. 141
5.24 Uniformity of plasma yarn: (a) 100 mm long plasma yarn; (b) obtained

image intensity over plasma yarn . . . . .. .. .. L0000 142
5.25 Results from plasma treatment of endoscope channels . . . . ... .. .. 144

5.26 Optical density profiles from culture media at 24 or 72 hours incuba-
tion with channels treated for various duration after contamination: (a)
Pseudomonas; (b) Enterococcus . . . . . .. ... Lo 145



Xiv

LIST OF FIGURES

Al

A2

A3

B.1

B.2

B.3

B4

C.1

C.2

C.3

C4

Electrode geometries of length scalability assessment (Electrode ID #19
to #22 in section 3.2.3): (a) 10 mm; (b) 20 mm; (c¢) 40 mm; (d) 80 mm
(Red: Ground electrode; Blue: High voltage electrode) . . . . . . ... .. 155
Electrode geometries area scalability assessment (Electrode ID #23 to
#25 in section 3.2.3): (a) 10 mm x 10 mm; (b) 20 mm x 20 mm; (c) 40
mm x 40 mm (Red: Ground electrode; Blue: High voltage electrode) . . . 156
Electrode geometries used for validation testing of electrical model in sec-
tion 4.4.1: (a) Configuration #1; (b) Configuration #2; (c) Configuration
#3; (c) Configuration #4 (Red: Ground electrode; Blue: High voltage
electrode) . . . . .. 157

Images of printed plasma sources using varying dielectric substrates (Elec-
trode ID #14 to #18 presented in section 3.2.2): (a) 50 ym Kapton HN,
(b) 50 pm Kapton HN (Highlighted is the outline of the electrode) . . . . 159
Images of printed plasma sources using varying dielectric substrates (Elec-
trode ID #14 to #18 presented in section 3.2.2): (a) 75 ym Kapton HN,
(b) 75 pm Kapton MT, (c) 75 pm Kapton HN (Highlighted is the outline
of the electrode) . . . . . . . ... L 160
Images of printed plasma sources used for the length scalability assessment
(Electrode ID #19 to #22 in section 3.2.3): (a) 10 mm; (b) 20 mm; (c)
40 mm; (d) 80 mm (Highlighted is the outline of the electrode) . . . . .. 161
Images of printed plasma sources used for the length scalability assessment
(Electrode ID #22 to #25 presented in section 3.2.3): (a) 10 mm x 10
mm; (b) 20 mm x 20 mm; (¢) 40 mm x 40 mm (Highlighted is the outline
of the electrode) . . . . . . . ... 162

Lissajous graphs for varying operating voltages of printed plasma sources
using 75 pum Kapton HN dielectric substrates (Electrode ID #16 from
section 3.2.2): (a) operating frequency of 6 kHz, (b) operating frequency
of 8kHz . . . . . . o 163
Lissajous graphs for varying operating voltages of printed plasma sources
using 75 pum Kapton HN dielectric substrates (Electrode ID #16 from
section 3.2.2): (c) operating frequency of 10 kHz, (d) operating frequency
of 12 kHz . . . . . . 164
Lissajous graphs for varying electrode configuration over varying operat-
ing voltages at constant frequency of 6 kHz (Configuration #1 and #2
from section 4.4.1): (a) Configuration #1, (b) Configuration #2 . . . .. 164
Lissajous graphs for varying electrode configuration over varying operat-
ing voltages at constant frequency of 6 kHz (Configuration #1 and #2
from section 4.4.1): (a) Configuration #3, (b) Configuration #4 . . . . . 165



List of Tables

1.1

2.1
2.2
2.3

3.1
3.2

3.3

3.4

3.5

3.6
3.7

3.8
3.9
3.10
3.11

3.12

3.13
3.14

3.15
3.16
3.17
3.18

3.19

Overview of plasma discharge properties for corona discharge (CD) [55],
micro hollow cathode discharges (MHCD) [56], atmospheric pressure plasma

jets [57], dielectric barrier discharge (DBD) [68] . . . . . . ... ... ... 8
Comparison of printing methods for printed DBD plasma sources . . . . . 28
Major observed emission peaks in wavelength range from 300 to 450 nm . 40
Assessed parameters for calibration of OES system . . . . ... ... ... 42
Specifications of the chosen protective coatings . . . . ... ... .. ... 49
Image intensities and uniformities of inkjet printed plasma source of vary-

ing length . . . . . . o 52
Power and spectral intensity of inkjet printed plasma source of varying

length . . . . . o L o e 52
Relative image intensities and uniformities of inkjet printed plasma sources

using the various curvatures . . . . . . . ... oo 54

Power and spectral intensity of inkjet printed plasma source of varying

CUrvabures . . . . . . . L 54
Specifications of dielectric material to fabricate printed electrodes [99-101] 56
Specifications of conductive ink used to fabricate printed electrodes using

the dispenser printing method [102, 103] . . . . . . .. ... .. ... ... 56
Overview of fabricated 1-D Line electrodes for the lifetime assessment . . 57
Overview of fabricated hexagonal printed electrodes for coating assessment 61

Overview of printed plasma sources for variation of operating condition
testing . . . . . L 65
Scaling parameter from I, = o - (Pyye)™ for plasma sources of varying
dielectric thickness and material . . . . . . ... ... 0oL 75
Scaling parameter from Igpec = - (Pyye)™ for plasma sources of varying
dielectric material . . . . . .. .. .. 76
Overview of fabricated plasma sources of different length and area scales . 78
Scaling parameter from I, = a - (Pr)" for plasma sources of varying
lengths . . . . . . . o 82
Scaling parameter from Igp.. = (- (Pr)™ for plasma sources of varying
lengths . . . . . . . o 83
Scaling parameter from I,y =

- (Pa)" for plasma sources of varying area 85
(

a
Scaling parameter from Igpe. = 3+ (P4)™ for plasma sources of varying area 86
Q@

Scaling parameter from Ijp,g = o (Pyye)" for plasma sources over varying
CUTVALUTES . . . . o v v o v s e e e e e e e e e e e e e 89
Scaling parameter from Igpe. = (- (Pyye)™ for plasma sources over varying

curvatures . . . . . . . e e e e e e 91

XV



xvi LIST OF TABLES

4.1 Geometrical details for electrode configurations #1 to #4 . . . . ... .. 109

5.1 Radar transmissivity testing . . . . . .. ... oo oo 122



Nomenclature

(6

A

Ax

Ap

Ac

Aprv
Aprint
Atheo.
Ampsample

AmpReference

€0
Er
E
f

fplasma
fpp
fradio
Gy,

I

Discharge fraction

Transition probability

Area of dielectric capacitive region

Area of discharge region

Area of non-discharge region

Area of of PIV region

Area of printed electrode

Theoretical are of electrode design
Amplitude of RF signal of sample
Amplitude of RF signal of reference
Intensity of blue image component
Capacitance

Dielectric capacitance in dielectric capacitive region
Dielectric capacitance in discharge region
Dielectric capacitance in non-discharge region
Dielectric capacitance in discharge region
Dielectric capacitance in non-discharge region
Reflective coefficient

Probe Capacitor

Parasitic Capacitance

plasma dose

Distance

Electron charge

Permittivity of vacuum

relative permittivity

Energy

AC frequency

Plasma frequency

Print precision factor

Radio frequency

Intensity of green image component

Current

xXvii



xviil

NOMENCLATURE

~

spec

o~
3
Q

S N~ > > 3

Rnst.
Pa’ue

Pdow

Current in dielectric capacitive region
Current in discharge region

Current in non-discharge region
Current of controlled current source
Spectral intensity

Image Intensity

Attenuation per unit length
Excitation rate of excited species
Wayve length

Length

Characteristic length scale of antenna
Transformer turn ratio

Electron mass

Electron density

Number Density of excited species
Number of PIV particles

Windings of primary transformer side
Windings of secondary transformer side
Phase shift

discharge propagation length
Instantaneous Power

average discharge power

average discharge power per unit area
average discharge power per unit length
Discharge power over one period
Weight of excited species

Charge over DBD system plasma source
Intensity of red image component
Resistance of microdischarges
Excitation cross section

Image uniformity

Thickness

thickness of laser sheet

Integration time

Treatment time

PIV Transmission

Electron temperature

Gas temperature

Scaling factor

Density

relative particle density downstream



NOMENCLATURE

Xix

‘/bd,pos.
V;)d,neg
Vep

‘/'rms

valasma
w

APPJ
CD
CCS
DBD
EM
FOV
GND
HV
MHCD
PPE
StA
RF

relative particle density upstream
Voltage

Breakdown voltage

Breakdown voltage in positive half period
Breakdown voltage in negative half period
Voltage across probe capacitor
Peak-to-peak voltage

Voltage on primary transformer side
Voltage on secondary transformer side
Root mean square voltage

Plasma Volume

Velocity component in z-direction

Atmospheric Pressure Plasma Jet
Corona Discharge

Controlled current source
Dielectric Barrier Discharge
Electromagnetic

Field of View

Ground

High Voltage

Micro Hollow Cathode Discharge
Personal Protective Equipment
Scans to average

Radio frequency






Declaration of Authorship

I declare that this thesis and the work presented in it is my own and has been generated

by me as the result of my own original research.

I confirm that:

1. This work was done wholly or mainly while in candidature for a research degree

at this University;

2. Where any part of this thesis has previously been submitted for a degree or any
other qualification at this University or any other institution, this has been clearly
stated;

3. Where I have consulted the published work of others, this is always clearly at-
tributed;

4. Where I have quoted from the work of others, the source is always given. With

the exception of such quotations, this thesis is entirely my own work;
5. I have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, I have made

clear exactly what was done by others and what I have contributed myself;
7. Parts of this work have been published as:

e Jakob, H., Kim, M.K. ”Generation of non-thermal plasmas over large and

complex surfaces.” Plasma Research Express, vol. 2, no. 3, 2020

e Jakob, H., Kim, M.K. ”Electrical model for complex surface DBD plasma

sources. IEEE Transaction on plasma science, vol. 49, no 10, 2021

e Kim, M.K., Lawson, J., Hervé, R., Jakob, H., Ganapathisubramani, B.,
Keevil, C.W. ”Development of a rapid plasma decontamination system for
decontamination and reuse of filtering facepiece respirators.” AIP Advances,
vol. 11, no 10, 2021

e ”"Generation of non-thermal plasmas over large and complex surfaces”, pre-
sented by H. Jakob, H. at 46th Plasma Physics Conference, Loughborough,
UK, 04/2019

xxi



xxii NOMENCLATURE

e "Feasibility Study on the Use of Non-Thermal Plasma for a Cold Radio Black-
out Experiment”, presented by H. Jakob at 2020 ATAA SciTech Forum, Or-
lando, USA, 01/2020

e Kim, M, Keevil, C. W., Hervé, R. C., and Jakob, H. 2020. ”Sterilisation of
Endoscopes”. United Kingdom Patent Application No. 2008127.9, filed May
2020. Patent Pending.

Signed: Date:



Acknowledgements

This thesis has been supported by a number of people, each in their own way. Firstly, I
would like to thank Dr. Minkwan Kim. As my supervisor he has been my main support
and motivator for my research. He has always provided guidance and encouragement
throughout this process, and patiently helped me see the bigger picture and context

when I was stuck.

I would also like to thank Dr. Rodolphe Hervé from the School of Biological Sciences, and
Dr. John Lawson from the Aerodynamics and Flight Mechanics group at the University
of Southampton. Working together with you both on collaborative projects allowed
me to apply my research to interesting and exciting new fields and expand my horizon

further. I am very grateful for your contribution to this thesis.

Thanks to my colleagues in plasma group, Tom, Ben, Johannes, James, Nathan and
Xin, and the remaining Astro group. Working alongside you in the office and the lab,
and lunch breaks filled with interesting and fun discussion, have made this journey so

much more enjoyable.

A special thanks goes to my friends Matt, Chris and Silvia. You have been been such
an amazing support throughout this whole time and especially the past few month your
friendship has been invaluable. Thank you for our numerous London-Weekends and to

hopefully many more exciting weekend trips to come.

Finally, I would like to thank my family, my parents, my two sisters and my grandparents.
You have always supported and encouraged me these past five years no matter the
distance. But mainly I would like to thank you for allowing me to become this person,
curious about the world and its wonders, which inspired me to step on this research

path in the first place. Danke.

xxiii






Chapter 1

Introduction and literature

review

Plasma is referred to as the fourth state of matter, besides the other three states: solid,
liquid and gas. Figure 1.1 shows schematically the four states of matter, where transition
between the states is achieved by energy increase in the system. The energy input can
be in the form of thermal energy or introduced as electrical or electromagnetic radiation
energy [1]. For the transfer from gas to plasma, the increased energy results in ionisation
of the gas molecules, meaning a portion of electrons are stripped of the atoms and/or
molecules and are free-flowing within the system. This ionisation procedure leads to
a number of particles within the plasma, such as free-flowing electrons, positive and
negative ions and various reactive species. The presence of positive and negative particles
leads to plasma acting as an electrically conductive material, which can be influenced
through electric and magnetics fields [2]. Although the presence of positive and negative
particles in the plasma can result in localised net charges, the total charge balance over

a given volume of the plasma is neutral, thus defined as “quasi neutral”.

Increasing energy j
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FIGURE 1.1: Schematic of the four states of matter (brown = neutral particles; violet
= positive charge ions; iridescent =negative electrons) [3]
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1.1 Non-thermal plasma

Plasma can be categorised based on the balance of the inherent particle temperatures
[1, 4, 5]. It is defined through its gas temperature T, and the electron temperature
T.. Figure 1.2 shows a schematic of thermal (“hot”) and cold plasma, where positive
ions and negative electrons are moving separately within the plasma. The gas temper-
ature is dominated by the temperature of the large heavy particles within the plasma,
namely the ions and neutral particles. When the temperature of all particles is equal,
the plasma is in the complete thermodynamic equilibrium state (T, = Tj;). A local ther-
modynamic equilibrium (LTE) plasma is also called a “hot” plasma, with electron and
heavy particles being in a thermal equilibrium (7, ~ T,) with values ranging up to 104
K. Compared to a hot plasma, a cold plasma, also known as non-thermal plasma, is in a
non-equilibrium thermodynamic state, meaning electron temperatures are much larger
than heavy particles temperature (T, >> T,). The actual gas temperature of these

kinds of plasma is therefore cold/ambient, going down to as low as room temperature

[4].
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FIGURE 1.2: Schematic of thermal and non-thermal plasma (violet = positive charge
ions; iridescent =negative electrons) [3]

Non-thermal plasma can be generated by applying an electric field to a gas at various
pressure levels. The electric field accelerates the small and lightweight electrons much
more strongly than the heavy ions [6]. This movement leads to inelastic collision be-
tween electrons and heavy particles, resulting in a relatively large number of free-flowing
electrons in the range up to 102 m=3 [5]. Further the collision of these electrons with
the surrounding gas atoms and/or molecules lead to an unique plasma chemistry with
negative and positive ions, neutral particles, and reactive species molecules. In com-
parison to the electrons, heavy particles within the plasma are less susceptible to the
electric field and only few elastic collisions occur. The overall gas temperature is mainly
determined by the average kinetic energy of these heavy particles [4]. Consequently, the
few elastic collisions of heavy particles result in only minimal heating, thus creating an

overall low gas temperature close to room temperature of the non-thermal plasma [4, 5].
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1.2 Applications of non-thermal plasma

The unique physical and chemical characteristics of non-thermal plasma, namely its low
temperature and its variety of reactive species, bring a broad spectrum of potential
plasma applications. T'wo fields of applications, the aerospace field and biomedical field

will be focused on more in the framework of this thesis.

1.2.1 Aerospace applications

During space missions, interplanetary contamination, such as contamination of a celes-
tial body with earthly organisms (forward contamination) or the contamination of earth
with extra-terrestrial agents (backward contamination), has to be prevented [7, 8]. Con-
tamination of moon and other celestial bodies can compromise the success of current
and future scientific exploration missions. For example, the search for extraterrestrial
organisms on Mars can be hindered when the search rover itself is highly contaminated
with earthly organisms. In order to avoid or minimize contamination, cleanrooms and
spacecraft components undergo a sterilizing procedure prior to launch to minimize the
bioload. This bioload can consist of a number of viable micro-organisms, such as bacte-
rial, virus, fungus or mould [9]. Current sterilization methods include heat and the use
of chemicals to reduce the bioload on spacecraft components [10, 11]. Additionally, UV
radiation of the sun during exposure in space can aid in the sterilization of the spacecraft

after launch during the mission.

However, these current sterilizing procedure can result in damage for advanced materials
and sensitive electronics used in spacecrafts. Even minor changes of a spacecraft materi-
als can results in changed properties and performance of the respective component and
affect the mission success [8]. As an alternative method, non-thermal plasma has been
proposed due to its ability to decontaminate biological organisms at a low temperature,
low cost and the absence of chemical toxicity or damage to materials [8, 9, 12]. Studies
of different contaminated spacecraft material samples have shown significant reduction
in viable bacteria after direct treatment with non-thermal plasma [9]. Also indirect
non-thermal plasma treatment of spacecraft materials has demonstrated significant re-
duction of bacterial concentration [8]. Studies have reported successful decontamination
of bacterial load, reaching a 6-log reduction, which is equivalent to the reduction in
viable bacteria seen after the dry heat decontamination method [12]. As the reactive
species can potentially reach and treat more complex structures of spacecraft compo-
nents, indirect non-thermal plasma treatment could be a more viable solution for the

decontamination of spacecraft components.

Another potential application of non-thermal plasma is the experimental modelling of
the radio blackout phenomenon. Figure 1.3 shows a schematic of a hypersonic vehicle

during atmospheric re-entry. The radio blackout is a communication interruption caused
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by a plasma sheath forming around a vehicle during hypersonic flight [13]. This plasma
sheath is generated through an increase in thermal energy, which leads to the onset of
dissociation and ionisation of air molecules. The process results in a large number of free-
flowing electrons, thus forming a plasma with a given electron density. As the electrons

around a vehicle can absorb or reflect radio signals, the communication is interrupted.

Reflection or attenuation
of signal

Radio Wave

Antenna

Hypersonic vehicle

Shock

FIGURE 1.3: Schematic of radio blackout on re-entry vehicles through reflection or

attenuation of electromagnetic waves in the plasma sheath

The communication interruption occurs when the frequency of an incoming and/or out-

going electromagnetic wave is smaller than the plasma frequency expressed as:

We 1 /e2n,

fplasma = % = %

p— (1.1)
where n. is the electron density, e is the electron charge, &g is the permittivity of vacuum
and m. is the electron mass. Through the plasma frequency, the critical electron density
is identified as the key parameter for the onset of a radio blackout. During a re-entry, the
electron density around a vehicle can reach about 10> m™3 to 101 m~3, which is causing
communication interruption for signals using frequencies from 0.3 GHz up to 30 GHz.
However, also below a critical electron density, an electromagnetic signal is subjected to
attenuation. The electron density in the plasma sheath follows a spatial gradient, thus
having layers of varying electron densities [14]. Within one layer the refractive index
is dependent on the electron density, and incoming signals can get deflected or fully
reflected within that layer. For an accurate analysis of the radio blackout, it is therefore
important to account not only for the maximum critical electron density, but also for

the spatial gradient within the plasma sheath.

Although the radio blackout is a phenomenon well known since the early space programs
[15] [16], vehicles still experience communication interruption during re-entry. The radio
blackout occurs for all vehicles travelling at hypervelocity, such as the space shuttle,
re-entry capsules and robotic spacecrafts entering the atmospheres of other planetary
bodies. The radio blackout phase can last from only a few seconds up to 16 minutes,

depending on atmospheric properties, vehicle shape or re-entry angle [17]. Alleviating
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the radio blackout is particularly important to ensure the safety of a vehicle because it

can travel thousands of miles without guidance from a ground station or GPS satellites.

Investigation of the radio blackout and the re-entry plasma sheath in experimental stud-
ies is challenging. Hypersonic ground test facilities, such as shock tubes, shock tunnels
or plasma wind tunnels, can replicate certain characteristics of the re-entry conditions.
Although shock tubes and shock tunnels can reach Mach numbers up to 30, these condi-
tions can only be maintained for a few milliseconds and the achieved enthalpy is not large
enough to initiate ionisation [18]. Arc-heated plasma wind tunnels achieve high temper-
ature re-entry conditions, however the flow can be contaminated with particles and the
high temperature conditions require specialised and complex set-ups and measurement
equipments to characterise the plasma and the radio blackout [19]. Some investigations
of the radio blackout and the re-entry plasma sheath outside of theses facilities have
been reported. A helicon plasma source in vacuum is used to generate cold plasma for
radio blackout testing [20, 21]. However, these studies focus on the generation of a single
electron density and cannot capture the spatial electron density gradient of the re-entry

plasma sheath.

1.2.2 Biomedical applications

Non-thermal plasma contains a number of different particles, such as radicals, charged
particles (electrons and ions), reactive oxygen species and reactive nitrogen species
[22]. Especially the oxygen-based and nitrogen-based reactive species affect the outer
structures of cells, provoking surface lesions that cannot be repaired sufficiently quickly
[23, 24]. Therefore, in combination with its low temperature at atmospheric pressure,
non-thermal plasma can be used for various applications within the biomedical field,

such as wound healing, dentistry and oncology, which will be described further [25, 26].

Some of the activities can be grouped together according to their aims for decontam-
ination of biofilms in general, other activities use the decontamination capability for
specific areas, such as within the field of dentistry [27]. Biofilms are formed from a
group or colony of microorganisms, such as bacteria, adhering to a surface. The biofilm
can grow and spread quickly to other regions, thus resulting in contaminated areas
within the vicinity of the original colony. Consequently, biofilms can, through increasing
contamination, lead to bacterial infections and to potentially life-threatening diseases
[22]. Employing non-thermal plasma to eradicate biofilms has been successfully per-
formed [28-30], achieving significant removal of viable bacteria, reaching up to a 6-log

reduction.

Non-thermal plasma has also been employed for general wound healing procedures on
skin, where the decontamination effect of non-thermal plasma is used. Studies are avail-

able for in-vitro testing looking at general decontamination of bacteria and biofilms
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[31, 32]. Further ex-vivo studies, using contaminated human skin samples, have demon-
strated effective elimination of bacteria after a few minutes of exposure to non-thermal
plasma [33, 34]. Actual in-vivo testing with patients in clinical trials have also suc-
cessfully demonstrated 4 - log reduction of artificially contaminated skin areas [35, 36].
Further clinical trials have used non-thermal plasma on patients to treat actual chronic
wounds [37] or diabetic foot ulcers [38] on patients, where a reduction in size and acceler-
ated wound healing has been reported. Figure 1.4(a) shows as an example the kINPen, a
hand-held device producing a thin localised jet of non-thermal plasma for wound healing
[31]. The commercially available device has demonstrated bactericidal efficiency, while

providing low risk of skin damage for patients during the treatment.

e PlASIA JEE

9

In-vitro In-vivo

(a) Plasma pen (b) Teeth treatment (c) Cancer plasma treatment

FIGURE 1.4: Various plasma sources (a) Plasma pen (kINPen MED) for wound healing
[31]; (b) Plasma applied to teeth [27]; (c¢) Direct plasma treatment on cancer cells (in-

vitro) or tumours in mice in-vitro [3]

Within the field of dentistry the main focus of using non-thermal plasma is the removal of
biofilms on tooth surfaces. Figure 1.4(b) shows the plasma treatment of a contaminated
tooth, where significant reduction of biofilms of up to 4-log were reported [27, 39].
Other applications within the dentistry field aim at the sterilisation of dental cavities
before filling [40], or the disinfection of root canals, to eliminate infection and prevent

reinfection, where eradication of all colonies could be demonstrated [41].

Another application within the biomedical field is the treatment of medical devices
[42, 43]. Medical devices get contaminated during usage and require a reprocessing
procedure. This procedure includes sterilisation to eradicate biofilms before using the
device on other patients to avoid cross contamination [44]. Usual methods, such as
heat treatment and chemical cleaning, can result in surface degradation [22] of the
sensitive medical equipment, while chemicals can additionally provoke toxic reactions in
patients or healthcare workers and come along with an increased environmental impact
[42, 45]. Studies using non-thermal plasma for the sterilisation of medical device have
demonstrated successful eradication of biofilms in medical devices, such as endoscope
channels [46, 47]. The complex geometries of medical devices for various application
in the biomedical field require highly adaptive non-thermal plasma to ensure sufficient

treatment of all areas.



Chapter 1 Introduction and literature review 7

Employing non-thermal plasma within the field of cancer treatment has also been in-
vestigated [48-51]. Inactivation of cancer cells is reported either in-vitro or in-vivo on
numerous studies using mice, see schematic in Figure 1.4(c). In-vivo studies on cancer
cells demonstrated inactivation of skin cancer cells while avoiding damage to healthy
tissue and cells after short treatment times with non-thermal plasma [48, 49]. In fur-
ther in-vivo studies, mice were infected with bladder cancer and subsequently treated
with non-thermal plasma [49, 50]. A reduction in tumour size and delayed regrowth
compared to control groups has been demonstrated. In-vivo studies as part of clinical
trials on patients with head and neck cancer ulceration have used non-thermal plasma
as a palliative treatment of cancer illness [52]. Studies with cancer patients for actual
tumour treatment using non-thermal plasma are currently undergoing clinical trials.
One clinical trial [53] investigating the reduction of cervical dysplasia, a mostly benign
cell growth which can lead to cervical cancer. Another study [54] uses a non-thermal
plasma spray after tumour removal in the remaining surgical margin area for a number
of different tumours (lung, breast, kidney, ovarian). Previous in-vitro studies with the
same device on cancer cells (Pancreatic, Ovarian, Kidney) have proven successful in the
reduction of viability of the cancer cell line [51], however results of clinical study have

not been published yet.

1.3 Methods to generate non-thermal plasma

Non-thermal plasma can be generated in various ways. Figure 1.5 shows the schematics
of a few methods to generate non-thermal plasma. All configuration are powered through
a high electrical voltage applied between at least two electrodes. The electrodes are
of various shapes and can be separated by a dielectric material. Depending on the
non-thermal plasma systems, it can be operated at environmental conditions, including
pressure, temperature and gasses, to control the physical and chemical properties of
the generated non-thermal plasma. Table 1.1 provides an overview of four methods
to generate non-thermal plasma, which are the corona discharge (CD), micro hollow
cathode discharges (MHCD), atmospheric pressure plasma jet (APPJ) and the dielectric
barrier discharge (DBD).

1.3.1 Corona discharge (CD)

Figurel.5(a) shows a schematic of a corona discharge. As can be seen, a corona discharge
develops on an asymmetric electrode configuration, when a pulsed high voltage signal is
applied. Corona discharges are commonly used as ozone generators [55], particle precip-
itators [59], surface treatments [60] and biomedical applications [28]. Usually, a needle
like electrode is used as the powered high voltage electrode, whereas a flat plate or blunt

shape forms the ground electrode [55]. With the applied high voltage, an electric field
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FIGURE 1.5: Schematics of various non-thermal plasma sources: (a) Corona discharge;
(b) Micro hollow cathode discharges; (c) Jet plasma; (d) Volume dielectric barrier
discharge; (e) surface DBD plasma source

| CD | MHCD | APPJ | DBD
Electrode Sharply Micro Hollow | Coaxial elec- | Electrodes
Configuration | pointed elec- | cathode trodes with | covered by

trode gas flow diel. materials

Ignition Pulsed DC DC Pulsed DC /| Pulsed DC /
method RF AC / RF
Operating Atmospheric Atmospheric Atmospheric Atmospheric
pressure pressure pressure pressure pressure
Breakdown 10 ~ 50 kV 0.2-0.7kV 0.05 ~2 kV 1 ~10 kV
Voltage
Operating gas | 300 K 1200 K 300 - 1000 K 300 K
temperature
Shield gas re- | No Yes Yes No
quirement
Scalability No Yes Yes Yes

Table 1.1: Overview of plasma discharge properties for corona discharge (CD) [55],

micro hollow cathode discharges (MHCD) [56
dielectric barrier discharge (DBD) [58

]

|, atmospheric pressure plasma jets [57],

forms on the powered needle electrode. Due to the sharpness of the needle, the electric
field is concentrated and sufficiently strong at the needle tip, to induce ionisation in
the surrounding air [59]. The corona discharge is generating a small volume of active
plasma region within a critical radius around the needle tip [55]. With increasing dis-
tance from the needle, the electric field is not strong enough for self-sufficient plasma.
Here secondary processes, such as transport of the charge carried from the high electric

field region induce plasma also at larger distances from the needle towards the ground



Chapter 1 Introduction and literature review 9

electrode [61]. The operating voltage required for the corona discharge are in a range of
10 ~ 50 kV [55]. Corona discharges are simple and robust methods for the generation
of non-thermal plasma, however, the high voltage requirements (in comparison to other
methods), can add safety concerns for their applications. Additionally, the localised
nature of the corona discharge is limiting for applications where non-thermal plasma

generation is needed over large geometries.

1.3.2 Micro hollow cathode discharge (MHCD)

A micro hollow cathode discharge (MHCD) develops in a small cavity situated in an
arrangement of two electrodes and a dielectric material, see Figure 1.5(b) [62]. MHCD
form a highly localised plasma mostly confined within the bore or near the vicinity of
it. It can reach temperatures up to 2000 K [56, 62]. MHCD sources can be used in
array-like structures to cover larger areas [63] and series arrangements of MHCD can
increase the generation of plasma species [64]. The plasma properties are controlled
through the dimension of the Micro Hollow Cathode, namely the bore diameter and the
thickness of the dielectric material and environmental conditions, such as gas pressure
[56].

The MHCD plasma sources benefit from very low operating voltages and the simple
geometry allows for simple fabrication methods [65]. However, due to their highly lo-
calised plasma generation and high temperatures, they are not suitable for applications
requiring lower temperatures, such as those involving thermally sensitive materials such

as those used in the biomedical or aerospace field.

1.3.3 Atmospheric pressure plasma jet (APPJ)

Figure 1.5(c) shows an atmospheric pressure jet plasma source, which consist of a set of
electrodes, which in combination with a gas flow generates a plasma jet structure [57].
One common arrangement is a coaxial configuration of the electrodes in and around
a dielectric tube, although slit like configurations also exist [58]. Figure 1.5 (c) shows
the schematic of an atmospheric Pressure Plasma Jet system. One electrode is placed
centrally within the dielectric tube, whereas the other is placed as a ring electrode on
the outer side of the tube. With an applied high voltage between the two electrodes,
plasma will form in the area between both electrodes within the tube. The gas flow will
transport the generated plasma within the flow direction along the tube, thus expanding

the plasma towards the outside of the tube to form the plasma jet.

The localized plasma jet and its low operating temperature brings many advantages,
commonly used for biomedical applications [66] [67], such as cancer treatment [52] and

wound management [38] [31]. The plasma properties can be controlled through the
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operating conditions [57], or gas composition [67]. However, plasma jet only provides
localised plasma generation and the need of a gas supply increases system complexity

and therefore, the operating cost of these non-thermal plasma sources are also increased.

1.3.4 Dielectric barrier discharge (DBD)

A DBD plasma source consists of two electrodes separated by a dielectric material. The
two electrodes and the dielectric material of a DBD plasma source can be arranged in
various configurations [58]. Figure 1.5(d) and 1.5(e) show two arrangements, the volume
DBD plasma source and a surface DBD plasma source. In a volume DBD plasma source,
both electrodes are arranged to form an air volume in-between them. In a surface DBD
plasma source, as shown in Figure 1.5(e), the two electrodes are placed on either side of a
dielectric layer. Usually, the powered electrode (bottom in Figure 1.5(e)) is encapsulated
in the dielectric or insulated with dielectric tape, whereas the ground electrode (top in

Figure 1.5(e)) remains exposed to the surrounding air.

For all arrangements of DBD plasma sources, the same working principles apply. Once
a high voltage AC is applied to the electrodes, free electrons, and ions in the air between
the two electrodes are affected by the electrical field [68]. The ions are accelerated
towards the cathode and the electrons towards the anode. The ions are bigger in size
and mass compared to the electrons and consequently only gain little energy during
the acceleration. The lightweight and small electrons are able to gain higher energies
and collide with atoms and molecules during the acceleration towards the anode. If the
gained energy is higher than the ionization energy of the molecules, the molecules will
be ionized, leaving a free electron and a positive ion. The new freed electron will lead to
further ionisation events on its path towards the anode, called the Townsend avalanche.
During the ionisation process, electron avalanches create a localized charge, adding to
the existing electric field in this location. The avalanche process gets enhanced and

forms into a plasma discharge channel.

The presence of the dielectric material between the two electrodes leads to the accumu-
lation of charge at the surface of the dielectric material [68]. The accumulated surface
charges induce an electric field, which is in the opposite direction of the initial electric
field. Then the strength of the initial electric field will be weakened by the induced
electric field and eventually gets extinct. This results in an extinction of the plasma
generation. Consequently, the dielectric layer helps to limit the charge being deployed
into the air between the electrodes. Without the dielectric, the Townsend avalanche
process would continue further and lead to spark or arc discharge. Thus, the dielectric
limits the temperature of the plasma, keeping it in a non-thermal, ambient temperature
regime[58, 69].
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1.4 Technical limitations of current non-thermal plasma

source

The previously discussed applications in the biomedical or the aerospace field require
highly adaptable non-thermal plasma sources, in order to achieve successful performance.
Most applications currently use atmospheric pressure jet plasma sources for a localised
generation of non-thermal plasma. In the biomedical field, jet plasma sources have
been developed for clinical trials [70], where they can be used as hand-held devices to
manually treat larger surfaces areas. Surface DBD plasma sources can offer a suitable
method to generate non-thermal plasma uniformly across larger areas. They can be
operated without a shielding gas and at low temperatures. Flexible design options of
the electrodes in combination with simple fabrications methods promote applications
in various fields. Surface DBD plasma sources have also been employed and can be
developed as hand held devices [35] or as small patches [33, 34, 36] for plasma treatment

and are mainly used to promote wound healing in the biomedical field.

The remaining challenge of DBD plasma systems is the uniform generation of non-
thermal plasma over large and complex surfaces [25]. In particular the combination
of a truly scalable and flexible plasma source is needed. Fabrication of fully scalable
and flexible DBD plasma sources to generate uniform plasma, can further improve the
effectiveness of non-thermal plasma application, such as surface treatment or decon-
tamination method. Large scale plasma sources allow treatment of larger areas simul-
taneously, without a need for manual movement as with hand-held plasma jet device.
Thus, large scale DBD plasma system can reduce the overall treatment time, allowing a
more time efficient implementation of non-thermal plasma technology. Furthermore, the
treatment success can depend sensitively on the gap distance between plasma layer and
the treated surface [32, 70]. Therefore, flexible devices are needed to ensure adaptation

of the electrode systems to complex geometries such as the human body.

1.4.1 Scalability

The uniform generation of non-thermal plasma across large areas is an ongoing technical
challenge. Multiple DBD electrode systems can be used in an assembly to achieve larger
sizes of plasma generation [71, 72]. This approach has been introduced in the flow
control community, where mostly simple 1-D line configuration are used as electrode
systems. The assembly approach has the benefit of using the individual systems to
achieve localised control of the plasma generation [72]. Using DBD plasma sources
for surface treatment or decontamination, most current systems are for the treatment of
small flat areas. Figure 1.6(a) shows a hand-held plasma device for the indirect treatment
of bacterial decontamination on skin [35]. The device itself has a treatment area of about

6 cm? and can only be used manually for the treatment of larger areas. Treatment of
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larger areas has been proposed through a larger box using a DBD electrode system as a
medical device for hand disinfection in the hospital environment [73], see Figure 1.6(b).
Although the system reaches a total electrode area of 200 cm?, the electrode system

remains rigid and can not be flexibly adapted to curved or complex shapes.

(a) (b)

FIGURE 1.6: DBD plasma sources solutions for larger scale non-thermal plasma gen-
eration: (a) Hand-held plasma treatment device [35]; (b) Plasma dispenser for hand

sterilization [73]

1.4.2 Flexibility

Conventional surface DBD plasma sources are mostly still limited to being used as a
flat and rigid electrode system. They consist of a rigid dielectric material, such as
glass, quartz, ceramics, or polymer, which limits flexibility of the DBD system [74].
Few methods have proposed flexible DBD plasma devices to overcome the rigidity [32—
34, 36]. Figure 1.7(a) shows a proposed flexible electrode array arrangement, consisting
of independently movable pin like electrodes (see 1 in Figure 1.7(a)) [32]. The flexible
movement of the individual electrodes promotes the treatment of curved shapes (see 3
in Figure 1.7(a)). Figure 1.7(b) shows another proposed method, a plasma patch, to
generate non-thermal plasma over curved surfaces [33]. The plasma patch uses a flexible
dielectric and electrode material, thus the device can be shaped around surfaces, such as
the human body, to promote wound healing. Even though the device was demonstrated
successfully for bacterial inactivation in clinical trials, no detailed performance analysis

for varying, specifically small bending curvatures has been reported.
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F1cUrE 1.7: DBD plasma sources solutions for flexible non-thermal plasma generation:
(a) Flexible electrode array [32]; (b) Plasma pad to promote wound healing [36]

1.5 Aims and objectives

The overarching aim of the project is to investigate and develop a fully scalable and
flexible plasma source, to advance the implementation of non-thermal DBD plasma
technology in various applications, such as in the biomedical field and the space sector.

The specific objectives of this study are to:

e Develop a truly scalable and flexible DBD electrode system to generate uniform
non-thermal plasma over large and complex surfaces using printed electronics tech-

niques.

e Develop a validated simulation model of a surface DBD plasma source generating
non-thermal plasma to assist in the optimisation of design and operating parame-

ter.

e Advance the findings of the investigation on truly scalable and flexible non-thermal
plasma sources and demonstrate the feasibility of printed surface DBD plasma

sources in the aerospace and biomedical field.

1.6 Overview of thesis

The following section provides an overview of this thesis and how the defined objectives
were executed in this research project. Figure 1.8 schematically shows the overview of
this thesis.

The first chapter has introduced non-thermal plasma with its unique physical and chem-

ical properties. Various applications within the biomedical field and aerospace sector
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have been discussed, highlighting the importance of further engineering advancement of
non-thermal plasma sources. Several non-thermal plasma sources have been presented

and their technical limitations have been discussed.

The second chapter introduces the fabrication method for surface DBD plasma sources
using printed electronics techniques to promote scalability and flexibility. Two printing
methods are presented, and their advantages are discussed. Furthermore, the experi-
mental setup to power the plasma sources is presented. An overview of the diagnostic
tools, consisting of electrical and optical diagnostic methods, including optical emission

spectroscopy, is provided.

Chapter three demonstrates the scalability and flexibility of printed DBD plasma sources
using the two previously presented printing methods. The results of electrical diagnostics
tools are discussed to assess the electrical characteristics and performance of the DBD
plasma sources. The optical diagnostics tools allow an analysis of the intensity and

uniformity of the generated plasma across the surface DBD plasma sources.

The fourth chapter proposes a newly developed electrical simulation model of a surface
DBD plasma source with complex electrode designs. The electrical model provides a tool
to assist in the design optimisation of surface DBD plasma source and their operating
parameters. The proposed electrical model is validated through a comparative study of

printed plasma sources.

The fifth chapter provides short feasibility studies, using printed non-thermal plasma
sources for applications within the aerospace sector and biomedical field. A new “Cold
Radio Blackout Testing” solution is proposed using the high electron density generated
by the developed printed plasma sources. Furthermore, the printed plasma sources
are used as a decontamination system for medical equipment during the COVID-19
pandemic. The last feasibility study presents a thin and narrow plasma source, the

plasma yarn, for the sterilisation of medical devices, such as endoscopes.

The final concluding chapter highlights the research outcomes of this project and pro-

poses future work within the discussed topic.
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FIGURE 1.8: Overview of thesis






Chapter 2

Plasma characterisation and

electrode design

The electrode geometry of surface DBD plasma sources can be manufactured by various
approaches, depending on the desired application and requirements on the plasma gen-
eration system. A simple form is the application of copper tape on a dielectric substrate
material. Here, thin polyamide film, such as Kapton, or rigid and thicker substrates,
such as FR-4 (woven glass and epoxy resin laminate), glass or ceramic, can be used as
the dielectric [75]. Copper tape is cut to the desired shape and applied on the substrate
to form the electrode of the DBD plasma source. The method is cost- and time-effective,
however due to the hand made nature the electrode it is limited to simple and mostly 1-D
strip-like geometries with low precision and repeatability [75]. Additionally, even when
using thin and flexible polyamide film as dielectric, the copper tape itself results in a high

rigidity of the fabricated plasma source, making it unsuitable for flexible applications.

A method which overcomes some of the limitations of the copper tape method is the
fabrication through etching of a printed circuit board (PCB). This is the same approach
as used to fabricate electronic circuit boards. This method can involve a number of
steps and allows more complex electrode geometries. PCB etching is performed using
a dielectric substrate, which has a copper clad on either side. The copper later func-
tions as the electrode and a desired electrode pattern is masked off, for example with
photolithography. A subsequent chemical etching procedure leads to the desired copper
circuit on the dielectric substrate. Usually, thick (~ 1 to 2 mm) and rigid FR-4 material
is used to fabricate the PCB-based plasma sources, although thin and flexible PCB have
become more and more available in recent years. Due to the number of steps and the
need for a mask for each electrode design, PCB etching is advantageous and cost-effective
for the production of large quantities of plasma sources. However, feasibility studies for

plasma sources requiring prototyping and/or parameters studies require a more dynamic

17
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fabrication approach. Direct electronics printing techniques can be used as an alterna-
tive fabrication method for surface DBD plasma sources. Conductive inks are used on
flexible dielectric substrate for the fabrication method. Printed electronics techniques
are widely used for wearable electronics, such as for health monitoring purposes [76-78].
These printing methods can be more advantageous for parameter and feasibility studies

as they allow for a quick and cost-effective approach for prototyping.

In this chapter, two printing techniques are employed and assessed for the generation
of non-thermal plasma sources. The first section discusses the electrode geometry and
configuration of the surface DBD plasma sources. Section 2.2 presents manufacturing
methods of the electrode system using printed electronics techniques. Two different
printing methods are detailed: inkjet printing and dispenser printing, using conductive
inks of varying viscosities. The fourth part of the chapter presents the experimental
setup. This includes the components required to provide the high voltage power signals
to generate non-thermal plasma with the fabricated surface DBD plasma sources. The
last part of this chapter provides an overview of the employed diagnostics tools and

methods to assess the fabricated non-thermal DBD plasma sources.

2.1 Electrode geometry and configuration

The geometry of the electrode has an important role in generating uniform plasma
over large areas [32]. The geometry defines, where the plasma is generated and how
it is distributed across the plasma source. When designing large electrode geometries
for large surfaces, individual units of basic polygon structures are used to form a large
pattern. Firstly, the plasma generation on a single unit of a surface DBD plasma sources
is shown. Figure 2.1 shows one unit of a surface DBD plasma source, schematically
showing the electric field lines and the region of plasma generation. As can be seen,
the plasma forms in the edge region on the top laying air exposed electrode. With a
decreasing linewidth, the area of air exposed dielectric increases. This in turn results
in a larger proportion of one individual unit of an electrode pattern, on which plasma
generation can occur.
Linewidth

| - Electric field lines

Plasma

Electrode

' ' HV
Dielectric /Ele(ztrodc

Material
N

FIGURE 2.1: Schematic of single unit of a surface DBD plasma source pattern, showing
electric field lines and region of plasma generation



Chapter 2 Plasma characterisation and electrode design 19

A number of smaller polygons can be used to cover a larger area. This will allow to
achieve a more uniform plasma generation across a large area. A uniform geometric
pattern can be formed using a circle or three base polygon shapes, which are a triangle,
square or a hexagon. Patterns using other polygon structures (pentagon, heptagon
or higher) require a distorted polygon or combination of polygons to generate a large
uniform pattern. All four patterns are formed with a polygon of the same unit size and
linewidth. When deciding on the linewidth of a pattern, the material requirements have
to be considered, as well as the possible printing precision. With a larger linewidth, the
electrode becomes bulkier to withstand potential erosion, whereas a smaller linewidth
offers a larger area with in an individual unit for plasma generation. The linewidth is
chosen to be 0.3 mm. This is the thinnest possible printing linewidth of the employed
printing methods, which are explained further in chapter 2.2. The unit size is chosen
to be 2 mm, as this allows a sufficiently area within the unit in combination with the
linewidth, to generate a strong plasma across the unit, thus also generating an overall
uniform plasma across a larger patch of a printed electrode. Figure 2.2 shows four
electrode geometry patterns using a circle, triangle, square and hexagon as the base

polygon shape, which all covering an area of 21 mm by 21 mm.
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(b) Triangle (c¢) Square

FIGURE 2.2: Schematics of electrode pattern formed from various polygon shapes: (a)
Circle; (b) Triangle; (¢) Square; (d) Hexagon

When comparing the electrode patterns, the ratio between electrode covered area and
air exposed area, is relevant. A smaller ratio refers to more area over the dielectric to be
exposed to air, a larger area where plasma generation can occur. Additionally, a smaller
ratio refers to less electrode area, thus less electrode material, which is an important
parameter to consider with printing methods. With a reduced electrode area, the overall
ink usage can be reduced, thus making the fabrication of the plasma sources more time
and cost effective. Using a circular pattern leads to 36 % percent of the area being
covered by the electrode. As can already be seen, using a triangle polygon leads to a
large proportion of the area being covered by the electrode. With the shown triangle
polygon pattern, 48 % of the surface of the pattern is covered by the electrode, whereas
only 31 % are covered when using a squared pattern. Using a hexagon pattern results
in the lowest ratio, with 28 % of the pattern is covered by the electrode. Consequently,
a hexagonal unit has been chosen as the base polygon shape for the electrode pattern,

as it provides the largest area for plasma generation at minimal electrode material.
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Figure 2.3 shows a schematic top and cross-sectional view of a hexagonal pattern of a
surface DBD plasma source. The ground (GND) electrode follows a hexagonal pattern.
The high voltage (HV) electrode can be designed in various ways, for example to cover
the full area, as shown in Figure 2.1, or only covering smaller areas, by following the
same pattern as the ground electrode. In this thesis, the majority of the fabricated
plasma sources have a hexagonal high voltage electrode pattern, as can be seen in Figure
2.3. This results in a reduced amount of material required for printing of the high
voltage electrode, thus a more cost-effective fabrication of the overall plasma source.
The linewidth (LW) of the ground electrode pattern is smaller than the linewidth of
the high voltage electrode pattern, such that the plasma forms on the ground electrode

pattern.

HV
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FIGURE 2.3: Overview of a hexagonal electrode pattern: (a) Top view; (b) Cross section

The hexagonal baseline unit is used to generate electrode patterns across a number
of different surfaces, depending on the desired application. In this thesis a number of
different electrodes are fabricated. Figure 2.4 shows examples of how the hexagonal unit
is used to cover rectangular or square areas (Figure 2.4(a) and 2.4(b)), approximately
circular areas (Figure 2.4(c)) or strip-like structures (Figure 2.4(d)) to cover long and

thin geometry areas.

FIGURE 2.4: Schematics of pattern formed to form larger areas as: (a) Square; (b)
Rectangular; (c) Circular; (d) Line
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2.2 Manufacturing method of electrode systems

Printed electronics techniques are employed for the manufacturing of non-thermal DBD
plasma sources. Common non-contact printing techniques include inkjet printing, aerosol
jet printing, electrohydrodynamic jet printing, and dispenser printing [79]. Inkjet print-
ing uses a piezoelectric actuator to generate and eject small droplets through a thin
nozzle and print the desired circuit pattern. It is a method suitable for lower viscosity
inks, which usually come along with a low conductive metal (silver) content. Thus, the
printed circuit can have a lower conductivity and higher resistance. Aerosol jet print-
ing has a coaxial nozzle with an air jet to aerosolize the ink and generate a focused
jet stream to print the circuit pattern. Similarly, this method requires ink with low to
medium viscosity. In electro-hydrodynamic jet printing an added electric field between
nozzle and substrate is generated to increase the print resolution and precision. However,
the method comes with a high complexity due to the required electric field and requires
low viscosity inks with a low proportion of conductive material. Dispenser printing is
suitable for inks with a large conductive metal/silver content, with high viscosity. This
method uses a controlled actuation force to extrude ink through the fine nozzle to form
the circuit pattern. The following part presents the two employed printing methods,
inkjet printing and dispenser printing method, which are used for the manufacturing of

the electrode systems.

2.2.1 Inkjet printing

Two inkjet printing methods are tested for the fabrication of non-thermal plasma sources.
A low viscosity ink is used to print the electrode of the plasma sources using the Epson
ET 2700 printer, and a medium viscosity ink is used with the Dimatix Materials Printer
DMP2831.

2.2.1.1 Conductive ink with low viscosity

A piezo-electric inkjet printer can be used with conductive ink to fabricate electrode
patterns for non-thermal plasma sources. Inkjet printers require low-viscosity ink. This
study uses the Epson inkjet printer ET 2700 to print low-viscosity conductive ink (3 -
5 cP) with silver nano-particles (Novacentrix JS-B25P). This ink has a silver content of
25 % and a curing process of 24 hours at room temperature is recommended to achieve

full strength and conductivity of the printed pattern [80].

Figure 2.5(a) shows a fabricated electrode using the Epson inkjet printer system with
a low-viscosity ink. The ground electrode pattern is printed on photo-paper as the
dielectric substrate. The printed electrode has a thickness of approximately 1 ym. For

this plasma source, the high voltage electrode is fabricated using copper tape on the
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backside of the substrate. Figure 2.5(b) shows the generated non-thermal plasma from
the fabricated plasma source. As can be seen, plasma can be generated uniformly across
the printed electrode. Figure 2.5(c) shows images of a time-series of generated plasma
using the fabricated plasma source over 10 minutes. As can be seen, the intensity of
the generated plasma decreases within 1 minute and the distribution of the plasma
across the printed electrode becomes uneven. With ongoing time, this effect becomes
more pronounced, where only a weak plasma is generated after 10 minutes. This reduced
performance is caused by a high level of erosion due to the high bombardment of reactive
species on the dielectric material and the thin electrode. This erosion can result in

changed capacitance of the DBD system and ultimately affect its lifetime.

(a) Before (b) During Ignition

2 min 3 min 4 min 5 min

6 min 7 min 8 min 9 min 10 min

(c¢) Timeline over 10 minutes

FIGURE 2.5: Printed plasma source with Epson inkjet printer ET 2700

Although this printing method can fabricate DBD plasma sources and plasma generation
is achieved, it provides limited capability to fabricate reliable and long-lifetime plasma
sources. Additionally, the printer does not allow fabrication of both, ground and high
voltage electrode, as printed electrodes, since no alignment option is available. Further-
more, the conductive ink results in clogging of the printer head and feeding system. A
high level of maintenance, including a large number of cleaning and purging procedures,

are required for reliable operation.
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2.2.1.2 Conductive ink with medium viscosity

The Dimatix Materials Printer DMP2831 is used for electrode fabrication using con-
ductive ink of medium viscosity (10 - 13 ¢P). The printer uses a piezoelectric actuator
to generate a superimposed acoustic wave to eject droplets through a row of nozzles
[79, 81]. Figure 2.6 shows the printer and ink cartridge used in the print procedure.
The substrate is placed on the print bed and secured using a built-in air-suction system.
The ink cartridge is secured in the printer head and moves horizontally over the print
bed. The printer head deposit conductive silver ink though the nozzles directly on the
substrate, where it can function as the ground electrode of the DBD plasma source. The
printer head is fitted with a 10-pL piezoelectric cartridge with a total ink capacity of
1.5 ml.

Ink Cartridge

o)

Nozzle row

Printer Head

Print Bed

(a) Overview (b) Ink Cartridge

FIGURE 2.6: Dimatix Materials Printer DMP2831 [82]: (a) Overview ; (b) Ink Car-
tridge

Figure 2.7 shows a printed electrode on flexible Kapton film. The Kapton film has a
thickness of 127 pm. The ground electrode pattern of the non-thermal plasma sources
is fabricated using conductive silver ink (SunTronic U5714, SunChemical) containing 40
% silver nano-particles. The ink requires a curing procedure of 30 minutes at 150 °C
to achieve full strength and conductivity. The printed electrode has a thickness of
approximately 2 ~ 5 pym. The thin Kapton film offers a high level of flexibility and a
high dielectric strength. Adhesive copper tape with a thickness of 88 pm is used as the
high voltage electrode.

Figure 2.8 shows an ignited plasma source fabricated using the Dimatix printer system.
As can be seen, a strong plasma can be generated at the printed electrode system.
However, a small section of lower intensity can be identified. This can be traced back
to print imperfections caused during the printing procedure. The printer head moves
across the substrate in a horizontal path, during which a small horizontal section of the
electrode pattern is printed. The cartridge requires a purging and cleaning procedure to
avoid clogging of the printer nozzles. Even during these purging and cleaning procedures
small misalignment to the calibration of the printer head position can occur, which then
leads to imprecisions when continuing the printing procedure with the next section of

the electrode pattern.
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FIGURE 2.7: Printed plasma source using inkjet printing method (Dimatix Materials
Printer DMP2831)

FIGURE 2.8: Ignited plasma source fabricate on the Dimatix Materials Printer
DMP2831

Although the Dimatix printer system can be used to successfully fabricate plasma
sources, the procedure has some disadvantages. The Dimatix printer system provides a
realignment option. This would allow for an aligned print of the high voltage electrode
on the back side of substrate already containing the ground electrode. However, achiev-
ing a good alignment remained challenging. Additionally, the nozzles were prone to
clogging despite continuous purging and cleaning procedures of the cartridge. This led
to frequent replacement of cartridges, which proved to be expensive, when considering

the high cost of the cartridge alone (excluding cost for the conductive ink).

2.2.2 Dispenser printing

Dispenser printing techniques offer a number of advantages over ink-jet printing proce-
dures for the development of plasma sources. Dispenser printers are used with higher
viscosity inks, which results in a thicker electrode with a higher aspect ratio [79]. A
thicker electrode offers a minimized power loss due to improved resistance and can
therefore improve the performance/efficiency of the plasma source. Furthermore, the
bulkiness of a dispenser printed electrode can improve the lifetime of the plasma source.
During operation, erosion on the electrode leads to an ongoing reduction of material
and consequently a bulkier electrode with a higher silver content will provide a longer

lifetime.
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In this project the Voltera V-One printer is used as a dispenser printer for the fabrica-
tion of plasma sources. Figure 2.9 shows the overview of the printer system, with the
main parts being the print platform, the carriage to hold probe and dispenser and the
calibration switches. The print bed has a maximum size of 128 mm by 116 mm, and
additionally functions as a heated bed for the curing process of conductive inks. The
dielectric printing substrate is fixed on the printing platform using clamps. In Figure
2.9(b) a detailed view of the carriage and the calibration switches are shown. The car-
riage holds the probe and the ink dispenser. The probe’s main function is to position
the to-be-printed electrode pattern to the substrate and generate a height map of the
substrate. This height map is used as a reference for the subsequent print procedure.
The ink dispenser contains the ink cartridge, onto which a nozzle with a diameter of 230
pm is attached. The dispenser releases the ink through the nozzle by applying pressure
on a plunger.

| ,

)

Calibration
Switches

(a) Voltera V-One (b) Carriage (c¢) Ink Dispenser & nozzle

FIGURE 2.9: (a) Voltera V-One dispenser printing system; (b) Carriage and Calibration
switches of Voltera V-One; (c) Ink Dispenser & nozzle

Figure 2.10 shows a printed electrode on flexible Kapton (75 pm) using a high viscosity
conductive ink with a silver content of 75 % (“Voltera - Flex 2”). The flexible substrate
is secured on a rigid board using Kapton tape to avoid smudging or print imprecisions
of the electrode pattern caused through uneven substrate. Subsequent to the printing
procedure, the conductive ink is cured using the built-in heating function in the printing
platform. A curing procedure of 30 minutes at 160 °C ensures the strength and conduc-
tivity of the ink. Using the dispenser printing method results in an electrode thickness
of approximately 20 ym. The dispenser printer system offers the advantage of printing
electrode patterns on both sides of the substrate due to the alignment option. Following
the print and curing of the powered electrode of the surface DBD plasma source, the

ground electrode is printed on the other side of the flexible substrate.
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FIGURE 2.10: Printed plasma source with hexagonal pattern using dispenser printing
method

2.2.2.1 Print precision

The quality of the printed electrode pattern can affect the capacitance of the surface
DBD plasma source and thus its performance. The capacitance of a plasma source
is linearly proportional to the directly facing area of both electrodes (C' < A). Thus,
small differences in for example the linewidth of the printed electrodes can directly affect
the plasma source capacitance. During the printing procedure, print imprecisions can be
caused by settings of the printer, or orientation and quality of the substrate fixture. This
can lead to a deviation of electrode pattern from the theoretical geometry. Additionally,
uneven edges can have small sharp section. These sharp sections of the electrode can
result in a concentration of the local electrical field. These regions can experience an

increased plasma activity and as such make it more prone to damage through erosion.

The print and alignment quality of the printed plasma source can be assessed through
high-resolution images. Figure 2.11 shows small sections of a high resolution image ob-
tained with a macro lens from two printed electrode patterns (print sample #1 and #2).
The images show the thinner ground electrode pattern in silver on top, and the wider
high voltage electrode is seen faintly through the orange Kapton substrate. Both pat-
terns are printed using the exact same electrode geometry, with identical linewidth and
alignment procedure. Nevertheless, the images show a difference in the resulting print
quality and alignment. Print sample #1 shows good alignment between the ground and
high voltage electrode, whereas a misalignment between the ground and high voltage
electrode can be seen for print sample #2. The high voltage electrode is shifted slightly
down and left, therefore not fully overlapping with the top lying ground electrode. Sec-
ondly the ground electrode of print sample #1 (Figure 2.11(b)) has a distinctly narrower
linewidth than the ground electrode in print sample #2 (Figure 2.11(b)). This can be
the results of varying printer settings, such as print height or plunger pressure. Both
misalignment and print imprecisions, can result in a changed capacitance value. As the

capacitance is calculated by the parallel overlapping area of the electrode pair, high
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print quality of both electrodes is crucial and has to be ensured for all fabricated plasma

sources.

electrode

Dielectric

electrode material

(a) Reference geometry (b) Print Sample #1 (c) Print Sample #2

FIGURE 2.11: Images and schematics of print alignment using the dispenser printer
system: (a) Print pattern; (b) Print Sample #1 ; (¢) Print Sample #2

The precision of a printed electrode can be further assessed through an image processing
approach using Matlab. Figure 2.12 schematically shows the applied image processing
procedure. The overview only shows a small section focusing on one single hexagon, but
the image processing procedure is applied to the full picture of a printed electrode. An
image is composed from the primary colours, red (R), green (G) and blue (B) (Step 1).
Each pixel in the respective RGB image component is defined through a value between
0 and 255, where 0 is equivalent to no intensity and a value of 255 is equivalent of full
intensity. The coloured image is converted to a grey-scale image (Step 2), which allows
a clear distinction of the bright electrode pattern from the substrate. The grey-scale
image is converted to a binary black and white image by defining a threshold value (Step
3). This value is chosen for each image, as it depends on the specific lighting conditions
the image was taken with. In this study, threshold values between 10 and 50 have been
used. A binary image only consists of pixels with two values, either 0 for a black pixel
or 1 for a white pixel. The binary image is used to obtain the actual outline of the
printed electrode using an edge detection method (Step 4). In this study the Canny
edge detection method has provided the best results, as can be seen in the overview
image in Figure 2.12. The last image section shows a comparison of the obtained, actual
outline of the printed electrode (black line), in comparison to the theoretical outline
defined for the printing process (Step 5). As can be seen, in the print sample shown in

Figure 2.12, the actual printed outline slightly exceeds the theoretical outline.

The image processing procedure to obtain the outline of the printed electrode pattern

can be used to calculate a print precision scaling factor, fp, as:

Aprint
= 2.1
f pp Atheo. ( )
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FI1GURE 2.12: Overview of image processing to obtain area of printed electrode

where Apint is the area of the printed electrode and Ay, the theoretical area of the
electrode design. The scaling factor, fy,, is calculated for all printed plasma sources
and is listed in the respective sections. It is taken as reference for the calculation of the

capacitance of plasma source.

2.2.3 Comparison on printing methods

In the framework of this thesis two printing methods for the fabrication of DBD plasma
sources have been assessed. Table 2.1 provides an overview of the two employed inkjet
printing method using a low and medium viscosity ink. The dispenser printing method

can be used with high to very-high viscosity inks.

‘ Inkjet Printing ‘ Dispenser Printing

Low visc. ink Medium visc. ink high visc. ink very high visc. ink
Printer Epson ET 2700 Dimatix DMP2831 Voltera V-One Voltera V-One
Ink Novacentrix SunTronic Voltera Inkron

JS-B25P Us714 Flex-2 IPC-114
Scalability Good Medium Good Poor
Double sided | No No Yes Yes
Ink viscosity | 3 -5 cP 10 - 13 cP 5000 - 10000 cP 50000 cP
Thickness < 2 pm 2~ 5 pm ~ 20 pm ~ 25 pym
Silver 25 % 40 % 75 % 70 %
Resistance 60 - 70 mQ/sq 25 - 150 mQ/sq 12 mQ/sq < 15 mQ/sq

Table 2.1: Comparison of printing methods for printed DBD plasma sources

The overall performance of a printed plasma source is a balance of achievable printed
quality and material properties of the electrode. Both printing methods can fabricate
printed DBD plasma sources on thin and flexible substrates to successfully generate non-
thermal plasma. The viscosity of the different used inks directly affects the thickness of
the printed electrode. Using a low-viscosity ink results in thin electrodes, whereas an
increased viscosity leads to a thicker electrode. The employed inkjet printer methods
fabricate large scale electrodes with thicknesses of approximately 1 ~ 5 um, whereas
the dispenser printing method results in thicknesses of approximately 20 ~ 25 ym. The

thickness of the electrode can affect the lifetime and performance of the plasma source.
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A thicker electrode better withstands the high level of bombardment of reactive species,
causing erosion on the electrode. However, using ink with a very high viscosity on the
dispenser printer can result in an overall lower print quality. The very high viscosity
ink (Inkron TPC-114) has been tested with the dispenser printer. However, the ink does
not properly shear off the nozzle during printing procedure, resulting in streaking and

smudging of the print and thus a poor print quality for larger electrode patterns.

Another aspect of comparing printed electrodes is the silver content of the conductive ink,
which has a direct effect on the resistance of the electrode. The low and medium viscosity
ink have a silver content of 25 % and 40 % respectively, whereas the high-viscosity and
very-high viscosity inks has a concentration of 75 % and 70 % of silver respectively. This
directly leads to high sheet resistance up to 150 m§2/sq for printed electrode using the low
or medium viscosity ink and low sheet resistance of approximately 12 m{2/sq for printed
electrode using the high-viscosity ink. The sheet resistance is inversely proportional
to the conductivity of the electrode, thus can result in power losses within the plasma

source.

In the present thesis, some initial test campaigns were carried out using the inkjet
printing method (Dimatix DMP2831) using medium-viscosity ink (SunTronic U5714) to
demonstrate the feasibility of a subsequent detailed analysis. For this subsequent anal-
ysis, the main focus is placed on the plasma sources fabricated using dispenser printing
method (Voltera V-One) with high-viscosity ink (Voltera Flex-2) for the fabrication of
the electrodes. The Voltera V-One is a low-cost and low-maintenance printer system
tailored specifically for flexible prototyping of printed metallic circuits. The fabricated
plasma sources combine high precision of the print pattern for both ground and high
voltage electrodes, on flexible and thin dielectric materials. Using the high-viscosity con-

ductive ink with a high silver content results in thick and highly conductive electrodes.

2.3 Experimental setup

The experimental setup consists of two main components, a high voltage power supply
and diagnostics tools to measure electrical characteristics, optical intensity, and chemical
composition of the generated plasma. Figure 2.13 shows a schematic of the experimental
setup including the high voltage power supply and required diagnostics systems for
monitoring and controlling of the plasma source. In this study early testing has been
carried out using a Trek Model 20/20C-HS high-voltage amplifier. This system can
supply up to 20 kV at frequencies up to 20 kHz. However, the amplifier system is limited
when supplying power to larger capacitive loads, as this study aims to investigate. Hence
a custom-made high voltage power supply was built and presented in this section. The

diagnostics methods will be addressed in the subsequent section 2.4.
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F1GURE 2.13: Schematic of the experimental setup with the high voltage power supply,

electrical diagnostics and optical diagnostics

Figure 2.14 shows a schematic of the high voltage power supply systems. It consists of
three main components: a function generator, an audio amplifier and a high voltage step-
up transformer. This arrangement allows a step wise amplification of a low amplitude
input signal to large amplitude power signal. The high voltage end of the power supply
setup is placed in a safety enclosure made of Perspex to improve the safety of the
experimental setup. The safety enclosure fully shields any high voltage components from
the lab user. It provides access through a door to set up the to-be-tested plasma source
and diagnostics. However, during operation of the high voltage power, the door must
remain closed as per the risk assessment. The enclosure contains a number of smaller
access holes to allow cable feed troughs for electrical diagnostics and larger openings to

allow visual access for optical diagnostic tools.
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FIGURE 2.14: A schematic of the high voltage power supply with components and
signal path

The initial signal for the power supply system is provided through the arbitrary waveform
generator (AWG) of a PicoScope 4824, which simultaneously is also used as the data
acquisition system for the electrical diagnostic tools. The role of the AWG is solely to
provide a high accuracy input signal, but does not provide the power needed to sustain

a high voltage signal for the plasma generation. The AWG can provide a maximum
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output voltage of + 2 V and a frequency up to 1 MHz with a DC accuracy of + 1 %.
The signal from the AWG is led to the audio amplifier through a shielded BNC cable.

In the framework of this thesis, a sinusoidal waveform is used as an input signal.

The sinusoidal signal provided from the function generator is fed into the signal input
port of the audio amplifier CDi 2|600 from Crown Audio Inc.. The audio amplifier
functions as the main power provider of the high voltage power supply system. The
amplifier is powered through a mains connection and acts as an intermediate step in
the build power supply system. The low amplitude input signal of 4 Vpp is amplified
according to the chosen amplification setting on the audio amplifier. At maximum setting
the system can provide up to 285 Vpp as an output signal. The output signal is provided
from the output terminal at the rear of the audio amplifier. As the audio amplifier is
intended for audio equipment with a load of 4 € to 8 €2, a sufficiently high load has to
be ensured when connecting the audio amplifier stage to the second amplification stage
of the high voltage step up transformer. As the step-up transformer only has a very
low impedance of 0.032 €2, a power resistor is implemented at the output of the audio
amplifier. A power resistor of 4 2 with a power rating of 100 W is chosen to provide a

sufficient load to the audio amplifier.

The power signal provided from the intermediate audio amplifier stage is led into an
enclosure containing the high voltage step-up transformer. A transformer coil is a passive
electrical component to transfer energy between circuits. It consists of a magnetic core
with two sets of windings from a metallic conductor wound around the core. These two
sets of windings make the primary and secondary side of a transformer. The winding
on the primary side, IVp, is smaller than the winding on the secondary side, N,. The
transformer converts a low voltage signal on the primary side, V),, to a higher voltage

signal on the secondary side, V},, with a given turn ratio n:

N, 'V,
— = 2.2
Ny Vs (22)

The presented power supply system uses a high voltage step up transformer Model No.
5012 from Corona Magnetics, Inc.. Figure 2.15 shows the high voltage transformer in
the enclosure. The connecting cables for both primary and secondary side can be seen.
The transformer coil has a turn ratio of 1:137.5 and has a maximum input voltage of
100 Vrms at 12 kHz on the primary side and a maximum output voltage of 13.75 kVrms.
The ferromagnetic core of the transformer coil is designed with a gap, which allows for

adjustment of the core gap distance, see Figure 2.15.

Optimizing the efficiency of the power supply setup and reducing power losses requires
impedance matching/optimization of the system. This impedance matching process
achieves the operation of the system in the resonance point. In this condition, the

power delivery from the audio amplifies over the resistor and HV transformer to the
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FI1GURE 2.15: High voltage step up transformer with core cap

load, the DBD plasma source, will be optimized. An impedance mismatch leads to
large proportions of the power getting reflected back from the HV transformer to the
audio amplifier [83]. This high power loss due to the impedance mismatch, leads to
low efficiency of the power supply system, which can ultimately result in an expensive
and over-rated power supply system [83]. An optimized system can be achieved by
implementing a matching circuit in either the primary or secondary side of the HV
transformer to compensate for varying impedance. However, both options place high
demands on the individual components of the matching circuit. A primary side matching
circuit requiring components capable of handling high currents, and a secondary side

matching circuit requires components to withstand high voltages [84].

Another approach to improve the efficiency of the power supply system is adjusting the
impedance in the system by varying the core gap distance of the HV transformer. As
described above, the transformer coil implemented in the power supply system has an
adjustable gap distance of the magnetic core material. Varying this gap distance leads to
a varying magnetic flux through the magnetic core, which results in a varying inductance
of the coil. With the ability to adjust the transformer inductance, the impedance in the
system can be adjusted to achieve operating in the resonant point with optimal power
delivery to the DBD plasma source. The optimal core gap distance can be determined
by monitoring the voltage drop across the power resistor between audio amplifier and
HV transformer. A minimum voltage drop across the resistor indicates minimal losses
within the systems and operation in the resonant point. In this thesis, the impedance
of the power supply system is optimized through identification of the optimal core gap
distance in the high voltage transformer coil. The impedance is dependent not only
on the operating frequency, but also the capacitance [84]. Thus, calibration tests are
performed at various operating frequencies and for different plasma sources with varying
capacitances. Before each test of a new plasma source, the core gap distance is stepwise
increased, while monitoring the voltage drop across the power resistor. While performing

a step wise increase of the core gap distance, the voltage drop across the power resistor
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is monitored, where a minimal voltage drop indicates the possible optimal impedance

for the given conditions.

Figure 2.16 shows the operating envelope with regards to operating voltage and fre-
quency of the build power supply system, which is defined through its various compo-
nents. A red dashed box in Figure 2.16 highlights the operating frequency and voltage
range. The high voltage transformer coil is saturated at 4 kHz, which marks the lower
range of the operating frequency. The maximum operating frequency is defined by the
maximum operating frequency of the audio amplifier as 20 kHz. The maximum oper-
ating voltage is limited at 20 kVppsg through the maximum input voltage of the high
voltage probe. Overall, the power supply system has a maximum output power of 100

W, limited by the load resistor between audio amplifier and high voltage transformer.
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F1cURE 2.16: Envelope of operating conditions of built high voltage power supply

system

2.4 Diagnostics

The printed DBD plasma sources fabricated in the framework of this thesis are assessed
through two main diagnostics methods, electrical characteristics, and optical character-
istics of the generated plasma. The electrical diagnostics provides crucial information
about the discharge power of the DBD plasma source, but can also be used for more de-
tailed analysis of the breakdown voltage and characteristic of the microdischarge pattern.
With the optical diagnostics, the overall intensity, and the uniformity of the generated
plasma across the surface DBD plasma source can be assessed. The following section
introduces the diagnostics tools employed in this study and presents how key parameters

are obtained for comparative studies presented in the following chapters of this thesis.
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2.4.1 Electrical diagnostics

The electrical behaviour of a non-thermal plasma can be characterised by measuring
three main quantities: applied voltage, current and charge [85]. The three electrical
quantities methods allow the assessment of various electrical characteristics of a non-
thermal plasma source, such as the discharge power, values such as breakdown voltage
and characteristic discharge patterns. In this study, the discharge power will play an
important role and the following shall present the electrical diagnostic tools implemented

within the electrical circuit and the derivation of the discharge power.

The high voltage signal is monitored used a high voltage probe. A high voltage probe
provides a scaled down measurement of a high voltage using a voltage divider circuit.
In this study, two high voltages probes were used to measure the high voltage, Testec
TT-HVP 15HF and Tektronix P6015A. The current measurement is carried out using
two methods, through a shunt resistor or using an inductive coil. The shunt resistor
uses a known resistance (100 €2) in series to the load, the DBD plasma source, and the
circuit ground. Monitoring the voltage drop, across shunt resistor allows to calculate the
current. The choice of its resistance is a balance between accuracy of the measurement
and minimizing the affect the implemented shunt resistor has on the overall circuit.
A large resistance provides a good accuracy of the current measurement. However, it
results in a large voltage drop relative to the voltage drop across the actual load, the
DBD plasma source. This can affect the remaining circuit and reduce the accuracy of
the voltage measurement. Choosing a very small resistance minimizes this affect but
also reduces the accuracy of the current measurement. A second method to measure the
current passing through the DBD plasma source, Ippp, is using an inductive Rogowski
coil (Pearson Current Monitor Mode 6585). The coil obtains the AC current as the
integral of a magnetically induced voltage caused by the passing current. The Rogowski
coil is measuring the current on the high voltage side of the plasma source. A probe
capacitor can be used to monitor the charge transfer on the electrodes in the DBD
plasma source [86]. The probe capacitor is placed in series, between the DBD plasma

source and the circuit ground. The charge, Q pgp, can be calculated according to:

Qpap(t) =C, - Vep(t) (2.3)

where Vo p is the measured voltage drop across the probe capacitor and Cp its capaci-
tance (10 nF). The current through the probe capacitor is the same as through the DBD

plasma source, due to the series the series arrangement and can be be calculated as:

Vi, (1)
dt

Ipgp =Cp- (2.4)
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The choice of the capacitance of the probe capacitor is based on the capacitance of
the DBD plasma source. As it is placed in series, it carries the ability to influence the
capacitive behaviour of the circuit. To ensure the probe capacitor has negligible effect,
it is recommended to be at least three orders of magnitude above the capacitance of the
DBD plasma source [86].

The measurement of the electrical characteristics is used to obtain the discharge power
of DBD plasma sources. The discharge power is an important parameter in compara-
tive studies of different electrode designs. A meaningful comparison of different DBD
electrode designs is only possible when constant power levels are considered [87]. The
discharge power plays a crucial role for a cost benefit analysis of DBD plasma sources.
For example, in the flight actuator community, light-weight high-voltage power supplies
are required. Additionally, studies are using the discharge power as way of health mon-
itoring of DBD actuators [88]. Therefore, a correct assessment of the discharge power is
crucial. In this thesis, the discharge power is used as a comparative parameter to assess

various operating conditions and design parameters of printed DBD plasma sources.

Figure 2.17 shows an exemplary measurement of one period of the voltage, current and
charge measurement obtained from a printed DBD plasma source. As can be seen in
Figure 2.17(a), the voltage follows a sinusoidal signal with a peak-to-peak voltage of 3.6
kV and a frequency of 8 kHz. Once the applied voltage exceeds a certain limit, ionisation
start occurring and non-thermal plasma will start forming. This limit is known as the
breakdown voltage. The current waveform clearly indicates the active plasma region in
the positive and negative half period with the microdischarges being visible as numerous
high frequency and large amplitude signals, the microdischarges. Figure 2.17(b) shows

the voltage-charge characteristic, the Lissajous graph.
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The discharge power of the DBD plasma sources can be obtained through two separate
methods. The first method uses voltage and current measurement to calculate the

instantaneous power, Pj,q (t), as:

Pinst.(t) = Vpep(t) - Ipep(t) (2.5)

From the instantaneous power, the discharge power over one period, Pr, can be calcu-

lated as:
1 [T 1 [T
Pr= / Pipst.(t)dt = T/ Voep(t) - Ippp(t)dt (2.6)
0 0

T
The second method uses the Lissajous graph to obtain the discharge power over one
period [85]. The discharge power can be described as the area within the Lissajous

graph as:
1 (T
PT = T/ VDBD(t) . IDBD(t)dt (27)
0

Using equation 2.4 for the current through the plasma source and equation 2.3 for
the charge measurement based on the capacitance of the probe capacitor, C), and the
measured voltage drop across the probe capacitor, V,,, the discharge power can be

obtained as:
1 /T
Pr= T / Vpep(t) - Cp-dVep
0

1 T
= T/ Vpep(t) - dQpBD
0

Obtaining the discharge power through the capacitor measurement presents a more
accurate measurement [86, 89]. Due to the integration of the current through the ca-
pacitor, the microdischarges are captured more accurately, consequently providing a
more accurate discharge power. This description of the discharge power for both meth-
ods (equation 2.6 and 2.8) provides the discharge power over one period of the driving
signal. However, the electrical date is recorded over several milliseconds, therefore cap-
turing several period of the sinusoidal signal, depending on the operating frequency. The
average power of the DBD plasma source, P,,e, can be expressed as the average over

the full obtained signal as:
k
Pave =Y _ Pr (2.9)
n=1

where k is the total number of periods captured for one measurement. The standard
deviation of P,,e will be shown as the error bars for the respective measurement in the

following chapters to highlight the uncertainty of the measurements.
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2.4.2 Optical diagnostics

Analysis of the optical properties of the generated plasma can provide important infor-
mation about the DBD plasma source. Previous studies have highlighted correlations
between the time-resolved light intensity and the discharge current [90]. This indicates
that the discharge power in a DBD plasma source can be correlated to the light in-
tensity. The relationship between both the discharge power and light intensity can be
understood as an efficiency of the DBD plasma source. The discharge power represents
the energy input into the systems and the light intensity indicates the plasma intensity.
In this thesis, the light intensity of the generated plasma is assessed with two methods,
an optical image processing approach and Optical Emission Spectroscopy (OES), both

further explained in the following sections.

2.4.2.1 Image processing

As an optical diagnostics tool, image processing is used to assess not only the overall
intensity but also the uniformity of the generated plasma across the printed electrode
system. The plasma generation from the printed DBD electrode systems is captured
using a DLSR camera. A Nikon D5600 camera with macro lens is used to obtain high
resolution images of the plasma generation across the full DBD surface. To obtain
high quality images with the whole electrode surface in focus, the camera is ideally
positioned normal to the surface of the DBD plasma source. However, the second optical
diagnostics, the OES setup, is being kept with a viewing angle normal to the plasma

source. Thus, the images obtained with the DSLR camera are recorded under a small

angel as a trade off.

FIGURE 2.18: Overview of image intensity and uniformity assessment, schematically

showing RGB component of generated plasma

Figure 2.18 shows an image of the printed plasma source and a typical image of the
generated plasma. Quantifying the image intensity and the uniformity is performed by
dividing the image in numerous sections following the geometry pattern of the electrode.

Figure 2.18 shows exemplary a hexagonal electrode pattern of 20 mm x 20 mm with an
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unit size of 2 mm and a total number of hexagons of £k =120. The position of the
centre of each hexagon is calculated by calibrating the image through referencing to the
known dimensions of the printed electrode geometry. The pixel position of the upper
and lower extend, as well as the left and right position of the electrode is obtained from
the image. Based on these positions, the pixel position and size of each hexagonal unit
can be calculated. Each hexagonal unit section has the same dimension. Within each

image section, sy, the image intensity value, I;p,g s, , is obtained as:

n m n m n m
Timgse = Y Riij + > Grij+ > Y By (2.10)

i=1 j=1 =1 j=1 =1 =1

where Ry ;;, Gii; and By ;; are the pixel intensities of the respective RGB part (red,
green, blue) of the image section and n and m the width and height of the image section
respectively. Within each RGB image components, the pixels have values between 0 for
low intensity and 255 for high intensity. Iygs, is therefore the total pixel-sum within

each image section.

The image intensity within each section, I;p,g s, , is normalized through a reference image
with full intensity values of the same dimension, I,.y. This reference image contains the
maximum pixel value of 255 for all three RGB image component over the full section

dimension and is calculated as:

Iref:ii255+ii255+ii255 (2.11)

i=1 j=1 i=1 j=1 i=1 j=1

The average image intensity of the plasma generation over the full printed plasma source

can be expressed as:
k

I
Timg = Z( Z;:Z’fsk) (2.12)
=1

Consequently, ;s defines the image intensity as a percentage of an image with max-
imum brightness. This mean image intensity, I;,g, quantifies the overall intensity of
the generated plasma as a percentage over the full electrode geometry. The uniformity
of the plasma generation, o;mg, can be expressed as the image intensity deviation by

calculating the standard deviation as:

k
< (] — I )2
Timg = \/22:1( 1mg,Sg zmg) (213)

k

It shall be noted, that this assessment does not provide any qualitative information of
the plasma generation, but allows for a quantitative comparison of different electrode
systems and operating conditions within the presented studies of this thesis. Camera

settings parameters, such as shutter speed and aperture have to be maintained constant,
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to allow relative comparison between different plasma sources. Both the mean image
intensity, I;ng, and the image intensity deviation, oj,4, are used to quantify the plasma
generation of the printed electrode systems. The mean image intensity, I;,g, allows
comparison of the emission intensity of plasma generation within the visible wavelength
band. A larger image intensity, Ijg, is indicative of a stronger plasma generation.
A low image intensity deviation, oj,4, represented similar image intensity within each
hexagonal section and consequently indicates a high level of uniformity of the generated
plasma across the electrode surfaces. An increase of the image intensity deviation points
to a non-uniform plasma generation across the electrode, with individual sections of the

recorded image having a stronger or weaker plasma generation.

2.4.2.2 Optical emission spectroscopy

The chemical properties of the generated plasma are analysed with optical emission
spectroscopy (OES) as a simple and non-invasive diagnostic technique. The optical
emission spectroscopy in air at atmospheric pressure mainly measures the intensity of
nitrogen emission of the plasma and allows characterisation of the physical and chem-
ical properties of the generated non-thermal plasma. Additionally, it can provide an
estimation of plasma parameters such as electron temperature and electron density n..
Figure 2.19 shows a detailed set-up of the OES system. A collimating lens (OceanOptics
74-UV collimating lens) is used to collect the emitted light from the generated plasma
and lead through an optical fibre (600 nm diameter) to the spectrometer (OceanOptics
HR4000CG-UV-NIR). The spectrometer is equipped with an entry slit of 5 ym and
a CCD detector (linear array of 3648 pixels) and obtains emission in the wavelength
range 200 - 1100 nm with an optical resolution of 0.5 nm. The software OceanView (by
OceanOptics) is used for displaying the recorded spectra and identification of spectral

lines in real time and for saving spectra for further post-processing.

74-UV Ocean Optics
lens
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FIGURE 2.19: Schematic of the setup of the optical emission spectroscopy system
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Figure 2.20 shows an example of the recorded spectra from the plasma emission from
a printed electrode system. As can be seen, the spectrum is characterised by strong
emission peaks in the wavelength band from 300 to 440 nm. The dominant emission
peaks can be assigned to the second positive system of Ny (C3 II, - B3 II,), and the
first negative system of Nj (B? & - X2 2;). Table 2.2 lists the major emission peaks
of both systems. As atmospheric non-thermal plasmas have mean electron energies in
the range of few eV, only a small fraction of electrons posses energies that exceed these
elementary processes. Therefore, the relative low intensity of Ny (B? & - X2 Z‘;r) at
391 nm is indicative of this small number of highly energetic electrons. The emission of
atomic oxygen can currently not be detected, even though the required energy for these
transitions is well below the threshold for emission at 391 nm. This is mainly due to
high quenching rates from collisions with Ny and O9 molecules. Quenching from Ns and

O3 is one of the main depopulation process of in atmospheric plasma [91].
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FI1GURE 2.20: Typical emission spectra of printed DBD plasma source with the major

emission peaks indicted

Species System Peak [nm], (v’, v7)

N, 2nd Pos. (C3 11, - B3 11, ) 316 (1, 0); 337 (0, 0); 357 (0, 1);
375 (1, 3); 380 (0, 2); 400(1, 4)

Ny 1% Neg. (B* X - X2 X} ) 391 (0, 0); 428 (0, 1)

Table 2.2: Major observed emission peaks in wavelength range from 300 to 450 nm

The obtained emission spectra can be compared to spectra found in literature. Figure
2.21 shows a typical spectra of a printed DBD plasma source in addition to three spectra
of atmospheric air plasma from literature [66, 92, 93]. As can be seen, the recorded major
emission peaks of the second positive system of Ng, and first negative system, N, overlay

with the peaks found from literature.
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FIGURE 2.21: Typical emission spectra of printed DBD plasma source compared to
literature: Keller [92]; Machala [93]; Xiao [66]

The emission spectra of the plasma generated for various plasma sources is quantified
with regards to their overall spectral intensity of the recorded spectrum within the
wavelength band of the major emission peaks of the second positive system of No (C3
11, - B3 I1,), and the first negative system of NJ (B2 X} - X2 %) The overall emission

intensity, Ispec, is quantified by deriving the integrated spectral intensity as:

450nm

Tspec :/ I(N\)dX, (2.14)
250nm

where I()) is the spectral intensity at the respective wavelength, A. Obtaining the inte-

grated spectral intensity allow for a relative comparison between the varying electrode

configuration and power conditions.

An optical diagnostics set-up requires calibration in order to ensure a reliable and pre-
cise characterisation of plasma properties. Figure 2.22 shows a printed plasma source
mounted in the plasma test chamber with optical diagnostic system. As can be seen, a
plasma source is mounted on an adjustable platform to analyse the influence of viewing
angles between the plasma source and the lens axis. A schematic of the calibration

set-up can be seen in Figure 2.22 (b).
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FIGURE 2.22: (a) Setup of optical diagnostic (b) Schematic of calibration setup

Table 2.3 gives the details for the respective parameters for the calibration activities of
the optical diagnostic, including the viewing angle («), the distance (d), between plasma
source and lens, the lens focus settings (froy) integration time (¢;,;), and the number

of scans to average (StA).

Description Variation
o Angle between lens axis and plane of the plasma 10° /20° / 90°

source.
d Distance between lens and plasma source. 4 cm/5 cm/8 cm/12 cm
frov  Variation of the field of view (FOV) f (focused), c (colli-

mated), w (wide)
tint Time the detector in the spectrometer monitors the 5s/10s /15 s
incoming photons.
StA Number of discrete spectral acquisitions used to gen- 1 / 10

erate an averaged spectrum.

Table 2.3: Assessed parameters for calibration of OES system

Figure 2.23(a) to 2.23(c) shows the spectra for varying integration time (5s; 10s; 15s) for
the three different viewing angles (10°; 20°; 90°). The spectra show the second positive
system and first negative system of excited nitrogen in the range from 300 nm to 400
nm with varying intensities for the respective calibration configuration. Figure 2.23(a)
shows the spectra for a viewing angle of 10°. As can be seen, some of the emission peaks
are reaching the saturation limit at approximately 14500 counts, which is the saturation
limit of the OES system. Therefore, the emission peaks at 337 nm and 357.4 nm can
not be clearly identified. However, the emission peaks at 316 nm are clearly visible for
all three integration times. Therefore, it is important to account for the saturation limit

during the experimental activities, in order to accurately characterise the plasma.



Chapter 2 Plasma characterisation and electrode design 43

15000 . 15000 15000
i —tint=5s —tint=5s
—tine=10s| —tint=10s|
. . | tint=15s| . tint=15s|
£ 10000 £ 10000} 15 ‘\ £ 10000 15s
) 8 \ k3 ‘
= = 10s “ | = 10s
A\'Z): ,2 ‘ﬁ ‘\‘ .g
£ 5000 £ s000f 5 ‘ | £ 50000 5s
= = =

v { Il N
M A I c‘u‘
0k /f\,ma/ i kL_@J/V‘/L,/«J 0L NN A

300 350 400 300 350 400 300 350 400

Wavelength [nm)] Wavelength [nm] Wavelength [nm)]
(a) a=10° (b) a=20° (¢) @=90°

FIGURE 2.23: Spectra with variation of integration time for varying viewing angles

As can be seen in Figures 2.23(a) to 2.23(c), the recorded spectra intensity of a plasma
increase is proportional to the integration times. This means the spectra intensity for
the integration time of 15 sec increases by factor of three, compared to spectra using
the integration time of 5 sec. This is due to a larger number of photons reaching the
CCD chip of the spectrometer for longer exposure times. The intensity scaling effect of
integration time comes with an approximately 5% error. Moreover, the comparison of
Figures 2.23(a) to 2.23(c) demonstrate that a decreased viewing angle leads to a higher
spectra intensity. This results in the highest recorded intensity peaks for the smallest
viewing angle of 10°. A 90° viewing angle gives the lowest spectral intensity because an

optical emission spectroscopy (OES) is a line-of-site measurement.

As shown in Figure 2.24, the spectra intensity is related to a relative thickness, ' along

the viewing axis rather than an actual plasma layer thickness, ¢. It can be expressed as:

sin(a) = — = — (2.15)
where « is the viewing angle, I is the spectral intensity with the viewing angle, and I,

the spectral intensity with the plasma layer normal to the lens axis.

Plasma layer

74-UV Ocean
/ Optics lens

FI1GURE 2.24: Schematic of spectral intensity and viewing angle relation
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Using the measured spectra data, correction factors for viewing angles and integration
times can be derived. For a viewing angle of 10°, the measured spectra intensity is
approximately 6.05 times higher than a normal viewing angle. The correction factor
calculated using equation 2.15 is 5.76. For a 20° viewing angle, measured correction
factor is 2.83, and the calculated correction factor is 2.92. This deviation of the scaling
factor of below 5 % demonstrates, that the viewing angle can be chosen as an active
method to influence the recorded spectral intensity. A plasma with an anticipated weaker
intensity can be recorded with a smaller viewing angle, in order to obtain a spectrum

with sufficiently high signal to noise ratio.

Different lens settings are also investigated. Figure 2.25(a) shows an image of the three
different lens settings (focused, collimated and wide) used to record spectra. Figure
2.25(b) shows the measured spectra with the three different lens settings where the
distance, the viewing angle and the integration time are kept constant. As can be
seen, the spectra intensity remains similar for varying lens setting. As confirmed with
the measurement of various viewing angles and also shown in Figure 2.24, the spectra
intensity is mainly dependent on the plasma along the lens axis within the plasma layer.
Therefore, various lens settings only result in a negligible influence on the recorded

spectra intensity.
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FIGURE 2.25: Variation of optical lens setting (a) Field of view for focused, collimated

and wide lens setting; (b) Spectra with various lens settings

The recorded spectra at three different distances between plasma source and lens are
analysed in Figure 2.26(a). As can be seen, the measured spectra intensity is not sensitive
in terms of distance to a plasma source. Figure 2.26(b) shows two spectra with constant
calibration configuration but varying number of “Scans to average”. For both a constant

integration time of 5 s was used. No major affect can be recognized in the spectra when
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comparing a recording using 10 scans to average compared to only one scan. Yet, an

improvement of the signal to noise ratio can be measured.
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FIGURE 2.26: Spectra with (a) varying distance between plasma source and lens; (b)

varying number of scans to average






Chapter 3

Scalable and flexible plasma

generation systems

This chapter presents a comprehensive analysis of printed electrode systems and their
performance as a scalable and flexible plasma generation system. Section 3.1 describes
a preliminary test campaign that was carried out and which investigated the perfor-
mance of printed plasma sources fabricated with the ink-jet printer method (Dimatix
DMP2831). The ink-jet printer system was selected because it can print electrodes
on a thin and flexible dielectric material. Section 3.2 shows a comprehensive test cam-
paign, which investigated the performance of printed plasma sources fabricated using the
dispenser printing method (Voltera V-One). The dispenser printing method uses high-
viscosity ink, resulting in thicker and more robust electrodes. Printed plasma sources
using both printing methods were subjected to lifetime testing, performance evaluation
under varying operating conditions and a scalability and flexibility assessment. With the
lifetime testing, the printed plasma sources are assessed in terms of damage from erosion
after an extended operating time. Analysing the performance under varying operating
voltages and frequencies allowed for the definition of the operating envelope, which plays
a crucial role in the design and optimisation procedure of non-thermal plasma sources.
The scalability and flexibility assessment demonstrates the versatility of printed elec-
trode systems for varying applications that are required to treat large and/or complex

surfaces.

3.1 Ink-jet printed electrodes

3.1.1 Surface erosion of printed electrodes using inkjet printing

During discharge, electrodes can be eroded and oxidised due to the high power density

and bombardment of high-energy particles in the plasma. The erosion of electrodes can

47
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result in the change of electrode geometry and can limit the lifetime of a printed plasma
source [58]. Therefore, the efficiency and reliability of a plasma source will be limited

by the erosion and oxidation of electrodes for long-term operations [94].

Assessment of the lifetime of the printed plasma sources fabricated with medium-viscosity
conductive ink using the inkjet printing method are carried out. Figure 3.1 shows the
fabricated plasma source with a microscope image and additionally highlighting the
print quality. The electrode geometry is a linear hexagon pattern. As can be seen, the
printed hexagon-shaped electrode has slightly uneven edges, with thin lines being iden-
tified. This is due to the individual nozzles in the printer head. In combination with
the medium viscosity of the conductive ink, this results in short streaking lines on the
edge of the printed electrode [95, 96]. A better regularity of the printed edges can be
achieved by adjustment of ink droplet size and placement of the inkjet printer nozzle
head.

" GND

[

500 110 | s

FIGURE 3.1: Inkjet-printed plasma source using medium-viscosity conductive ink on a
flexible dielectric material

The lifetime assessment of the printed plasma source is carried out at an operating
voltage of 6 kV at a frequency of 3 kHz for a total operating test time of 15 minutes.
Figure 3.2(b) shows the surface of the printed electrode after the operating test time. As
can be seen the printed electrode has been eroded near the edge region of the hexagonal
pattern, mainly located at the short streaking lines. The remaining electrode surface is
also subjected to erosion, as can be seen by an overall discolouration of the electrode.
Since the local electric field is strongest in the edge region, erosion is most prominent in

this region and reduces towards the central areas of the printed electrode.

The erosion and oxidation of the printed electrodes can be minimized by preventing
direct contact between the electrode and the plasma [97]. Applying a protective coating
on the electrode minimizes the effect of the bombardment of high-energy particles on
the electrode material. The coating material acts as a buffer layer, which can reduce
the erosion of the electrode material. The thickness and material properties of the
coating define the level of protection from erosion. However, they can also affect the
performance of a plasma source. The coating will act as an additional dielectric later
on the plasma source, thus a thicker coating and/or higher relative permittivity will

increase the capacitance of the plasma source and can increase the power consumption.
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FIGURE 3.2: Microscope images of printed electrodes; (a) unused printed electrode;
(b) printed electrode after operation for 15 minutes without surface coating

Two protective coatings are assessed in terms of their protective capability, an aerosol
silicone resin coating (Modified Silicone Conformal Coating) and an oil-based silicone
coating (Polydimethylsiloxane - PDMS). Table 3.1 shows an overview of the specifica-
tions of both employed coatings. The aerosol silicone resin coating is an aerosol spray
coating, which cures in air after 2 hours and forms a solid and rigid layer with a dielec-
tric strength of 90 kV/mm. The oil-based silicone coating is a highly vicious oil coating,
which requires application with a brush. The coating does not cure and remains as a vis-
cous layer on the electrode with a dielectric strength of approximately 100 kV/mm. As
both coating materials have high dielectric properties, low reactivity, and high thermal

and oxidative stability, they can protect the surface of printed electrode [75].

Aerosol silicone resin coating Oil-based coating

Density 0.78 g/ml 0.98 g/ml
Curing Time 2 hours 20 °C N/A
Dielectric Strength 90 kV/mm 100 kV/mm

Table 3.1: Specifications of the chosen protective coatings

Figures 3.3 shows microscope images from printed electrode with the aerosol silicone
resin and oil-based silicone coatings after 15 minutes of operation. As can be seen, the
aerosol silicone resin coating forms a uniform layer over the electrode and significantly
reduces the erosion of printed electrodes. The printed electrode shows some erosion
near the edge, however only minimal erosion is visible across the electrode surface.
Using an oil-based silicone coating on the printed electrode achieved a significant level
of protection of the electrode material. No dark erosion spots are visible at the edge

region and no surface discolouration, indicating erosion across the surface, are visible.
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However, the oil-based silicone coating forms a less uniform thickness, as can be seen
in the bottom area in Figure 3.3(b). This uneven distribution of the coating layer can
potentially affect the local electric field distribution due to the dielectric property of the
coating. This can result in a non-uniform plasma generation and therefore the efficiency

when using the plasma source in an application.

Erosive &4 =
| Spots

FIGURE 3.3: Microscope images of printed electrodes with (a) Aerosol silicone resin
coating after operation for 15 minutes (b) printed electrodes with PDMS coating after
operation for 15 minutes

he assessment of surface erosion on printed electrodes using inkjet printing concluded
that an inkjet printed electrode is subjected to erosion for increased operating times.
Employing protective coating methods can alleviate the electrode erosion and dielectric
damage. The aerosol silicone resin coating can be applied as a rigid layer of uniform
thickness and will therefore be employed for the future studies using inkjet printed

electrodes.

3.1.2 Electrical characteristics

Figure 3.4(a) shows the measured voltage and current from the printed plasma source
for the operating voltage of 6 kV and operating frequency of 2 kHz. The electrical data
is recorded for a total time of 0.2 s, which covers a total of 400 cycles, however the signal
shown is covering one period of the sinusoidal waveform. On the current measurement,
the active plasma region can be clearly distinguished in the positive and negative half
period. Within the active plasma phase, the microdischarge current is superimposed to
the current signal and characterised through high frequency and large amplitude current
spikes. Figure 3.4(b) shows the Lissajous graph with the voltage-charge characteristics.
From the Lissajous graph, the discharge power can be obtained from the area within
the voltage-charge-characteristics. Deriving the discharge power over the full length

of the recorded signal provides an average discharge power of Py, = 5.4 W with a
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corresponding standard deviation of the discharge power of op,, ,=11% over the 400

cycles.
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F1GURE 3.4: Electrical Characteristics of printed plasma source using inkjet printing
method: (a) Voltage and current measurements; (b) Lissajous graph

3.1.3 Scalability

The scalability of the printed plasma source is assessed using electrical and optical

diagnostics. Plasma sources of three different length scales (64 mm, 128 mm and 256

mm) are fabricated using the inkjet printer method. Figure 3.5(a) shows a schematic

of the fabricated plasma sources of varying lengths. Figure 3.5(b) shows the images of

the plasma emission for operating conditions of 6 kV and 2 kHz. The images show only

a small section of the actual full length of the respective electrode system. In addition

Figure 3.5(b) shows qualitatively that the overall intensity of the plasma emission across

the printed DBD plasma source remains constant.

256 mm

(a) (b)

FIGURE 3.5: (a) Schematic of printed plasma source of varying lengths (b) Air plasma

emission images of plasma sources of varying lengths
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Quantification of the intensity and uniformity of the plasma emission is performed by
obtaining the relative image intensities from the images, as presented in section 2.4.2.
The image intensity value is obtained in each individual hexagon of the printed plasma
source. The average image intensity,/;,,, is derived as the mean across all hexagons
of the respective plasma source. The standard deviation, o;y,g, is derived as a measure
of the uniformity of the plasma generation across the plasma source. Table 3.2 shows
the derived relative plasma intensity and uniformity values for different lengths of the
printed plasma source. The image intensity shows only small variation for different
length scales, with values ranging from 56 % to 62 %, whereas the intensity deviation,
Timg, remains below 2 %. This small value in the standard deviation indicates a highly

uniform generation of plasma across the electrodes.

\ 64 mm 128 mm 256 mm

Image Intensity Iip,q[%) 57 56 62
Image Uniformity omg [%] 2 1.6 0.9

Table 3.2: Image intensities and uniformities of inkjet printed plasma source of varying
length

The power per unit length, Pr, is used to assess the electrical characteristics of the

printed plasma source of varying lengths, which can be obtained as:

P = (3.1)

where P, is the obtained average discharge power and L the length of the respective
plasma source, which provides the power per unit length in W/m. Table 3.3 shows this
power per unit length, Pr, for plasma sources of varying lengths. As can be seen, the
normalised discharge power for a 64 mm short printed plasma source is 22.32 W/m, a
128 mm medium long plasma source 21.3 W/m and a long 256 mm long printed plasma
source is 21.06 W/m. This confirms that the power scales linearly with the length of a
printed plasma source. The spectral emission intensity of the generated plasma of the
printed plasma sources of varying lengths is analysed through the integrated spectral
intensities, Ispec, as presented in 2.4.2. Table 3.3 shows the spectral intensities, Ispec,
for different lengths of the printed plasma source, which are ranging from 8613 to 9587.
As can be seen, the spectral intensity is mostly unchanged for varying lengths of the

printed plasma sources, with fluctuations in a range of +/- 6 %.

\ 64 mm 128 mm 256 mm

Power per unit length P, [W/m] | 22.32 21.3 21.06
Spec. Intensity Ispec [-] 9587 8738 8613

Table 3.3: Power and spectral intensity of inkjet printed plasma source of varying length
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Through the assessment of electrical and optical diagnostic it can be concluded that the
printed plasma source using the inkjet printing method can be used as a highly scal-
able solution to generated non-thermal plasma. The plasma emission remains constant
for varying length of plasma systems, while the electrical performance, power per unit

length, is maintained.

3.1.4 Flexibility

Adequate flexibility performance of printed plasma sources is achieved when the obtained
image and spectral intensity remain constant for the same operating conditions. The
flexibility assessment is carried out using the linear plasma source of 256 mm length,
presented in the previous section. Figure 3.6(a) shows the printed plasma source bend
around a nylon rod for flexibility assessment and Figure 3.6(b) shows nylon rods of
three different diameters (6 mm, 10 mm and 20 mm) used in this study. Similarly to
the scalability assessment, the flexibility of inkjet printed plasma sources is assessed
through electrical and optical diagnostics. The electrical and optical characteristics are
assessed in reference to a flat plasma source. The flexibility assessment is carried out at

an operating voltage of 6 kV and an operating frequency of 2 kHz.

|

20 mm 10 mm 6 mm

(a) (b)

-

FIGURE 3.6: (a) Inkjet printed plasma source around nylon rod (b) Variation of Di-
ameter of 20 mm, 10 mm and 6 mm

Figure 3.7 shows the generated plasma emission images over various curvatures in ref-
erence to a flat plasma source. The images qualitatively show that the overall intensity
of the plasma emission across the printed DBD plasma source remains similar for vary-
ing curvatures. The images are used to quantify the average image intensity, I,4, and

standard deviation, 0,4, as an uniformity measure.

The intensity within each hexagonal unit is obtained in order to derive the average
image intensity, Ijy,4, and standard deviation, 0,4, as a measure of the uniformity of
the plasma generation. Due to the deformation of the plasma source, not all hexagonal
units can be included in the assessment. KEspecially for small curvatures, the image
shows only a distorted view of the hexagonal units near the edge region of the nylon rod.

Therefore, only hexagonal units within the central region of the nylon rod are included
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20 mm 10 mm 6 mm

FIGURE 3.7: Emission images of the inkjet printed plasma sources over non-flat surfaces
having various curvatures

to obtain l;,y and 0jy,g. Table 3.4 shows the obtained image intensity and uniformity
values of the plasma generation by printed electrodes over varying curvatures. The
average intensity for varying curvatures ranges between 56 % - 62 % whilst the standard
deviation remains below 2 %. This demonstrates that the plasma source can reliably

generate uniform plasma over curved surfaces.

‘ Flat 20 mm 10 mm 6 mm

Image Intensity ling [%] 62 58 56 62
Image Uniformity ojmg [%] | 0.9 1.9 0.9 1.3

Table 3.4: Relative image intensities and uniformities of inkjet printed plasma sources
using the various curvatures

Table 3.5 lists the obtained power per unit length of the printed electrode system for
various curvatures. The power intensity remains constant for varying curvatures, ranging
between 20.7 W/m and 20.06 W/m. Additionally, listed in table 3.5 is the integrated
spectral intensity, Ispec, which ranges from 8237 to 9999 and fluctuates by +/- 10% for

varying curvatures of the printed electrode system.

‘ Flat 20 mm 10 mm 6 mm

Power per unit length P, [W/m] | 21.06 20.77  20.69  20.24
Spec. Intensity Ispec [-] 8613 8237 9300 9999

Table 3.5: Power and spectral intensity of inkjet printed plasma source of varying cur-
vatures

The assessment of electrical and optical diagnostics show that the printed plasma source
using the inkjet printing systems can be used as a highly flexible solution to generate
non-thermal plasma of curved surfaces. It is demonstrated that the plasma emission re-
mains constant for varying bending curvatures of the plasma sources, while the electrical

performance is maintained.
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3.2 Dispensing printed electrodes

3.2.1 Surface erosion on printed electrodes using dispenser printing

The electrode and dielectric material of a printed plasma source are subjected to the
high power density plasma and bombardment of high-energy particles. The electrode
and dielectric material therefore can suffer from erosion and oxidation, which can affect
the life and performance of a plasma source [98]. Therefore, a detailed analysis of the
main design parameters affecting the erosion is necessary to ensure reliable performance

of a plasma source over extended operating times.

3.2.1.1 Simplified 1-D line electrode

The effects of erosion of printed plasma sources using the dispenser printing method
are assessed using a simplified 1-D line geometry. Figure 3.8 shows a schematic and an
image of the simplified 1-D line geometry with a length of 20 mm. The linear geometry
generates a uniform electric field distribution along the printed electrode edges. This
allows for the assessment of erosion on the printed electrode material independently of

geometrical effects of the electrode pattern.

HV
electrode

(a) (b)

FIGURE 3.8: (a) Schematic of simplified 1-D line geometry electrode (b) Picture of

simplified 1-D line geometry electrode for lifetime analysis

The simplified plasma source geometry is defined by three main parameters, which
are ink composition, dielectric material, and dielectric thickness. The capacitance of a

printed plasma source can be calculated as:

C’zso-er-% (3.2)

where ¢¢ is the permittivity of vacuum, &, is the permittivity of the dielectric material,
A is the total area of the printed electrode, ¢ is the thickness of the dielectric material.
From equation 3.2 it is evident that the dielectric constant and the dielectric thickness

can affect the capacitance and consequently can affect the electric field distribution of the
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plasma sources. Within this study, three different dielectric materials and four different
thicknesses of the dielectric are tested. Table 3.6 shows specifications of the different
dielectric materials. Polypropylene has a dielectric constant of ¢, = 2.1, Kapton HN
has a dielectric constant of ¢, = 3.4 and Kapton MT ¢, = 4.2. A larger dielectric
constant results in an increase in capacitance and reduced local electric field strength
on the dielectric surface. The analysis of the effect of the dielectric thickness is carried
out using the Kapton HN as the dielectric material, with varying thicknesses of 25 pum,
50 pym, 75 pm and 127 pm. An increasing dielectric thickness results in a reduced

capacitance and reduced local electric field on the dielectric surface.

Polypropylene Kapton HN Kapton MT
Thickness [pm] 75 25 50 75 127 75
Dielectric constant ¢, 2.1 3.4 3.4 34 34 4.2

Table 3.6: Specifications of dielectric material to fabricate printed electrodes [99-101]

The electrode material is printed using two different ink compositions, the Voltera Flex-
2 ink [102] and the Inkron IPC-114 ink [103]. Table 3.7 lists the specifications of both
inks. The Voltera Flex-2 ink consists of 75 % silver and 25 % of solvents, whereas the
Inkron ink contains of 70 % silver and 30 % solvents. A plasma source using a thin
copper strip will be fabricated to analyse the effect of the metal content on the lifetime

in reference to the printed electrodes.

Voltera - Flex-2 Inkron - IPC-114
Ink viscosity | 5000 - 10000 cP 50000 cP
Thickness ~ 20 pm ~ 15 pm
Silver % 75 % 70 %
Resistance 12 mQ/sq < 15 mQ/sq

Table 3.7: Specifications of conductive ink used to fabricate printed electrodes using the

dispenser printing method [102, 103]

Table 3.8 shows an overview of the fabricated plasma sources with the varying parameters
with a respective electrode ID for referencing. The electrodes are operated continuously
for 1 minute, after which a microscope image of the electrode is recorded to allow
a qualitative analysis of the progression of erosion and/damage on the electrode or
dielectric material. All electrode samples are operated at 6 kHz and at an operating
voltage between 2.3 kV and 4.1 kV. The operating voltage is chosen as the minimum

voltage for which a uniform plasma is generated across the electrode.
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Electrode ID # Material Thickness Electrode Material Voltage

#1 Kapton HN 75 pm Copper tape 4.2 kV
#2 Kapton HN 75 pm Voltera ink 4.1 kV
#3 Kapton HN 75 pm Inkron ink 4.1 kV
#4 Kapton HN 127 pm Voltera ink 4.1 kV
#5 Kapton HN 50 pm Voltera ink 29 kV
#6 Kapton MT 75 pm Voltera ink 3.2 kV
#7 Kapton HN 25 pm Voltera ink 2.3 kV
#8 Polypropylene 75 pm Voltera ink 4.1 kV

Table 3.8: Overview of fabricated 1-D Line electrodes for the lifetime assessment

Effect of electrode material on lifetime The effect of the electrode material on
the lifetime of the plasma source is carried out through comparing electrodes #1 to #3.
Figure 3.9 shows the microscope images of the plasma sources with the three different
electrode materials, which are the thin copper tape, the Voltera Flex-2 ink and the
Inkron IPC-114 ink. The microscope images are shown before operation, after 1 minute,

5 minutes, 10 minutes and 15 minutes of operation.
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5 mm 10 min. 15 min.

FIGURE 3.9: Microscope images comparing different electrode material (Electrode
ID#1, #2 and #3)

1 min. 5 mm

The microscope images of the copper electrode (Electrode ID #1) show no signs of ero-
sion on the electrode material and no damage to the dielectric material can be identified
after the total operating test time of 15 minutes. In comparison the plasma source using
a printed electrode (Electrode ID #2 and #3) show signs of damage to the electrode
and dielectric material after a test time of 1 minute. The damage can be distinct in two

components: (1) Erosion on the electrode and (2) damage to the dielectric material.
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The printed electrode using the Voltera Flex-2 ink shows signs of erosion to the electrode
edge of printed plasma sources after a test time of 1 minute. The erosion is visible as
dark spots near the printed electrode edge and appears more pronounced at small print
imprecisions. These imprecisions result in a concentration of the local electric field.
Plasma particles are affected by the electric field, thus these regions have an increased
bombardment of high-energy particles, which can result in a higher degree of erosion.
Additionally, the overall colour of the printed electrode is darkened after approximately
5 minutes test time. The electric field strength is weaker on the electrode surface,
thus resulting in a less heavy bombardment of high-energy particles compared to the
edge region. Thus, the surface erosion appears only as a discolouration of the electrode
material and is most pronounced after the full test time of 15 minutes. The bombardment
of high-energy particles also causes damage to the dielectric material. The damage is
visible as darker spots and regions from a test time of 5 minutes onwards. The erosion
of the electrode edge and surface region and the damage to the dielectric material is

more pronounced with increasing operating time.

Although the printed electrodes using the Inkron ink results in a precise edge finish with
minimal edge imprecisions, erosion still occurs after 1 minute of operation. Similarly,
this is characterised by dark erosion spots in the edge region, as well as a discolouration
of the overall electrode surface. The dielectric material shows visible signs of damage
as well. The effect of erosion on the electrode and dielectric material is increased with
ongoing operating time. In comparison to the electrode fabricated from the Voltera
Flex-2 ink, the electrode from Inkron IPC-114 ink shows stronger signs of erosion at an
earlier test time. This is likely caused by the difference in silver content and solvent
composition of the inks. With a lower silver content, the Inkron IPC-114 ink is more

prone to erosion in comparison to the Voltera Flex-2 ink.

Effect of dielectric material on lifetime The effect of the dielectric material on
the lifetime of the plasma source is assessed by comparing electrodes #2, #6 and #8.
Figure 3.10 shows the microscope images of the simple electrode geometry printed on
three different dielectric materials, which are Polypropylene, Kapton HN and Kapton
MT, which have dielectric constants of ¢, = 2.1, &, = 3.4 and &, = 4.2 respectively. The
electrodes for all three are printed using the Voltera Flex-2 ink and the thickness of the

dielectric material is 75 pm.

The microscope images from the electrodes made using different dielectric materials,
seen in Figure 3.10, show similar effects of erosion on the electrode material and damage
to the dielectric material. Erosive spots can be identified on the printed electrode for all
three dielectric materials after 1 minute of test time. Discolouration to the surface of
the electrode material and to the dielectric material become visible from approximately

5 minutes onwards. Both erosion of the electrode material and damage to the dielectric
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material become more pronounced with increasing test time. No major difference in

electrode erosion and damage to dielectric material was determined.
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FIGURE 3.10: Microscope images comparing different dielectric material of varying
dielectric constant, which are e, = 2.1, e, = 3.4 and €, = 4.2 (#8 #2 #6)

Effect of dielectric thickness on lifetime The effect of the dielectric thickness on
the lifetime of printed plasma sources is determined by assessing four 1-D electrodes
printed with the Voltera Flex-2 ink on Kapton HN dielectric material with various
different thicknesses, which are 25 pm, 50 pym, 75 pm and 127 pm (Electrode IDs #7,
#5, #2 and #4 respectively). Figure 3.11 shows the microscope images over a 15 minutes

test time.

On the microscope images, large regions of erosion are visible after 1 minute of oper-
ation for a dielectric thickness of 25 um. Dark spots of erosion at the edge region of
the electrode and an overall discolouration of the electrode can be seen and become
more pronounced with increasing operating time. Additionally, damage to the dielec-
tric material is visible as darker regions, after test time of approximately 5 minutes.
Electrode systems with a thicker dielectric material also show signs of electrode erosion
and dielectric surface damage. However, the effects scale with the dielectric thickness.
With an increase in dielectric thickness, the electrode erosion, both near the edge re-
gion and on the surface of the electrode, is minimised. The electrode systems using a
127 pm thick dielectric material show few erosion spots and less visible discolouration
of the electrode. Additionally, less damage to the dielectric material can be seen with

an increasing thickness of the dielectric material.



60 Chapter 3 Scalable and flexible plasma generation systems
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F1cUure 3.11: Microscope images comparing different dielectric thickness, which are
25 pm, 50 pm, 75 pm and 127 pm (IDs #7, #5, #2 and #4 respectively)

lo min.

Main Findings on 1-D Line Electrode The study of the simplified 1-D line elec-
trode has identified the effects of the key design parameters of printed plasma sources
on their lifetime. Although electrode erosion and damage to the dielectric still occurred
within the total operating test time of 15 minutes, a printed electrode using the Voltera
Flex-2 ink on 75 pm Kapton HN dielectric material resulted in only moderate signs of
erosion and damage. Therefore, this combination is selected as the preferred material
combination for subsequent testing. Alleviation from the effect of erosion and damage
can be achieved by applying protective coatings to the surface of the DBD plasma source,
which act as an additional dielectric layer between the electrode, dielectric material and

the high reactive species in the generated plasma.

3.2.1.2 Effectiveness of protective coating

The assessment of coating to protect the printed electrode surface from erosion and
damage is carried out using a larger and more complex electrode geometry. Figure 3.12
shows a schematic and an image of the surface DBD plasma source using a hexagonal
electrode pattern. An electrode covering a larger area allows for a better assessment
of uniformity of the plasma generation across larger areas and the effect of the coating
methods on such. One hexagonal unit of the of the electrode design measures 2 mm and

the overall size of the plasma source is 441 mm?. The geometry of the electrode pattern
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can be found in Appendix A.1. The electrodes are printed using the Voltera Flex-2 ink
on 75 pm Kapton HN dielectric material.

HV
Electrode

(a)

FIGURE 3.12: (a) Schematic of hexagonal geometry electrode (b) Picture of hexagonal
geometry electrode for lifetime analysis

Table 3.9 provides an overview of the fabricated surface DBD plasma sources. An
uncoated plasma source is used as reference to assess electrode erosion and damage to
the dielectric material. Four plasma sources are coated with the aerosol silicone resin
coating (Modified Silicone Conformal Coating) and the coating is cured at ambient
temperatures in 2 hours. Improved performance can be achieved with a subsequent heat
cure at 90 °C. During the heat treatment, additional evaporation of the coating material
takes place, thus increasing the resistance of the coating film. Consequently, a heat cured
coating can show a high resistance to external factors, such as the bombardment of high-
energy particles from a plasma. Three plasma sources underwent additional curing at
90 °C for 1 hour, 2 hours and 3 hours (IDs #11, #12 and #13 respectively). All plasma
sources are operated at the same operating conditions of 4.2 kV at 6 kHz for a total
operating test time of 15 minutes. The total test time is split up into 1 minute increments
to retrieve the microscope image for the assessment of electrode erosion and damage on

the dielectric material of the plasma source.

Electrode ID  Thickness Coating Curing
#9 75 pm no -
#10 75 pm yes 2 h amb.
#11 75 pm yes 2hamb. +1h 90 °C
#12 75 pm yes 2hamb. +2h 90 °C
#13 75 pm yes 2hamb. +3h 90 °C

Table 3.9: Overview of fabricated hexagonal printed electrodes for coating assessment

Figure 3.13 shows microscopy images of the plasma sources without a protective coating

layer. As can be seen, after one minute of operation dark spots of erosion appear
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at the printed edge region. The surface of the electrode shows discolouration, which
indicates erosive damage to the overall electrode surface. The dielectric material shows
signs of damage from approximately 5 minutes test time onwards. These observations
are similar to the findings in the microscope images of the 1-D line electrode. On the
complex electrode geometry, the signs of electrode erosion and damage to the dielectric

material also increase with ongoing test time.

Surface

Electrode
Damage

erosion

3 LY 9
Before I B ' 1 min. I 5 min. '

F1GURE 3.13: Time series of microscopy images from plasma source using 75 pm
Kapton HN without coating (Electrode ID #9)

Figure 3.14 shows a time series of microscope images from the surface DBD plasma
source with the silicone resin coating applied. The coating is visible as a shiny and re-
flective layer, providing an even protective layer over the printed electrode and dielectric
material. After one minute of operation, few dark spots of erosion can be identified in
the edge region of the printed electrode. With increasing test time a few more erosion
spots appear on the electrode edge and small regions of discolouration on the coating
can be identified. These regions grow from spots of erosion on the electrode edge, nor-
mal towards the centre of the hexagonal unit. Stemming from the erosive spots, small
particles of electrode and coating material are expelled and can be deposited on the top
surface of the coating material, where they are visible as small circles of discolouration.
After the total operating time of 15 minutes, some erosion spots can be seen at the elec-
trode edge region, whilst the overall colour of the electrode only shows moderate change
in colour. However, the severity of the erosion is less than compared to an uncoated

plasma source.

Erosive |
Spots

F1GURE 3.14: Time series of microscopy images from plasma source using 75 pm
Kapton HN with silicone resin coating (Electrode ID #10)
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Another effect observed in the microscope images is a change in the coating structure
with extended test time. A change in coating distribution can be observed after 1 minute
of operation, which is recognisable through a different reflective pattern of the coating
on the microscope images. Further thin streak lines become visible in the coating after
an operating time of approximately 5 minutes. These streak lines form perpendicular
to the edge of the printed electrode. These lines are likely caused by strong electric
field lines between the ground and high voltage electrode. Although the coating is cured
at ambient temperature and forms a rigid layer, it has a lower density of 0.78 g/ml
compared to the dielectric material with 1.42 g/ml. Thus, the coating materials remains

softer and can align along strong electric field lines.

Figure 3.15(a) to 3.15(c) shows the times series of microscope images from printed
electrodes with the coatings cured at 90 °C for 1, 2 and 3 hours, respectively. As
can be seen, erosion spots become visible only after an operating time of 5 minutes. No
major change to the structure of the coating material, such as streaks, are recognized
prior to this time. Compared to a coating without heat curing, these microscope images
show less sever signs of electrode erosion and damage to the dielectric material at a later
test time. After the total operating time of 15 minutes, several eroded spots on the
printed electrode edge and discoloured circles on the coating surface are visible on all
three plasma sources. However, it can be seen that an increased curing time of 3 hours,
provides the highest level of protection, indicated through fewer erosive spots and less

surface damage to the coating material.

The analysis of protective coatings on printed plasma sources highlighted their impor-
tance to alleviate erosion on a printed electrode and damage to the dielectric material.
Carrying out an additional heat curing procedure for the coatings at 90 °C for an in-
creased time can further improve their performance, thus provides added protection on

the electrode and improve the overall lifetime of printed plasma sources.



64 Chapter 3 Scalable and flexible plasma generation systems

(¢) 75 pm Kapton with coating 3h heat curing

FIGURE 3.15: Time series of microscopy images from plasma source using (a) 75 pm
Kapton without coating (b) 75 ym Kapton with coating (c¢) 127 um Kapton with coating
cured at 90 °C for (a) 1 hour, (b) 2 hours (c¢) 3 hours

3.2.2 Operating conditions

Effect of operating conditions can play a crucial role in the design and optimization pro-
cedure of DBD plasma sources. It is therefore important to carry out a broad assessment
of the DBD plasma source performance over a larger number of operating conditions,
including the operating voltage and frequency. In this study, a sinusoidal waveform will
be used with varying levels of operating voltage, ranging from 2 to 7 kV and operating
frequencies ranging from 6 to 12 kHz. Table 3.10 provides an overview of the plasma
sources analysed in this section. Additionally, Table 3.10 includes the obtained print
precision scaling factor, fp,, for each respective electrode system. The same hexagonal
electrode design as in the previous section is used, see Figure 3.12. . The electrodes
are printed on dielectric material, Kapton HN and Kapton MT, with varying thickness,
ranging from 25 pm and 125 pm. All five electrodes are protected with an aerosol sili-
cone resin coating (cured for 3 hours at 90 °C) to minimize electrode erosion and damage
to the dielectric material during testing. Images of the fabricated plasma source can be

found in Appendix B.1
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Electrode ID Material Thickness  fpp

#14 Kapton HN 25 pm 1.25
#15 Kapton HN 50 pum 1.32
#16 Kapton HN 75 pm 1.29
#17 Kapton MT 75 pm 1.32
#18 Kapton HN 127pm 1.30

Table 3.10: Overview of printed plasma sources for variation of operating condition
testing

3.2.2.1 Electrical characteristics

Figure 3.16(a) shows the measured voltage and current at an operating voltage of 5 kV
and a frequency of 8 kHz for a plasma source using a 75 pym thin Kapton HN dielectric
material (electrode ID #16). The operating voltage follows the sinusoidal waveform and
on the current waveform the active plasma region is clearly visible in the negative and
positive half period. Figure 3.16(b) shows the voltage-charge characteristics, also known
as the Lissajous graph, over one cycle for the corresponding operating conditions of 5
kV at 8 kHz. Additionally, the Lissajous graph for a different operating frequency of
10 kHz at the same operating voltage of 5 kV is shown. As can be seen, both Lissajous
graphs align closely with each other, enclosing a similar area. This indicates that the
dissipated energy per cycle is constant. Consequently, at constant voltages, the discharge
power scales in proportional level with the operating frequency. An overview of Lissajous
graphs can be found in Appendix C.1, where the Lissajous graphs are shown over varying

operating conditions electrode exemplary for IDs #16.
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FIGURE 3.16: Electrical Characteristics of printed plasma source using dispenser print-

ing method: (a) Voltage and current measurements; (b) Lissajous graph
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The Lissajous graph can be used to derive the discharge power as the area within the
curve. Figure 3.17 shows the derived discharge power for electrode IDs #14 to #18
over varying operating voltages and frequencies. As can be seen for examples in Figure
3.17(a), plasma is generated from an operating voltage of approximately 2 kV onwards
for all frequencies. With increasing voltage, the discharge power increases. Similarly, an
increasing trend is seen for increasing operating frequency. The behaviour is observed
for the other electrodes with varying dielectric thickness and material, electrode IDs
#15 to #18 in Figure 3.17(b) to 3.17(e). Comparing the smallest voltage at which
plasma is generated between the different electrodes, shows that an increasing voltage
is needed for thicker dielectric materials. A thin dielectric material of 25 um (ID #14
in Figure 3.17(a)) plasma is generated at operating voltages of approximately 2 kV. In
contrast, a thicker dielectric material of 125 pum (ID #18 in Figure 3.17(e)) requires
approximately 4 kV to initiate plasma generation. This behaviour is due to the local
electric field strength on the plasma source surface, which reduces with an increasing
dielectric thickness when the operating voltage remains constant. Consequently, a larger
operating voltage is required to achieve a sufficiently strong local electric field for plasma

generation.
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FIGURE 3.17: Measured average discharge power, P4, for printed plasma sources
using varying dielectric substrates: (a) 50 ym Kapton HN, (b) 50 um Kapton HN, (c)
75 pum Kapton HN, (d) 75 pm Kapton MT, (e) 75 um Kapton HN
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Figure 3.17(c) and 3.17(d) shows the discharge power from plasma sources using two dif-
ferent dielectric materials, which are Kapton HN (g, = 3.4) and Kapton MT (g, = 4.2).
It can be seen that the plasma source using a dielectric material with a larger dielectric
constant results in a larger discharge power at the same operating voltage and frequency.
This is linked to the difference in dielectric constant and the resultant local electric field
strength. As the dielectric constant is linearly proportional to the capacitance, a plasma
source using Kapton MT as dielectric material has a larger capacitance. With this in-

crease in capacitance, the local electric field reduces and the discharge power is increased.

The comparison between plasma source with different dielectric thicknesses and mate-
rials show a slight variation in trend of the operating power with increasing voltage. A
plasma sources with a thinner dielectric tends to follow a more linear trend, whereas a
plasma source with a thicker dielectric follows a more exponential trend. This behaviour
could indicate a difference in plasma generation regime, which in turn has an influence
on the charge transfer, thus the discharge power. However, a definitive assessment of
a specific discharge regime requires a more detailed optical analysis of the generated

plasma.

The discharge power can be modelled using a power law, as proposed in several liter-
atures [86, 104—-108]. The power scaling law provides a tool for the estimation of the
discharge power based on the operating and design parameters of the plasma source.
The dependency on, for example the operating voltage is described in literature as a
power law following:

Poe < Vi, with 1<a<35 (3.3)

where P, is the average discharge power normalised [86, 104-108]. Exponents of the
power law ranging from 1 to 3.5 are reported in literature and can be a result of varying

material, electrode geometry or also experimental setup.

The relationship between discharge power and operating frequency has often been de-
scribed as a linear relationship (Pyye o< f) by most research groups [104, 105, 107-110].
A large proportion of the proposed power scaling laws are presented from the flight
actuator community [88, 111]. These applications often use simple 1-D line electrodes
generating plasma to introduce a force vector on airfoils for improved performance.
Within the community, a comparison between different 1-D line electrodes is performed

by defining the discharge power per unit length, Py, as:

P = (3.4)

where the L is the length of the tested 1-D line electrode. This normalisation is funda-
mentally a normalisation by capacitance, due to the proportionality of the capacitance
to the electrode area and therefore the length (C' oc A oc L). The plasma sources in this

study do not follow a simple 1-D line geometry, but are of a complex electrode geometry.
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Therefore, this study uses the complete capacitance, C', of a plasma source to propose
a new power scaling law for complex geometries. The relationship between discharge
power, capacitance, operating voltage and frequency is described in the scaling number,

Op, as:
PCL’UG

®P:7f-C-V;,p

(3.5)

where f is the operating frequency, C' the capacitance of the plasma source and V,
the operating voltage. The scaling number, © p, accounts for the variation of dielectric
thickness and material through the capacitance, C, for each developed electrode, which

can be calculated as:
A- f pp

C=¢p-5- ;

(3.6)
where ¢ is the permittivity of vacuum, e, is the permittivity of the dielectric material,
A is the total area of the electrode geometry, t is the thickness of the dielectric material
and f,, the print precision factor. The total printed electrode area is ideally the same
for all printed plasma sources analysed within in this study, as the electrode geometry is
constant. However, as presented in section 2.2.2.1, the actual printed electrode geometry
deviates from the theoretical geometry due to print imprecisions. To account for these
geometry deviations, the print precision factor, f,,, is added to the area definition in

the capacitance calculation.

Figure 3.18 shows the scaling number, ©p, over the applied voltage for electrode IDs
#16 to #18 for all operating frequencies. As can be seen, the curves for all five tested
electrodes over the full envelope of operating conditions collapses onto one trend line.
It can be seen that for each electrode, some data points at lower operating voltages
fall slightly below the overall trend line. This is likely due to the non-uniform plasma
generation at the tested conditions. At these low operating voltages, plasma is not
yet uniformly generated over the full surface of the plasma source. This can affect
the calculation of the discharge power, since the plasma itself acts as a current source
during operation, and thus significantly affects the electrical characteristics of the plasma

source.
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FI1GURE 3.18: Scaling number, © p against operating voltage for DBD plasma source
with varying dielectric thickness and material

The trend shown in Figure 3.18 can be approximated through a power law as:

N 2.27
Op ~6.65-V,; (3.7)
where V), is the operating voltage. The approximation has a coefficient of determination
of R? = 0.96, thus a high degree of confidence. The approximation for ©p in equation

3.7 can be combined with the definition for the scaling number, ©p, in equation 3.5 as:

Pave

e,

~6.65- 107 . 1227 (3.8)

Rearranging and solving equation 3.8 provides an estimation of the discharge power,
P.st, in terms of the operating conditions (f and V), and design parameters of the

plasma source (C calculated through ¢t and ,) as:

Pest 2 6.65- f - C - V32T (3.9)
Equation 3.9 proposes a proportionality between discharge power, operating and design
parameters of printed plasma sources. The estimated discharge power is described as a
linear relationship to the operating frequency, f, due to the proportionality Pe.s o< f.
Similarly, the capacitance, C, influences the estimated discharge power in a linear cor-
relation due to the proportionality P.s o< C'. The relationship between the estimated

discharge power and the operating voltage, V},, is described through a power law with
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the exponent of 3.27 and therefore a proportionality of P.g o %%27. Thus, the operating
voltage is identified as the most influential parameter amongst the included operating
(Vpp and f) and design parameters (¢ and ¢,) of plasma sources. These proportionality
relationships can be taken into account for a prediction of the discharge power in the

design and optimization procedure of printed DBD plasma sources.

Figure 3.19 shows the measured discharge power, as previously shown in Figure 3.17. In
addition, the estimated discharge power, P4, using equation 3.9 is plotted, to confirm
the modelling of the discharge power through a scaling law. As can be seen, the estimated
discharge power, P.g, shows good agreement with the measured discharge power. This
behaviour is expected, as the presented data set is directly used to retrieve the estimated
discharge power, P.g, in equation 3.9. The robustness of the estimated discharge power,
P.st, through the scaling law will be demonstrated further in the following sections 3.2.3

and 3.2.4, where the scalability and flexibility of printed plasma sources are assessed.
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FI1GURE 3.19: Estimated discharge power, P,g;, for printed plasma sources using vary-
ing dielectric substrates: (a) 50 pm Kapton HN, (b) 50 pm Kapton HN, (¢) 75 um
Kapton HN, (d) 75 pm Kapton MT, (e) 75 pum Kapton HN



Chapter 3 Scalable and flexible plasma generation systems 73

3.2.2.2 Optical characteristics

The optical diagnostics can be used to assess the intensity of the generated plasma on the
printed DBD systems. Figure 3.20 shows the emission images of the generated plasma
produced by the printed plasma source using a 75 um Kapton HN dielectric material at
6 kHz over varying operating voltages. The images shown in Figure 3.20 shall serve as an
example to qualitatively assess the plasma generation over the electrode and the trend
with increasing operating voltage. As can be seen in Figure 3.20, at a low operating
voltage of 3.2 kV, the plasma is not generated uniformly over the electrode yet. The
majority of the electrode area is only showing very weak or no plasma generation. With
increasing operating voltage up to 3.6 kV, plasma is generated across the full electrode.

Further increasing operating voltage shows an increase in intensity of the generated

plasma.

FIGURE 3.20: Emission images of electrode using 75 pum Kapton HN at 6 kHz for

varying operating voltages

A detailed view in Figure 3.20 shows the plasma generation in one hexagonal unit. As
can be seen at low operating voltages of 3.2 kV, a weak plasma is generated near some
edges of the printed electrode. This area, the edge region of the printed electrode is
characterised through a strong electric field, thus plasma will start forming here first.
With increasing operating voltage, plasma is generated around all edges. Increase of
the operating voltage, results in a growing electric field strength reaching further in the
centre of the hexagonal unit. Thus plasma will start forming further in the centre. At
an operating voltage of 5 kV it can be seen that the plasma generation stretches much
further into the centre of the hexagonal unit, in comparison to a low operating voltage
for example at 3.6 kV.

The emission images of the printed electrodes (ID#14 to #18) are used to quantify the
image intensity, I;ng. As presented in section 2.4.2.1 the image intensity, Iy, is used
to quantified the overall plasma intensity. The uniformity of the plasma generation,
Oimg, is derived as the standard deviation of the image intensity across the total number
of observed hexagons. Thus the uniformity is shown as the errorbars and provides a

measure of the uniformity of the plasma generation across the electrode.
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Figure 3.21 shows the image intensity, I;,g, over the applied power for the printed
electrodes using Kapton HN and Kapton MT of varying thickness. As can be seen, the
image intensity increases with increasing operating power for all dielectric thicknesses
and materials. At small operation powers, a steep increase in image intensity is shown,
whereas the trend flattens with increasing power. With an increase in power, the electric
field grows closer to the centre of a hexagonal units. Consequently, the central region is
characterised through a colliding electric field from all edges of the electrode. Thus the
electric field strength can not grow further and plasma generation stagnates, indicated

by a flattening trend in the image intensity.
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FIGURE 3.21: Image Intensity against power for DBD plasma source with varying

dielectric thickness and material

The image intensity is a measure of the plasma intensity and in literature a correlation
between emission intensity and operating voltage has been reported [88, 112]. In this
study a correlation between the operating power, P,,., and the image intensity, I, is
observed, which can be interpreted as an efficiency of the DBD plasma source. The power
is the energy input into the electrode systems, whereas the obtained image intensity is
related to the plasma intensity. Thus the relationship indicates how much of the input
energy has been converted into plasma. The correlation of operating power, Py, and

the image intensity, I;,4, can be described using a power law as:

Iz'mg = f(Pave) = Q- (Pave)n (3.10)

This power law can be used to describe the trend of the image intensity, I;q, for
electrode using varying dielectric thicknesses and materials. Figure 3.21 shows these

trend lines, with the coefficients o and n being listed in table 3.16. Additionally, the



Chapter 3 Scalable and flexible plasma generation systems 75

respective coefficient of determination, R2, is listed, which indicates the confidence of

the respective fit.

25 pm 75 pum 75 pm 125 pm
Kapton HN Kapton HN Kapton MT Kapton HN
17.01 16.61 12.66 15.13
n 0.74 0.57 0.69 0.61
R? 0.99 0.99 0.99 0.99

Table 3.11: Scaling parameter from I,y = « - (Pype)” for plasma sources of varying

dielectric thickness and material

The coefficient listed in Table 3.11 can be used to compare the efficiency of the respec-
tive electrode system. A similar efficiency, thus conversion of input power (P,,) into
generated plasma intensity (measured through Ijy,,), is achieved when the coefficient
« is constant. An increasing value of « relates to a steeper curve, relating to a higher

plasma intensity and thus indicating a better efficiency of the electrode systems.

As can be seen in Table 3.11, the coefficient « is largest for the electrode systems with
a 25 pum dielectric with a value of 17.01 . With increasing thickness, the coefficient
decreases down to values of 16.61 and 15.13 for an electrode systems with a 75 pm and
125 pm dielectric respectively. Thus, the efficiency of an electrode systems scales with the
dielectric thickness. A similar behaviour is seen when comparing the dielectric material.
The coefficient v decreased from a value of 16.61 for an electrode with dielectric material
Kapton HN (e,=3.4) down to a value of 12.66 for the electrode with the dielectric
material Kapton MT (g,=4.2) respectively. This decrease indicates a lower efficiency in

the electrode system using the dielectric with a higher dielectric constant.

An additional approach to quantify the plasma intensity can be achieved through mea-
surement of the spectral intensity. The spectral intensity is calculated as an average
intensity over the second positive and first negative system of the nitrogen emission
peaks in the recorded emission spectra. Thus the spectral intensity provides an indi-
cation of the plasma strength. Figure 3.22 shows the recorded total spectral intensity
over the applied power for the printed plasma sources using Kapton HN and Kapton
MT of varying thickness. As can be seen, the spectral intensity scales with the applied

operating power, indicating increasing plasma strength for increasing applied power.
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FIGURE 3.22: Spectral Intensity against power for DBD plasma source with varying

dielectric thickness and material

The correlation of spectral intensity, Ispec, to the operating power, Py, can be similarly

expressed through a power law as:

Ispec = B : (Pave)m (311)

Similarly, this power law can be used to describe the trend of the spectral intensity,
Iimg, for electrodes using varying dielectric thicknesses and materials. Figure 3.22 shows
these trend lines, with the coefficients S and m being listed in Table 3.12.

25 pm 75 pm 75 pm 125 pm
Kapton HN  Kapton HN Kapton MT Kapton HN
I} 2352 2185 1917 2084
m 0.95 0.97 0.96 0.93
R? 0.99 0.97 0.99 0.99

Table 3.12: Scaling parameter from Igpe. = - (Pype)” for plasma sources of varying

dielectric material

Table 3.12 shows that the exponent of the power law Igpe. = 5 - (Pave)™ is close to 1,
indicating a near linear relationship of the power to the spectral intensity. The coefficient
6 allows a comparison of the efficiency of the respective electrode system. The coefficient
B is largest for the electrode systems with a 25 um dielectric with a value of 2352. With
increasing thickness, the coefficient decreases down to 2185 and 2084 for an electrode
systems with a 75 pm and 125 pm dielectric respectively. A similar decrease in the
coefficient 3 is seen in relation to the dielectric material. The coefficient 5 decreases
from 2185 to 1917 for an electrode with dielectric material Kapton HN (£,=3.4) and
Kapton MT(e,=4.2) respectively.
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These trends of the spectral intensity for varying dielectric thickness and materials, are
similar to trends observed for the image intensity. Therefore, the trends can be equally
interpreted as the efficiency of the respective DBD plasma source. The efficiency of an
electrode systems increases with decreasing dielectric thickness and decreasing dielectric
constant. Both parameters, dielectric thickness, ¢, and dielectric constant, &, affect the
capacitance of the DBD plasma source. Thus it can be concluded, that the efficiency
of the electrode system is proportional to the capacitance of an electrode system. An
electrode system with a lower capacitance, for example through a thinner dielectric, has
shown higher efficiency. However, it has to be noted that a thinner dielectric also suffers
from an increasing level of erosion, as has been observed in the microscope images in the
previous section. A high level of erosion can result in a reduced lifetime of the electrode
system. For the design optimization of an electrode system both, the efficiency of the

system but also lifetime of the electrode have to be accounted for.

3.2.3 Scalability

For the following scalability assessment, two aspects of scaling are considered. Figure
3.23 shows a schematic of the printed plasma sources with different length and area
scales. The plasma sources of varying length scale consist of a row of connected hexagonal
units with a unit size of 2 mm. Four different length scales of plasma sources are
fabricated, which are 10 mm, 20 mm, 40 mm and 80 mm. For the area scaling assessment,
three different plasma sources are fabricated, where the hexagonal units are arranged
over a square area of 10 mm x 10 mm, 20 mm x 20 mm and 40 mm x 40 mm, covering a
total area of 100 mm?, 400 mm? and 1600 mm? respectively. The electrode geometries
can be found in Appendix A.1 and images of the fabricated plasma source can be found

in Appendix B.2.

Length Scaling Area Scaling

10 mm 20 mm 40 mm 80 mm 100 mm? 400 mm? 1600 mm?

:

FIGURE 3.23: Schematic of scalability assessment with two aspects, length and area

scaling



78 Chapter 3 Scalable and flexible plasma generation systems

Table 3.13 provides an overview of the fabricated plasma sources for the scalability
assessment. All plasma sources are printed on Kapton HN dielectric material with a
thickness of 75 pm with silver ink using the dispenser printer method. The hexagonal
geometry of the ground electrode is printed with a linewidth of 0.3 mm and the high
voltage electrode with a linewidth of 0.6 mm. All fabricated plasma sources are coated
with a protective aerosol silicone resin coating, which is cured at 90 °C for 3 hours to
improve the protective quality of the coating. All tests are carried out at a constant

frequency of 6 kHz and with varying operating voltages.

Electrode ID  Geometry Dimensions fop
#19 Line 10 mm 1.03
#20 Line 20 mm 1.11
#21 Line 40 mm 1.10
#22 Line 80 mm 1.22
#23 Square 10 mm x 10 mm 1.03
#24 Square 20 mm x 20 mm  1.22
#25 Square 40 mm x 40 mm 1.19

Table 3.13: Overview of fabricated plasma sources of different length and area scales

3.2.3.1 Electrical characteristics

Figure 3.24 shows the derived discharge power for different lengths of the fabricated
printed plasma sources over varying operating voltages. As can be seen, the discharge
power follows an increasing trend with increasing operating power. Longer plasma
sources show a larger discharge powers. The dotted line shows the estimated power,
P.st, using the derived equation 3.9 from the previous section. As can be seen, the
estimated discharge power matches the measured discharge power well, demonstrating

the robustness of the prediction method using equation 3.9.

1.5

$ 10 mm ‘

20 mm
t 40 mm
80 mm
- 'Pest
1L
B
:
g
[t

0.5} %

-3 % ;
1 ] }( .-
0 i"‘ - '+ - .
2 3 4 5 6
Voltage [kV]

FIGURE 3.24: Discharge power, Py, for plasma sources with varying length
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Figure 3.25 shows the discharge power per unit length Py, in [W/m] for all four electrodes
of varying lengths. As can be seen, the discharge power per unit length follows a constant
trend over varying operating voltage for the different length scales of the fabricated
plasma sources. This is due to the scaling of the discharge power with the capacitance of
the plasma source. For the presented plasma sources (IDs #19 to #23), the capacitance
scales with the area of the electrodes, as the remaining parameters for the capacitance
calculation (thickness ¢ and relative permittivity ¢,) remain constant in this scalability
study. Consequently the length is the only variable parameter affecting the capacitance,

thus the power per unit area remains constant.
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FIGURE 3.25: Discharge power per unit length, Py, of plasma sources with varying
length

The correlation of discharge power per unit length, Py, and voltage can also be expressed

over a power law as:

Ppest < (Vpp)*% (3.12)

This proportionally follows a power law with an exponent of 3.35. This is similar to the
correlation presented in the estimated power, P.g, using equation 3.9 from the previous
section, where exponent was concluded to be 3.27. Therefore, the concluded correlation
of Prest o< (1/})1,)3'35 shown in Figure 3.25 is good agreement with power estimation

presented in the previous section.

Figure 3.26 shows the discharge power for varying area sized plasma sources. Here a
similar behaviour can be seen, with the discharge power following an increasing trend
for varying area sized of the plasma sources. A plasma source with a larger area has
a higher discharge power. This can be attributed again to the scaling effect through

the electrode area. A larger area results in an increased capacitance, thus an increased
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discharge power. The dotted line shows the estimated discharge power using equation

3.9, which provides a satisfactory fit to the measured discharge power.
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FIGURE 3.26: Discharge power, P,,., for plasma sources with varying area

Figure 3.27 shows the discharge power per unit areas P4 in kW/m? for the three
different sizes of plasma sources. As can be seen, the discharge power per unit area
follows a constant trend for the different sizes of the plasma source. The correlation of
discharge power per unit length, P4, and voltage can again be expressed using a power

law as:

PA,est X (‘/;717)3.45 (313)

The correlation follows a power law with an exponent of 3.45, which is larger than
the exponent of 3.27 used in the calculation for the estimated power, P,.g, in equation
3.9 from the previous section. This deviation can be likely traced back to the larger
proportion of print imprecision across larger areas. The used printing procedure is
able to generate small patterns at high print precision, however with increasing area
of the printed electrode, imprecision become more common. This is due to the flexible
dielectric material, which is taped down during the printing procedure. A larger flexible
dielectric material is more susceptible to warping, which can consequently lead to a

varying linewidth throughout the printed electrode.
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F1cURrE 3.27: Discharge power per unit area, Py, of plasma sources with varying area

3.2.3.2 Optical characteristics

Optical diagnostics on the DBD plasma sources are used to assess the intensity of the
generated plasma. Figure 3.28 shows the recorded emission images of the different
length scales at an operating voltage of 5.1 kV. The images only show a small section of
the actual full electrode. As can be seen, the plasma forms similarly across hexagonal

electrodes of different length scales.

euy

10 mm 20 mm 40 mm

FI1GURE 3.28: Emission images of plasma sources with varying lengths at an operating
voltage of 5 kV

The recorded emission images are used to derive the image intensity across the different
length scales of the printed plasma sources. Both image intensity, I;,4, and uniformity,
Oimg, are derived using a similar approach to that presented in the previous section.
Figure 3.29 shows the image intensity derived from different length scales of plasma
sources over the discharge power per unit length, Pr. As can be seen, the image intensity

increases with increasing power, Pr.
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FIGURE 3.29: Image intensities, I;ng, over power per unit length, Pr, on plasma

sources of varying lengths

The correlation between the power per unit length, P, and the image intensity, iy,g,
has previously been interpreted as an efficiency of the plasma source. The power is the
energy input into the electrode systems and the image intensity is related to the plasma
intensity, thus how much of the input energy has been converted into plasma. Similarly,
the correlation of operating power per unit length, P, and the image intensity, I;g,

can be described using a power law as:

Iimg = f(PL) = a - (P)" (3.14)

The power law can be used to describe the trend of the image intensity, Iy, for elec-
trodes of varying lengths. Figure 3.29 shows these trend lines, with the coefficients «
and n being listed in table 3.14.

‘10mm 20mm 40 mm 80 mm

a 8.79 9.37 8.39 10.38
n 0.51 0.53 0.56 0.54
R%Z | 0.99 0.99 0.99 0.98

Table 3.14: Scaling parameter from I;;,g = a-(Pr)"™ for plasma sources of varying lengths

Table 3.14 shows that the coefficients of the power law from equation 3.14 for plasma
sources of varying lengths. It can be seen that the exponent, n, ranges between 0.51 and
0.56. This is in good agreement with the exponent observed for a plasma source with
75 pm Kapton HN as dielectric material, which is 0.57 (see table 3.11). The coefficient
« allows a comparison of the efficiency of the respective electrode system. A similar
level of efficiency is achieved when the coefficient a remains constant for varying lengths
of a plasma source. As can be seen, the coefficient o ranges between 8.39 and 10.38,

with a standard error of 8 %. This indicates that plasma sources of varying lengths
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are of similar efficiencies. Therefore, good scalability of printed plasma sources can be

concluded through the assessment of the image intensity.

A similar assessment of the plasma intensity and efficiency of a plasma source can be
carried out using the spectral intensity, Ise.. Figure 3.30 shows the obtained spectral
intensity on plasma sources of different length scales. As can be seen, the spectral

intensity scales with the power per unit length.
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FIGURE 3.30: Image intensities, Ispe., over power per unit length, Pr, on plasma

sources of varying lengths

A power law is again used to describe the correlation of spectral intensity, Ispec, and

power per unit length, Py, as:
Ispec = B ' (PL)m (315)

Table 3.15 lists the respective coefficients S and m. The exponent, m, ranges between
0.92 and 0.97, which is in good agreement with the exponent observed in the previous
sections for a plasma source with 75 ym Kapton HN as dielectric material, which is 0.97
(see Table 3.12). The coefficient 8 ranges between 216 and 269 with a standard error
of 9 %. This indicates similar efficiency for plasma sources of varying lengths and is in

accordance with the observation of the image intensity, I;g.

‘10mm 20mm 40 mm 80 mm

B 216 259 269 266
m 0.95 0.97 0.92 0.91
R?| 094 0.96 0.96 0.97

Table 3.15: Scaling parameter from Ige. = - (Pr)™ for plasma sources of varying
lengths
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In addition to the line scalability, the area scalability is assessed using plasma sources of
three different areas. Figure 3.31 shows the recorded emission images of plasma sources
with three different area scales at an operating condition of 5.1 kV. The images show
only a small section of the actual full image of the electrode. It can be seen that the

plasma generates uniformly across the shown electrode region over different area scales.

3 %

100 mm? 400 mm? 1600 mm?

FIGURE 3.31: Emission images of plasma sources with varying area at an operating
voltage of 5 kV

The recorded emission images are used to derive the image intensity across the different
area scales of the printed plasma sources. Figure 3.32 shows the image intensity derived
from different area scales of plasma sources over the discharge power per unit area, Pa.

As can be seen, the image intensity increases with increasing power per unit area, Pj.
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FIGURE 3.32: Image intensities, I;,,4, over power per unit area, P4, on plasma sources

of varying area

The correlation is again described using a power law show in Figure 3.32 and is defined

Limg = [(Pa) = - (Pa)" (3.16)
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Table 3.16 lists the respective coeflicients, o and n, for the plasma sources of varying
areas. The exponent, n, ranges between 0.49 and 0.56. This is in good agreement with
the exponent observed for a plasma source with 75 pm Kapton HN as dielectric, which
is 0.57 (see table 3.11). The coefficient « is again used as indicator of efficiency of the
respective electrode system. As can be seen, the coefficient o ranges between 17.51 and
19.6 with a standard error of 7 %. This indicates that plasma sources of varying areas

are able to generate a similar plasma intensity per power per unit area.

10 mm x 10 mm 20 mm x 20 mm 40 mm x 40 mm

o 19.6 17.51 19.7
n 0.49 0.56 0.50
R? 0.92 0.99 0.96

Table 3.16: Scaling parameter from I;,y = a - (P4)" for plasma sources of varying area

A similar assessment of the plasma intensity and efficiency of a plasma source can be
carried out using the spectral intensity, Ispe.. Figure 3.33 shows the spectral intensity
on plasma sources of different area scales. As can be seen, the spectral intensity scales

with the power per unit area, Pj.
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FIGURE 3.33: Image intensities, Ipe., Over power per unit area, P4, on plasma sources

of varying area

A power law is again used to describe the correlation of spectral intensity, Ispec, and

power per unit area, P4, as:

Tspec = B+ (Pa)™ (3.17)

Table 3.17 lists the respective coefficients. The exponent, m, ranges between 0.89 and
0.97, which is in good agreement with the exponent observed for a plasma source with
75 pm Kapton HN as dielectric, which is 0.97 (see Table 3.12). The coefficient 8 ranges

between 1109 and 1211 with a standard error of 8 %. This indicates similar efficiencies
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for plasma sources of varying areas and is again in accordance with the observation of

the image intensity, Ijg.

10mmx 10 mm 20 mm x 20 mm 40 mm x 40 mm

Ié; 1109 1211 1208
m 0.91 0.92 0.89
R? 0.96 0.91 0.99

Table 3.17: Scaling parameter from Igpe. = - (Pa)™ for plasma sources of varying area

The scalability assessment has demonstrated that dispenser printed plasma sources can
be used as a highly scalable solution to generated non-thermal plasma. The assessment
of electrical and optical diagnostic of plasma sources of varying length and area scales
has demonstrated, that the plasma intensity, quantified through the obtained image

intensity and spectral intensity, remains similar per power per unit length/area.

3.2.4 Flexibility

The flexibility assessment of printed plasma sources using the dispenser printing method
is carried out using the linear plasma source of 80 mm length (Electrode ID #22),
presented in the previous section. Small bend diameters can result in cracking of the
printed electrode, thus in a loss of the electrical connection on the plasma sources.
Cracking is observe during handling of the plasma sources in the fabrication procedure
and is observed as very small diameters. Figure 3.34(a) shows the printed plasma source
bend around a nylon rod and Figure 3.34(b) shows the three different rod diameters
used in this study, which are 6 mm, 10 mm and 20 mm. Similarly to the scalability
assessment, the flexibility of printed plasma sources is assessed through electrical and
optical diagnostics. The electrical and optical characteristics are assessed in reference
to a flat plasma source. The flexibility assessment is carried out at a constant frequency

of 6 kHz and with varying operating voltages.

20 mm 6 mm

(a) (b)

FIGURE 3.34: (a) Printed plasma source using dispenser printing around nylon rod (b)

Variation of diameter of 20 mm, 10 mm and 6 mm
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3.2.4.1 Electrical characteristics

Figure 3.35 shows the discharge power of the plasma sources over varying curvatures.
The discharge power of a flat plasma source is shown as reference for the flexibility
assessment. As can be seen, a plasma source curved over a larger radius of 20 mm shows
only a small effect of the obtained discharge power over varying operating conditions.
Bending the plasma source over curvatures of 10 mm and 6 mm results in a small
reduction of power at higher voltages. A reduction in discharge power due to a reducing
curvature diameter can be caused by a change in the local electric field distribution of
the plasma source. Bending the plasma source can affect the geometric configuration
of dielectric material and the electrodes. This results in a changed local electric field
distribution and change of the capacitive behaviour of the plasma source, which will

affect the discharge power.

1.5
i Flat
20 mm
F 10 mm
6 mm
— Pyye x (V)
1L
8
g
g
=
0.5
;
0 L L
2 3 4 5 6

Voltage [kV]

FI1GURE 3.35: Discharge power for plasma sources over varying curvature

The overall trend of the discharge power, F,.e, over the operating voltage, V,,, can be

estimated using a the power law correlation as:

Pave < (Vp)*! (3.18)

Figure 3.35 shows the correlation P,ye o (Vpp)", which follows a power law with an
exponent of 3.1. This is similar to the correlation presented in the estimated power,
P4, using equation 3.9 from the previous section, where exponent was concluded to be
3.27. Therefore, the concluded correlation of Pyye o (Vpp)3! shown in Figure 3.35 is in

good agreement with power estimation presented in the previous section.
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3.2.4.2 Optical characteristics

Figure 3.36 shows the emission images of the plasma sources over varying curvatures
for an operating voltage of 5.1 kV. As can be seen, uniform plasma is generated across
the electrode for all curvatures and the visual plasma emission remains at similar level

compared to the flat reference plasma source.

Flat 20 mm 10 mm 6 mm

FiGURE 3.36: Emission images of printed plasma sources using dispenser printing

method over varying curvature

Quantifying the image intensity, I,g, is performed similarly as presented previously,
by analysing the pixel sum within the individual hexagonal units of the printed plasma
source. The included hexagons are noted in Figure 3.36. Figure 3.37 shows the obtained
average image intensity, Ij,g, over the discharge power for varying curvatures of the
plasma source. As can be seen, the image intensity increases with the discharge power,
a similar trend as seen previously. As can be seen, the image intensity for a curved
plasma source lies below the image intensity for a flat plasma source. This reduction is
likely caused by the distorted viewing angle on hexagons curving away from the optical
camera. The plasma emission in these hexagons is captured under a distorted view, thus
not capturing the full emission intensity. Consequently the averaged image intensity on

curved plasma sources reduces.
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FicURE 3.37: Image intensity for plasma sources over varying curvature

The correlation between the power, Py, and the image intensity, I;4, has been inter-
preted as an efficiency of the plasma source. The relationship of power, P,,., and the

image intensity, I;4, can be described through a power law as:

Iimg =a- (Pave)n (319)

Table 3.18 lists the coefficients of the power law from equation 3.19 for plasma sources
of varying curvatures. It can be seen that the exponent, n, ranges between 0.54 and
0.64. This is in good agreement with the exponent observed for similar plasma sources
in the previous section (see table 3.11). The coefficient « allows a comparison of the
efficiency of the respective electrode system. As can be seen, the coefficient « for a flat
plasma source is 42.0, and reduces to a range of 35.5 to 38.7 for curved plasma sources.
This relates to an average reduction of 11 % from a flat to a curved plasma source. This
would indicate a drop in efficiency of the curved plasma sources. However, it is more

likely that this effect is dominated by the distorted viewing angle, as described above.

Flat 20 mm 10 mm 6 mm

42.0 355 37.1 38.7
n | 0.54  0.58 0.64 0.59
R?10.98 097 0.96 0.97

Table 3.18: Scaling parameter from I,y = o - (Pae)” for plasma sources over varying
curvatures

The spectral intensity can be used as an additional measure of the plasma intensity. The
spectra are obtained only from a small section on the curved plasma source, thus the

distortion effect observed with images will be minimized. Figure 3.38 shows the obtained
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spectral intensity over discharge power for plasma sources with varying curvatures. The
spectral intensity follows an increasing trend with increasing discharge power for a flat
plasma source, as well as plasma sources operated under varying curvatures. It can
be seen that the obtained spectral intensity for curved plasma sources lies below the

spectral intensity for a flat plasma source.
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FIGURE 3.38: Spectral intensity for plasma sources over varying curvature

Similar to the image intensity, the correlation between the power, P,,, and the spectral
intensity, Ispec, can be interpreted as an efficiency of the plasma source. The relationship
of power, FPyye, and the spectral intensity, Ise., can be described through a power law
as:

Tpee = B+ (Pave)™ (3.20)

Table 3.19 lists the coefficients of the power law from equation equation 3.20 for plasma
sources of varying curvatures. It can be seen that the exponent, m, ranges between
0.91 and 1.05. This is in good agreement with the exponent observed for similar plasma
sources in the previous section (see table 3.12). The coefficient 8 allows a comparison
of the efficiency of the respective electrode system. The coefficient g for a flat plasma
source is 2897, and reduces to a range of 2593 to 2823 for curved plasma sources. This
relates to an average reduction of 5 % from a flat to a curved plasma source. Thus a
smaller reduction is observed in the spectral intensity in comparison to the reduction
observed in the image intensity, which was 11 % This would support the explanation of

the distorted viewing angle having an effect on the image intensity measurements.
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‘ Flat 20 mm 10 mm 6 mm

B8 | 2897 2779 2823 2593
m | 091  0.99 1.05 0.93
R%2 | 098 0.97 0.96 0.97

Table 3.19: Scaling parameter from Igpe. = - (Pye)™ for plasma sources over varying

curvatures

The flexibility assessment has demonstrated that dispenser printed plasma sources can be
used as a flexible solution to generated non-thermal plasma. The assessment of electrical
and optical diagnostic of plasma sources bend over varying curvatures has demonstrated,
that the plasma intensity, quantified through the obtained image intensity and spectral

intensity, remains similar for varying curvatures.

3.3 Summary

DBD plasma sources fabricated using printed electronics techniques can generate non-
thermal plasma across large and complex geometries. Two printing methods have been
used, ink-jet printing using low-viscosity ink and a dispenser printing technique using
a high viscosity ink. DBD plasma sources fabricated using the ink-jet printing method
have been used to demonstrate the capability of printing techniques for scalable and
flexible plasma sources. A more comprehensive study has been carried out using the
dispenser printing method, as it is able to print thicker electrodes with a high silver
content. A lifetime analysis of printed plasma sources identified the need for protective
coating methods to minimized the effects of electrode erosion and damage to the di-
electric material. A parameter study of printed plasma sources with varying operating
conditions (frequency f, voltage V},) and design parameters (dielectric thickness ¢, di-
electric constant ¢,) allowed the proposal of a scaling law for the discharge power, image

intensity and spectral intensity.

A comprehensive scalability and flexibility study has been carried out to demonstrate
reliable plasma generation over large and complex surfaces using printed plasma sources.
Plasma sources of various scales offer stable plasma intensity properties, measured
through image and spectral intensities, while maintaining constant discharge power per
unit length (or unit area). A flexibility assessment has shown the capability to generate
stable and reliable non-thermal plasma when bending the electrode system over small
curvatures. Therefore, is has been demonstrated that printed plasma sources can be
used for applications where a non-thermal plasma generation is required for complex

geometries.






Chapter 4

Electrical modelling of surface

DBD plasma sources

A fully scalable and flexible plasma source can require a complex electrode geometry to
be successfully used in an application. Therefore, in conjunction with the experimental
study, a new electrical model is developed for complex electrode designs. An electrical
model can play a key role in the design process of non-thermal plasma sources and assist
in the optimisation of design and operating parameters. Although a few electrical models
for surface DBD plasma sources have been developed, these models are limited to simple
and mostly linear electrode designs. This chapter presents a new electrical model for
surface DBD plasma sources with complex electrode geometries. The developed model
employs a fractional segmentation of an electrode surface into a discharge and non-
discharge area with a time-variable plasma discharge propagation length. The model
is validated through comparing key electrical parameters, such as the discharge power,
for four different complex electrode designs over a large range of operating conditions.
Parts of this chapter have been previously published in the IEEE Transactions on Plasma
Science [113].

4.1 Introduction

DBD plasma sources have gained growing interest in numerous application fields, in-
cluding flow control [114], water purification [115] and cancer treatment [49, 52]. As
various non-thermal plasma applications require different plasma properties or design
parameters, it is important to optimise a plasma source in the development of non-
thermal plasma technology. Current optimisation procedures of plasma sources rely on
experimental data to identify relevant design parameters affecting their performance
[116-118]. However, it is difficult to obtain experimental data over the wide range of

design parameters due to time and cost constrains. Therefore, predicting the electrical
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behaviour of DBD plasma sources is essential to optimise surface DBD plasma sources

for the desired plasma properties.

The electrical characteristics of DBD plasma sources can be described using an electrical
model, which is based on the design of an equivalent electrical circuit with analogous
electrical components [119]. These components can represent specific physical parts
of a DBD plasma source, electrical characteristics of their behaviour, as well as the
components and behaviour of the experimental set-up, such as circuit impedance. Pre-
viously, various electrical models have been developed for volume DBD plasma sources
[97] or variations of these, such as coaxial DBD plasma sources [120]. Figure 4.1 shows
a schematic of a volume DBD, one of the most simple and common configuration of a
DBD plasma source, and a simplified equivalent electrical circuit [97]. As can be seen,
the physical components of the DBD plasma sources, the gas cap between both elec-
trodes and the dielectric material, are modelled using a series arrangement of capacitors,
Cy and Cy, respectively. In this simplified model, the characteristic behaviour of the
plasma discharge is modelled by introducing a microdischarge resistance using a time
varying resistor, R(t), parallel to the gas gap capacitor. The time at which the plasma

discharge occurs can be controlled through a switch.

HV Electrode

NIt Cy; —— lgnition Switch
L

Plasma Dielectric (,\D c, j R(D)

C, ——

GND Electrode

FIGURE 4.1: Volume DBD Plasma Source and a simple equivalent electrical circuit
model, where Cy is the capacitance of the dielectric material, C, is the capacitance of
the gas gap and R(t) resistance of the microdischarge

The behaviour of the actual plasma discharge within the electrode volume can be mod-
elled in various approaches, such as using a variable resistor with rapidly changing
resistance to describe microdischarges [97, 121]. Alternatively, Zener diodes can be im-
plemented to model the discharge and account for effects such as the breakdown voltage,
memory effects and the power dissipated in the discharge [122, 123]. Instead of vari-
able components, the non-linearity of the discharge behaviour can be modelled through
implementation of a voltage-controlled-current-source into the circuit [120, 124-127]. A
voltage controlled current source superimposes a discharge current onto the displacement
current to model the microdischarge. The discharge current can either be calculated by
employing Kirchhoff’s circuit laws [120, 124, 125, 127], or controlled through a function

of the voltage using a power law [55, 126].
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Compared to a volume DBD plasma source, electrodes in a surface DBD plasma source
are planar, which results in a different characteristic electric field distribution. These
kinds of plasma sources are widely used for flow control in the plasma actuator commu-
nity [128-131]. Most developed electrical models for surface DBD plasma sources use
similar approaches as volume DBD plasma sources by using variable resistors [106, 107]
or voltage controlled current sources [124, 132]. Other approaches for surface DBD
plasma sources include partitioning of the surface [133-136], thus assuming two distinct
sections, the discharge and non-discharge section [134, 135] or defining an infinite chain
of sections representing infinite sections of the discharge region [133, 136]. However,
the majority of the electrical models presented for surface DBD plasma sources are lim-
ited to simple and mostly linear electrode designs, commonly used for flow actuators.
The existing models, therefore, are not suitable for complex electrode configurations or

geometries of surface DBD plasma sources.

In this chapter an electrical model is proposed to predict the electrical characteristics
and performance of a surface DBD plasma source with a complex electrode geometry.
The proposed model divides the surface of a plasma source into a discharge and non-
discharge region. This segmentation is achieved by calculating the respective discharge
and non-discharge area of the surface of the DBD plasma source. The microdischarge
behaviour is modelled through superposition of a discharge current onto the displace-
ment current by implementing a voltage-controlled-current-source. As the discharge and
non-discharge area over a plasma source surface varies with temporal behaviour of the
voltage, the ratio of discharge to non-discharge area is consequently also a time varying
parameter. Therefore, the proposed electrical model is expanded by a semi-empirical
study of the time varying discharge propagation length. This is used in the calculation
of the discharge and non-discharge area. The proposed electrical model is validated
through a comparative analysis of electrical key characteristics, such as the discharge
current and the discharge power of several complex electrode configurations over a larger

range of operating conditions.

4.2 Equivalent electrical circuit model

The key part of the proposed electrical model is the segmentation of the DBD plasma
surface into a discharge and non-discharge area. The following section will explain the
segmentation in detail, how it accommodates for complex geometries and how it is

transferred into an equivalent electrical circuit.

4.2.1 Segmentation of the surface DBD plasma source

Segmentation of the surface DBD plasma sources allows for accounting of complex elec-

trode geometries by calculating the specific areas. In this chapter, a hexagonal electrode
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pattern is used as the baseline design. Figure 4.2(a) shows the top-down and Figure
4.2(b) shows the cross-sectional view of the hexagon unit of the surface DBD plasma
source. As can be seen, the surface DBD plasma source has a hexagonal electrode with
different regions of an electrical model: the dielectric capacitive region (A), discharge
region (B) and non-charge region (C). The region where both electrodes are directly
opposed to each other is called the dielectric capacitive region. As can be seen, the
generated plasma forms near the edge of a ground electrode, called the discharge region.
In the discharge region the distance between both electrodes is minimal, resulting in a
strong local electric field. The area of the discharge region is defined by the discharge
propagation length, p4(t), the distance of how far plasma ranges to the centre of the
hexagonal unit. Towards the unit centre, the field strength reduces with the increasing
distance between both electrodes and only weak or no plasma is formed in the central

region of a hexagonal unit. This region is called the non-discharge region.
A - Dielectric capacitive region
Ve
B - Discharge region

C - Non-discharge region

Electrode Dielectric material @ Plasma

(a)

r_aeEe—

B C l C l B
L Non-discharge region 1
Discharge region
Dielectric capacitive region

(b)

FIGURE 4.2: (a) Top-view of one unit of hexagonal electrode patten (b) Equivalent elec-
trical components in segmented surface DBD plasma source (Colours: Grey: Electrode;
Blue: Dielectric material; Red: Plasma)

The dielectric capacitive region covers the area of a ground electrode. This region is
solely defined by the capacitance of the dielectric material between high voltage and
ground electrode. Therefore, it can be described with a single capacitor, Cyg 4. The
discharge region covers the area above the dielectric material, where plasma discharge
is occurring. The equivalent electrical characteristics of the discharge region, B, can
be described using a series arrangement of dielectric capacitance, Cy g, and equivalent
electrical components to model the plasma, R, and C, . The equivalent components

of plasma consist of a capacitor, Cy g, and a resistor, R,;. The capacitor, C, g, models
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the capacitance of the remaining gas and the resistor, R, describes the resistance
of the microdischarge. The non-discharge region, C, is the remaining area between
both electrodes, where no discharge is occurring, and can be described with a dielectric
capacitance, Cyc, and a gas capacitance, Cy . The proportion of discharge area to
non-discharge area is a function of the discharge propagation length, p4(t), and can be

defined by the discharge area fraction, «(t), as:

Ap(t)

a(t) = f(pa(t)) = A5 + Ac(®)

(4.1)

where Ap(t) is the area of a discharge region and Ap(t) is the area of a non-discharge
region. An area discharge fraction of a(t) = 1 refers to a full ignition across the entire
electrode surface. An area discharge fraction of a(t) = 0 means no plasma ignition is
being present on a surface DBD plasma source. The area discharge fraction «(t), is
a time-dependent parameter, because the discharge area is changing during operation.
The operating voltage is a sinusoidal AC signal, which causes a time varying local electric
field. At the beginning of each period, the voltage potential across both electrodes is
small. Once the operating voltage reaches the breakdown voltage, the local electric field
is strong enough to ionize the air. Then plasma starts forming in the edge regions, where
the local electric field is strongest. With increasing operating voltage, the electric field
grows stronger towards the centre of the hexagonal unit and accordingly the discharge

area propagates towards the centre.

4.2.2 Discharge propagation

The discharge propagation length can be estimated using analytical and numerical meth-
ods [137, 138]. In literature experimental studies can be found, which analyse the propa-
gation length on simple electrode geometries. Studies shown that increasing permittivity
of a dielectric material reduces the discharge propagation length [117, 139]. For pulse
signals, further correlation between the steepness of a voltage pulse signal and the prop-
agation length have been reported, with increasing propagation length for larger voltage
gradients [139]. Previous numerous studies demonstrated that a rise in applied voltage,
leads to an increase of discharge length, with values ranging between a few millimetres
up to a few centimetres [133, 138, 140-142].

The dependency of the discharge length on the applied voltage can be further analysed
using the open-source program SDBDDesigner [137, 143, 144]. The SDBDDesigner
allows to calculate discharge characteristics of surface DBD plasma sources based on
design parameters. Using the parametric analysis in the SDBDDesigner, the 2D and
3D discharge lengths are calculated for operating voltages ranging from 0.7 kVrms to

1.7 kVrms. Remaining design parameters are kept constant (Dielectric thickness t4;e; =
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75um, dielectric constant e, = 3.4, gas pressure p = 101325 Pa, gas temperature T =
300K).

Figure 4.3 shows the obtained discharge length over the applied voltages. As can be seen,
the discharge length is calculated in a 2D and 3D approximation, with both discharge
propagation curves follow an exponential trend with the base e and the same exponent
of 0.7. However, the 2D and 3D approximation have different coefficients, which are 0.07

and 0.3 respectively, resulting in the 2D approximation having larger discharge lengths.

3
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FIGURE 4.3: Discharge propagation length from SDBDDesigner using 2D and 3D ap-

proximation

On the basis of the exponential trend derived from the SDBDDesigner an empirical
study has been carried out. This study analyses the discharge propagation length using
a simple 1-D line electrode geometry. The electrode is operated at a frequency of 10
kHz and for operating voltages, Vs, from 0.85 kV to 3.2 kV. Figure 4.4 shows the 1-D
line electrode and a series of recorded images for various operating voltages. As can be

seen, the average discharge length increases with rising operating voltage

The recorded images can be used to estimate the discharge propagation length. The
propagation length is analysed by estimating the extent of the visual plasma ignition
from the image recordings. As the camera shutter speed is 1 seconds, the recorded image
contains the average discharge behaviour over 10000 cycles (with the operating frequency
of 10 kHz). Therefore, the derived discharge propagation length in the images is only
a representation of the average propagation length. The average propagation length is
estimated using an image processing approach. The obtained images are calibrated by

defining a reference length of a known distance in the image.

Figure 4.5 shows the image intensity per row over the pixel length at an applied operating
voltage of 2.6 kVrms. The pixel count starts at the electrode edge and runs down
vertically, perpendicular to the printed electrode. As can be seen, the image intensity is

large near the printed electrode and reduces with increasing distance from the electrode.
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FIGURE 4.4: Images of the discharge propagation length on a 1-D line electrode for
varying operating voltages

The discharge propagation length was derived at the length of a 95% reduction in image

intensity, indicated as the red dashed line in Figure 4.5.
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FIGURE 4.5: Obtained image intensity over distance from electrode on 1-D line geom-
etry for an operating voltage of 2.6 kVrms

Figure 4.6 shows the obtained average propagation lengths for all tested operating volt-
ages. The obtained propagation length can be approximated using an exponential func-
tion with the base e, similar to the one calculated in the open source program SDB-
Designer. The discharge propagation length, py(t) therefore can be approximated as
(confidence: R? = 0.9902):

pa(t) = 0.3 -9V (4.2)
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FIGURE 4.6: Estimated discharge propagation length, pg(t) over varying operating
voltages

4.2.3 Equivalent electrical circuit

Equivalent analogous electrical components are defined for the surface DBD plasma
source and are transferred into an equivalent electrical circuit model. Figure 4.7 shows
the equivalent electrical circuit model based on the segmentation approach, where the
three regions, dielectric capacitive region, discharge region, and non-charge region are
highlighted. The applied voltage for the circuit is provided by the AC voltage source
shown on the left side of the circuit and Ippp(t) is the total current passing through the
plasma source. The dielectric capacitive region (A) contains a single capacitance Cy 4
representing the dielectric material between both electrodes. The discharge region (B)
contains the dielectric capacitance Cy g and two inversely operating switches SW1 and
SW2 alternate to incorporate two different regions of the circuit. Switch SW2 is closed
when no discharge is occurring, which includes a circuit path containing the gas capaci-
tance Cy p in region B. Once the applied voltage exceeds a threshold breakdown voltage,
Vbd, plasma is formed and SW1 will close, causing SW2 to open simultaneously. This
disconnects the gas capacitance Cy p and instead incorporates the microdischarge resis-
tance R, and a voltage controlled current source. The voltage controlled current source
superimposes a plasma discharge current, Iccyg, to the circuit, which represents the cur-
rent passing through the microdischarges during the plasma phase. In the non-charge
region (C), no plasma is present and the gas and dielectric capacitance are represented

through a series arrangement of two capacitors, Cy ¢ and Cyc.

Applying Kirchhoft’s voltage and current law to the circuit shown in Figure 4.7, the

applied voltage V, and the total current, Ippp can be described as:
Va(t) = Va(t) = Vp(t) = Ve(t) (4.3)

Ippp(t) = Ia(t) + Ip(t) + Ic(t) (4.4)
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FIGURE 4.7: Schematic of equivalent electrical circuit model

where V4(t), Vp(t) and Vo (t) are the voltages in the dielectric capacitive region, dis-
charge region, and non-charge region, respectively. I4(t), Ip(t) and I¢(t) are the cur-
rents passing through the respective regions. The current in the dielectric capacitive

region (A), 14(t), and in the non-discharge region (C), Ic(t), can be described as:

14(1) = 0 A0 — g, ol (4.5)
To(t) = Cyo(t) - Cac(t) dVe(t)  Cyo(t)-Cacolt) dV,(t) (4.6)

Coc(t)+ Cac(t) dt — Cyolt)+ Cac(t) dt

where Cy 4 is the capacitance of the dielectric capacitive region, Cy c(t) is the dielectric
capacitance, and Cyc(t) is the gas capacitance in the non-discharge region. During
discharge the current passing through the discharge region (B) is assumed as Ip(t) =
Iccs(t) and by substituting equations 4.5 and 4.6 into equation 4.4 the plasma discharge

current, Icos(t), can be expressed as:

Cg7c (t) . Cdyc(t) > dVa (t)

I = IpBp —
cos(t) = Ipsp (Cd’AJng,C(tHCd,c(t) dt

(4.7)

This derived equation for the plasma discharge current Icog, is used to define the voltage

controlled current source in the model.
The total dielectric capacitance of the surface DBD plasma source, Cg tot, is defined as:

AHex Apx+ Ap(t) + Ac(t
75l = €0 ' Ediel A ic(i)l C() (48)

Catot = Caa+Cap + Cyac = €0 - Ediel

where g¢ is the permittivity of vacuum, g4;¢; is the permittivity of the dielectric material,
ARes is the total area of one hexagonal unit, and %4, is the thickness of the dielectric
material. The area A4 of the dielectric capacitive region is defined by the geometry of
the printed electrode pattern and remains constant as a time-independent variable. The

areas of the discharge and non-discharge region, Ag(t) and Ac(t) are time varying and
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can be described as a function of the total area, Apc., and the time-independent area

of the dielectric capacitive region, A4, and the discharge area fraction, «, as:
Ap(t) = (Ages — Aa) - at) (4.9)

Ac(t) = (Apzes — An) - (1 - a(t)) (4.10)

The fractional dielectric capacities in the discharge and non-discharge region, Cy p(t)
and Cy c(t), are defined as:

Ap(t

Ca,B(t) = €0 - €diel tB( ) (4.11)
diel
Ac(t

Ca,c(t) = €0 - Ediel tj(l) (4.12)

Similarly the time-dependent fractional capacitances Cy p(t) and Cy c(t) are calculated

as:
Ap(t
Cg,B(t) = €0 - Eair tB'( ) (413)
Ac(t
Cyc(t) =co- sairtcg ) (4.14)

where g4, is the permittivity of the air, and tg4; is the discharge zone thickness, and tq;
is the thickness of the air layer above the surface DBD. The thickness of the discharge
zone is reported in various studies as ranging from 10 to 100 pm ([138, 143, 145]). In

this thesis the discharge zone thickness is approximated as 50 pm.

Figure 4.8 shows a characteristic waveform of a DBD plasma source, where the active
plasma phase is indicated in the negative and positive half period of the current signal.
Once the applied voltage, V,(t), exceeds a breakdown voltage, Vjq, discharge is initiated
and will be maintained until dV,(t)/dt = 0. The active plasma phase in the positive half
period is present from ¢; < t < t5. In the negative half period, the active plasma phase
is defined as lasting for t3 < t < t4. The specific times, t; to t4, are calculated based on

the sinusoidal voltage waveform, V,(t) = A - sin(wt) as:

1 -1 Vbd
I ML 4.1
1= —sin ( I ) (4.15)
T
ty = — 4.1
2 2w (4.16)
Iy -1 —Vba
t3 = — —_ 4.1
3= —sin < 1 > (4.17)
fy = o (4.18)
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FIGURE 4.8: Theoretical voltage and current signal with the active plasma phase high-
lighted

4.3 MATLAB Simulink model

A MATLAB Simulink model has been developed using the equivalent electrical circuit.
This developed model is illustrated in Figure 4.9 consisting of the main circuitry and
three controlling blocks. The main circuitry is powered by an AC voltage source block,
which is controlled with the operating voltage and frequency. The three distinct regions
of the surface DBD plasma sources are highlighted, which are the dielectric capaci-
tive (A), discharge (B) and non-discharge region (C). Additionally, a variable discharge
propagation block (VDP) is included in the model. The VDP block calculates the area
discharge fraction, «(t), based on the plasma propagation length, py(t). With the time
dependent area discharge fraction «(t), areas Ap(t) and Ac(t) are calculated according
to equations 4.9 and 4.10. The respective time dependent capacitance values Cy p(t),
Cyc(t), Cgp(t) and Cyc(t) are calculated with equations 4.11 to 4.14. Subsequent
to the VDP block, a “Pulse” block is implemented, which acts as a switch between
non-discharge and discharge time (t; < t < t3 and t3 < t < t4) according to equations
4.15 to 4.18. The pulse signal will remain zero when no discharge is occurring, once
the breakdown voltage is reached, the pulse signal will be one until the extinction of
the discharge at dV,/dt = 0. The pulse block operation is applied to the time-variable
capacitance values Cy g(t), Cy.c(t), Cqp(t) and Cyc(t), before each being led into the

variable capacitor blocks.
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F1GURE 4.9: MATLAB Simulink model of equivalent electrical circuit model

The “voltage-controlled-current-source” block (ICCS) applies the calculated discharge
current Iccg(t) to the circuit according to equation 4.7 to the circuit. Figure 4.10 shows
a detailed view of this circuit block, where the total circuit current Ipgp and the differ-
ential of the operating voltage dV,(t) are multiplied with the respective gains according
to equation 4.7. The resulting value is further multiplied with a pulse signal and sine
signal. The pulse signal switches between discharging and non-discharge time, similarly
to the Pulse block in the main circuit model. The sine wave signal is superimposed
to model the behaviour of the microdischarge. The microdischarges are characterised
by numerous high frequency signals. The frequency of the microdischarges is obtained
using FFT analysis of the experimental data. Across multiple electrode configurations
and operating conditions, the microdischarge frequency remains constant at approxi-
mately 3.8 MHz. The microdischarge resistance, R, can not be derived analytically
or measured experimentally. It is selected as 25 k{2, because this results in the highest
correlation between experimental and simulated results across all electrode configura-
tions and power conditions. The electrical model further contains a capacitor, Cj, to
account for parasitic capacities within the circuit. Its values can be estimated from the
capacitance when no discharges on the plasma source is present and is estimated with
Cs = 20 pF. A probe capacitor, C, with a value of 10 pF is added in the circuit, to mea-
sure the charge characteristics of the modelled plasma source. Additionally, the circuit
contains a resistance Ry« and an inductance Lq to account for the impedance of the
power supply system. Both values are measured from the experimental setup, which are
Reirewt = 0.553 k2 and L = 10 pH, respectively.
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FIGURE 4.10: MATLAB Simulink model of “voltage controlled current source” block
(ICCS)

4.3.1 Breakdown voltage

The breakdown voltage of a plasma discharge defines the onset of the plasma discharge,
thus the time parameters ¢; to t4 defining the active plasma region from equations 4.15
to 4.18. The breakdown voltage depends on various parameters, such as air composition,
humidity and relative permittivity of dielectric material [120]. As the breakdown voltage
itself cannot be measured, it needs to be derived from experimental data or estimated
with analytical or empirical methods. In this thesis, the breakdown voltage is obtained

from electrical data at the time of first occurrence of a micro discharge.

Figure 4.11 shows the voltage and current measurement obtained by the Rogowski coil
for a voltage of 3.3 kV and frequency of 10 kHz. As can be seen in Figure 4.11(b), the
plasma discharge region is clearly distinct from the remaining current signal as a region
with superimposed high frequency and large amplitude signals. Within each half period
of the sinusoidal current signal, the first occurrence of this micro discharge region is
identified by obtaining the time at which the current amplitude exceeds the noise level
by a factor of 2. The breakdown voltage in the negative, Vyq,eq., and the positive half
period, Vpgpos., are given by the voltage measurement at the same time. A value is

obtained for numerous cycles over the recorded electrical data and then averaged.

Figure 4.12(a) and 4.12(b) shows the breakdown voltage for the positive and negative
half period obtained from the electrical measurement. The breakdown voltage is shown
over the applied voltage for varying frequencies ranging from 6 kHz to 12 kHz. As can
be seen, the breakdown voltage follows a linear trend, with larger values ranging around
300 V for small applied voltages. With an increasing operating voltage, the breakdown
voltage decreases down to 0 V, all the way down to -600 V for the largest operating
voltages. The breakdown voltage obtained in the negative half period follows a similar
trend, ranging from -600 V for small operating voltage up to 600 V for large operating

voltages. Note that the inverted sings due to the breakdown voltage obtained from
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FIGURE 4.11: Obtaining breakdown voltage from (a) Current measurement with micro
discharge region (b) Zoom of micro discharge identifying ignition

the positive and negative half period. The appearance of negative breakdown voltages
(or positive for the negative half period) can be attributed to the memory effect of
surface DBD plasma sources. This is due to the accumulation of memory charge at
the dielectric material from a previous half period [119, 140, 146]. The memory charge
results in an increased charge density at specific locations on the dielectric surface and
leading to changes in the local electric field distribution. Consequently, the required
voltage to induce discharge is reduced and the occurrence of the first microdischarge
correlates with a time step at which the applied voltage is negative. The memory effect
is more pronounced at larger operating voltages. An increased operating voltage results
in a stronger local electric field across the dielectric surface, leading to a larger area to

accumulate charge.
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FIGURE 4.12: Obtained breakdown voltage against operating voltage over varying
frequency for (a) positive half period (b) negative half period
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The obtained breakdown voltages for the negative and positive half period can be ap-
proximated using a linear curve fitting (see black line in Figures 4.12(a) and 4.12(b)) to

define an empirical relation of breakdown voltage to operating voltage, V,,, as follows:
Vidpos. = —0.424 - V,,, + 1300 (4.19)

Vadineg. = 0.5014 - V,,, — 1855 (4.20)

As part of this study no correlation between breakdown voltage and operating frequency
has been observed. The empirical equation (equations 4.19 and 4.20) for the breakdown
voltages for the negative and positive half period are implemented in the electrical model,

in order to improve the accuracy of the model.

An analytical estimation of the breakdown voltage can be obtained using the open-source
program SDBDesigner [144]. The breakdown voltage is provided for a given set of input
parameters, including applied voltage, frequency, dielectric thickness and material. For
the electrode samples and operating conditions presented in this chapter a breakdown
voltage of 560 V is derived from the program. The analytical estimation does not
show any dependency of the breakdown voltage on the operating voltage or frequency
and no differentiation between the negative and positive half period is provided. The
analytically derived breakdown voltage is only in agreement with the experimentally
obtained breakdown voltage at low operating voltages. This can be interpreted as an
indication that the analytical estimation does not account for the memory voltage due

to accumulated surface charge, as this effect is minimal at small operating voltages.

4.4 Validation of the electrical model

4.4.1 Electrode configurations

The developed electrical model is validated against 4 different electrode configurations.
The electrode configurations have been designed to analyse the effect of varying electrode
geometry on the electrical characteristics and electric field distributions. The ratio of
the linewidth (LW) of ground and high voltage electrode size, rgr R, is varied in the four

different configurations, which is defined as:

LWgv

TELR = o7
LWeanp

(4.21)

where LWy is the linewidth of the high voltage electrode and LWganp the linewidth
of the ground electrode. In all four configurations, the electrodes are printed using
dispenser printer, on a dielectric substrate, Kapton HN, with thickness of 75 pm. Figure
4.13 shows the schematic of the four electrode configurations with the pictures of the

fabricated electrodes. The exact electrode geometries can be found in Appendix A.2.
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The ground electrode is kept at a constant linewidth of 0.3 mm for all four configurations.
Configuration #1 has the same ground electrode and high voltage electrode pattern, thus
an electrode linewidth ratio rgpr is 1. Configurations #2 and #3 have high voltage
electrodes with a size of 0.95 mm (rgrr = 3.2) and 1.6 mm (rgrLr = 5.3) respectively.
Therefore, the central area in each hexagonal unit is not covered by any electrode.
Configuration #4 has a high voltage electrode covering the full hexagonal unit, and
consequently the largest ratio rgrr of 6.6. The variation of the electrode size ratio leads
to different distributions of the electric field at in the centre of the hexagonal units.
Configuration #1 has an electric field concentrated towards the edge regions closer to
the ground electrode. With increasing electrode line width ratio, the electric field grows
stronger within the centre of the hexagons. The electric field of configuration #4 is fully
extended to the centre. Therefore, all four configurations have different electric field

distributions at the centre of electrodes.

Dielectric material Plasma GND Electrode
— ~_
Source HV Electrode
L

(a) Configuration #1

Dielectric material Plasma GND Electrode
— ~_ —
Source HV Electrode
L

(b) Configuration #2

Dielectric material Plasma GND Electrode
— ~_—
Source HV Electrode
L

(c) Configuration #3

Dielectric material Plasma GND Electrode
Source HV Electrode

(d) Configuration #4

=

FIGURE 4.13: Schematic cross section view, schematic side view and top view of printed
electrode configurations #1 to #4
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HV Thickness Electrode Linewidth Ratio Area Ratio Description

0.27 mm 1 0% Configuration #1
0.95 mm 3.2 63 % Configuration #2
1.6 mm 5.3 95 % Configuration #3

2 mm 6.6 100 % Configuration #4

Table 4.1: Geometrical details for electrode configurations #1 to #4

4.4.2 Model validation

The electrical model is validated by experimental results using current and voltage mea-
surements from the four surface DBD configurations presented in the previous section.
The experimental studies are carried out for a larger range of operating conditions, with
voltages ranging from 2.5 kV to 5 kV and frequencies ranging from 6 kHz up to 12 kHz.
The average discharge power, Py, is derived from the experimental data and predicted
using the developed electrical model for a comparative analysis in order to assess the

accuracy of the electrical model.

Figure 4.14(a) shows the experimental measurements of voltage V' (t) and current I(t)
for electrode configuration #2 with operating conditions of 3 KV at 10 kHz. As can
be seen, the voltage measurement follows the sinusoidal waveform, however shows a
slight distortion due to non-optimised impedance-matching in the experimental setup.
In the current measurement, the active plasma phase in the positive and negative half
period is clearly distinct by the presence the microdischarges. These microdischarges are
numerous high frequency and large amplitude signals superimposed onto the sinusoidal
waveform. Figure 4.14(b) shows the experimentally obtained Lissajous graph. The
shape of the Lissajous curve can give an indication of the discharging behaviour in the
plasma volume. Volume DBD plasma sources usually have a stable and only minimally
changing discharge volume and a Lissajous curve in the shape of a parallelogram. Surface
DBD plasma sources in comparison have constantly changing discharge volume [86, 117],
which is indicated in the bluntness of the Lissajous curve, which is then usually described
as almond shaped [88, 107, 136]. The shape of the Lissajous curve presented in Figure
4.14(b) can be described as a parallelogram with rounded off edges especially in the blunt
corners. An overview of the Lissajous graph of the four different electrode configurations
can be found in Appendix C.1, where the Lissajous graphs are exemplary shown for

varying operating voltages at constant operating frequency of 6 kHz.

Figure 4.15(a) shows the voltage and current signal predicted with the developed elec-
trical model. Both signals display a high level of correlation to the experimentally
obtained voltage and current signals. Figure 4.15(b) shows the simulated voltage-charge
characteristic. In comparison to the experimental Lissajous curve, the model slightly
under-predicts the charge and the shape of the curves shows more rounded off edges. The

inaccuracy in the charge prediction can be attributed to the approximation of discharge
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FIGURE 4.14: Experimental results with 3 kV at 10 kHz (a) Voltage and current

reading; (b) Lissajous graph

area in comparison to the actual discharge area. The discharge area in the electrical

model is based on the semi-empirical definition of the discharge propagation, thus only

an approximation of the actual discharge propagation. Consequently, the area across

which plasma is predicted to be present is likely slightly different, which affects the

charge transfer on the surface DBD plasma source. Additionally, the discharge volume

itself is an approximation, and a more rounded off shape of the Lissajous curve is an

indication of an under-prediction of the dynamic behaviour of the discharge volume.

The abrupt pulse signal to simulate the transition between discharge and non-discharge

phase, introduces an inaccuracy of the discharge dynamics.
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FIGURE 4.15: Simulated results with 3 kV at 10 kHz (a) Voltage and current reading;
(b) Lissajous graph

Assessing the accuracy of the electrical model over a large range of power conditions
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and electrode configurations is achieved by analysing the experimental and predicted
discharge power, P,,.. The discharge power is obtained from the area of the respective
Lissajous graph as:
1
Pave = T% V(t)dQ (422)
T

where V() is the applied voltage and @ the charge measured with the probe capacitor.

Figure 4.16(a) to 4.16(d) shows the average discharge power for electrode configuration
#1 to #4 over the applied voltage for varying frequencies. As can be seen across all elec-
trode designs, the discharge power scales with both the operating voltage and frequency,
where an increase in either voltage or frequency results in an increasing discharge power.
Comparing the four different electrode design it can be seen that the discharge power

increases with an increasing electrode line width ratio.
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F1GURE 4.16: Experimental discharge power of electrode configuration #1 to #4

Figure 4.17 shows the images of the four different electrode configurations at the same
operating conditions. For a line width ratio of one, as in electrode configuration #2, the
ground and high voltage electrode have the same thickness and the local electric field

is concentrated towards the edge region of one hexagonal unit. The discharge occurs
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predominately within this edge region and will not stretch/exceed far into the centre
of the hexagonal unit. Consequently, the discharge area is smaller, which results in a
reduced discharge power. With increasing electrode line width ratio, the high voltage
electrode reaches further into the centre of the hexagonal units. Similarly, the local
electric field expands further towards the centre for electrode configuration #4. With
this stronger electric field, the discharge area is expanded, resulting in an increase in
discharge power. Additionally, charge can be deposited in the central region. Despite the
electric field not being strong enough to initiate discharge here, the charge accumulation

can add up to an increase in discharge power.

(a) (b)

FIGURE 4.17: Images of plasma ignition across hexagonal unit for printed electrode
configurations #1 to #4 all at 4.4 kV and 6 kHz

Figure 4.18 shows additionally the comparison of the experimental and predicted dis-
charge powers. As can be seen, the developed electrical model simulates discharge powers
with good agreement to the experimentally obtained power across all electrode config-
urations and power conditions. For electrode configuration #1, the electrical model
predicts the overall range of the discharge power reasonably well. Similar results can be
observed for all four electrode configurations, where the absolute discrepancy between
experimental and predicted discharge power remains constant and below a value of 0.6
W. The correlation of increasing discharge power with increasing operating voltage and
frequency is predicted by the model. However, the model over-predicts the discharge
power at small operating voltages and under-predicts the power for larger operating
voltages. This behaviour can again be a result of inaccuracy in the definition of the dis-
charge area/volume. Especially for small discharge power values, as seen for electrode
configuration #1, a small inaccuracy in the predicted discharge volume can result in
a larger relative discrepancy between experimental and predicted discharge power. It
also has to be kept in mind, that the discharge propagation length, which ultimately
defines the discharge volume, is only derived for an operating frequency of 10 kHz. The
SDBDDesigner used for the initial assessment of the discharge propagation length, did
not indicate a dependency on the operating frequency. However, for pulse signals, a
dependency on the voltage gradient was reported [139], which in turn could be related

to the voltage gradient in AC signals of varying frequencies. Consequently, a frequency
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dependency of the discharge propagation length could have a direct impact on the dis-
charge area/volume, thus the discharge power. Similar as discusses in chapter 3.2.2, a
difference in plasma regime can also result in a varying trend of the discharge power.
However, the regime characteristics of plasma generation are challenging to model, and

are not included in the presented electrical model.
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FIGURE 4.18: Experimental and simulated discharge power of electrode configuration

#1 to #4

4.5 Summary

The new developed electrical model uses a segmentation approach to split the sur-
face DBD plasma source into a discharge and non-discharge area by implementing a
semi-empirical equation for the time-variable plasma discharge propagation length. The
validation of the developed electrical model shows a good agreement when comparing
experimental and predicted voltage and current signals, as well as prediction of the Lis-
sajous curve. Moreover, the discharge power is derived across four presented electrode

configuration and operating conditions cover a range of 2.4 to 5 kV and 6 to 12 kHz.
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However, the developed electrical model has a few limitations. The model describes
the transition between discharge and non-discharge phase with a sharp pulse signal,
albeit the physical transition is characterised by an onset of numerous appearing mi-
crodischarges. The electrical model uses an approximation to describe the discharge
propagation length of the surface DBD plasma source. This approximation is used to
define the discharge area fraction and the plasma volume within the hexagonal units.
The developed model relies on a semi-empirical estimation of the propagation length,
which combines an analytical calculation with an estimation of the average propagation
length from image recordings. As presented, the plasma volume has a direct impact on
the predicted discharge power, consequently the propagation length is a key parameter

for the accuracy of the electrical model.



Chapter 5

Applications of scalable and

flexible plasma sources

This chapter explores three feasibility studies of surface DBD plasma sources, which sig-
nificantly benefit from using printed fabrication technique. As printed electrode systems
offer flexible and highly adaptive electrode geometry design, the plasma generation can
be easily tailored to the different requirements of the applications. The first section, 5.1,
proposes a new “Cold Radio Blackout Testing” solution using the high electron density
generated by the developed plasma sources. Section 5.2 presents the use of printed DBD
plasma sources as a decontamination system for PPE and medical equipment during the
COVID-19 pandemic. The last section, 5.3, presents a thin and narrow plasma source,

called plasma yarn, for sterilisation in narrow spaces, such as endoscopes.

5.1 Cold plasma experiment for radio blackout testing

5.1.1 Radio blackout

During atmospheric re-entry the electron density within the plasma sheath around a
re-entry vehicle can causes a communication interruption, known as a radio blackout.
Although the radio blackout is a phenomenon well known since the early space pro-
grams, vehicles still experience communication interruption during re-entry today [147].
Developing a strategy to maintain continuous communication during a radio blackout
phase requires a clear understanding of the plasma layer around a re-entry vehicle and

its interaction with electromagnetic waves.

Within the plasma sheath during re-entry flight, the electron density reaches about 10'°
m~3 to 10'” m~3 [148], where a critical electron density defines the onset of the radio

blackout. However, even below the critical electron density, an electromagnetic signal is

115
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subjected to attenuation due to the spatial density gradient of the electron density. This
spatial gradient can lead to incoming signals being deflected or fully reflected within a
specific layer. For an accurate analysis of the radio blackout, it is important to account
for the maximal, critical electron density, as well as the spatial gradient character of a

re-entry plasma sheath.

Using novel printed DBD plasma sources, a new ground testing method of the radio
blackout, called “Cold Radio Blackout Testing” can be proposed. The “Cold Ra-
dio Blackout Testing” procedure includes an electron density controllable non-thermal
plasma source to reproduce the spatial electron density gradient of the re-entry plasma
sheath. The spatial electron density gradient, which forms during hypersonic flight, can
be reproduced with a “Multi-Layer DBD Plasma Source” using thin printed surface
DBD plasma sources. Aiming to use thin printed surface DBD plasma sources allows to
model curved and more complex re-entry vehicle shapes. Figure 5.1 shows a schematic
of a plasma layer over a hypersonic vehicle surface, which can be discretised in a defined

number of layers. Within each layer the plasma properties are assumed to be constant.
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FIGURE 5.1: Schematic of discretising plasma layer using multilayer-DBD sources (a)
Electron density gradient over hypersonic vehicle surface (b) multilayer-DBD sources

over hypersonic vehicle surface

A stacked assembly of surface DBD plasma sources, as seen in Figure 5.1(c), can be
used to generate the spatial electron density gradient. Within each layer the electron
density is constant. To achieve various electron densities for the individual layers, several
approaches, such as variation of geometrical configuration and operating conditions can
be employed. This multilayer DBD plasma source will allow an accurate modelling of
the re-entry conditions, by accounting not only for the critical electron density, but also
the spatial gradient within a re-entry plasma sheath. The feasibility of the “Cold Radio

Blackout Testing” is demonstrated in three main steps:

1. Electron Density measurement: Demonstrate that a printed DBD plasma source is

able to generate similar electron density levels as seen during atmospheric re-entry.
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2. Radar Transmissivity of printed electrode systems: Demonstrate that sufficient
EM transmissivity is provided by optimising the electrode geometry of printed

DBD plasma sources.

3. Controllable non-thermal plasma sources over curved re-entry vehicle: Demon-
strate generation of non-thermal plasma over a scaled down version (1:35) of the

ExoMars re-entry lander.

5.1.2 Electron density Estimation

Parts of the following section have been previously presented as a conference paper
at the 2020 ATAA SciTech Forum in Orlando, USA [149]. The electron density of a
plasma can be measured and estimated through various methods, including Langmuir
probe, laser Thomson scattering and stark broadening. A Langmuir probe can offer
very localised measurement of electron density, however due to the intrusive nature
of the measurement technique, it is not well suited for atmospheric pressure plasmas
[150, 151] and small plasma regions, such as the thin plasma layer on the surface DBD
plasma sources [66]. Laser Thomson scattering is a non-intrusive measurement technique
allowing high accuracy and precision measurement of the electron density, however the
measurement requires a complex and expensive optical setup [152]. Stark broadening
also provides a non-intrusive measurement of the electron density, using a simple setup
optical emission spectroscopy setup. However the available OES system does not provide
the required resolution for a successful measurement with the Stark broadening method
[150, 153]. Nevertheless, the available OES can be employed to estimate the electron
density of the non-thermal plasma using the line-ratio method presented by Xiao et
al. [66]. The method uses optical emission spectra of atmospheric pressure air plasma,
specifically the dominant nitrogen emissions of No(C - B), NJ (B - X) and Ny(B - A).

These emission states are excited by direct or step-wise electron impact as follows:

No(X'SF) +e — No(C°IL,) + e (5.1)
No(X'S) +e — No(A’S]) +e (5.2)
No(ASH) + e — No(CPI,) + € (5.3)
No(X'S7) + e — Np(BIIy) + e (5.4)
No(X'SF) +e — NJ (B*S]) + 2e (5.5)
No(A%S]) + e — NJ(X*DF) + 2e (5.6)

NJ(X'S5) +e— NJ(B*S)) +e (5.7)
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The emission intensity of excitation state No(C - B) at 337 nm and N (B - X) at 391

nm are defined as:
IN,(C = B,0—=0) = Qny(c) NN, - knyc) - Volasma = Tes (5.8)

IN2+ (B-X,0-0)= QN;”(B) (N, - kN;'(B) + NN;r ) k;;(x)) “ Vplasma - e, (5.9)

where @) are the quenching factors, k are the excitation rate coefficients, N is a number
density, Vpiasma is the plasma volume and n. is an electron density. The excitation

rate coefficients ky,(c), k Nf (B) and k;\r] + are obtained with the open-source program

(B)
BOLSIG+ [154]. The program uses the electron energy distribution function (EEDF

(fo(E) )) and excitation cross section oe,. for the calculation of the excitation rate

coefficients:

keze = 42 /0 h fo(E) % - Oepe( B)dE, (5.10)

e

where e is the elementary electron charge, m. the elementary electron mass and E is the
kinetic energy of electrons (in eV). The excitation cross sections for ky, ) and k N (B)
are obtained from the Phelps database [155] and the excitation cross section for k; +(B)
from Crandall et al. [156]. The excitation rate coefficients are calculated as a function
of the reduced electric field, £, using the BOLSIG+ code [154]. The magnitude of the
reduced electric field % is approximated as ‘?’\';ff,
source, Vyms, the effective distance, ¢, between both the electrodes, and the background

neutral density of N = 2.504 - 1025m =3,

with the applied voltage to the plasma

The quenching factors Qn,(c) and Q N (B) Ar€ defined as:

A (o)
QN ) = e : (5.11)
’ ANQ(C) + k(]}\f]\gé ) - Np,
Ayt
_ 5 (B)
QNJ(B) - N, (B) (5.12)

AN;(B) ThN, NN

where A are the Einstein coefficients [157] and Ny, is the number density of nitrogen in

air, 1.98-10%m 3. The Einstein coefficients are the probability of emission for the excited

state and are obtained from the NIST data base [91] as 1.27 - 108571 and 7.56 - 107571
+

for An,cy and AN2+( B) respectively. The rate coefficients k;vﬁic) and k:(]]VJ\Qb(B) are for

quenching of Na(C) and N, (B) due to collision with Na. Their values can be found in

+
literature as kévﬁéc) =0.31-10%cm3s~! [158] and kéVJ\Qb(B) =8.84-10%cm3s~1 [159].

The electron density is estimated with the assumptions of a quasi-neutral plasma and

the number density N Ny approximated as the electron density [66]. These assumption
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with equations 5.8 to 5.12 deliver the following description for the electron density as a
I+ (B=X,0-0)
function of the line ratio m:

I+ (B=X,0-0)

| _ Tnge=B0-0) @) NN - Ena(0) ~ Onp sy - Ve B ) (5.13)
e — + . .
Qny (B kN;(B)

Equation 5.13 is used to estimate the electron density of surface DBD plasma source
with a hexagonal electrode configurations. The electrode geometry is varied in unit size
(1 mm, 2 mm and 4 mm) and linewidth (0.1 mm, 0.25 mm and 0.5 mm) to analyse the
effect on the electron density. The operating conditions for the printed plasma sources

are varied in a range from 4 to 12 kV and 2 to 4 kHz.

Figure 5.2 shows the estimated electron density n. over the calculated power for varying
geometrical configurations. As can be seen, the electron density ranges between 1017m =3
and 10??m =3, which coincides with the electron density range reached at atmospheric
re-entry [148], thus can be used to model the physical phenomena related to the electron

density in the re-entry plasma layer.

Figures 5.2(a) shows the electron density for varying unit size of the hexagonal pattern.
As can be seen, small 1 mm unit sized plasma sources provide high estimated electron
densities, ranging above 1022m 3. However 4 mm unit sized plasma sources have electron
densities ranging over a spectrum from 10'"m ™3 up to 10?>m~3. Here the electron

density increases with an increasing operating power, P,ye.
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FIGURE 5.2: Electron Density n. over spectral intensity for varying power conditions

and geometry configurations (a) varying unit size (b) varying line width
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Increasing electron density, n., with smaller unit sizes, can be caused by a stronger
electric field within one unit. Figure 5.3(a) shows a schematic of the plasma generation
within hexagonal units. Case # 1 symbolises a hexagon cross section with a small unit,
whereas Case # 2 has a larger unit size. Case # 2 and # 3 both have the same unit size
and their difference only lies within the linewidth of the ground electrode pattern, with
case # 3 having a smaller linewidth. Additionally, the electron density distribution is
schematically shown in case # 1 to # 3 for similar power conditions and the electron
density distribution n.(x) with the mean electron density 7, is shown in Figure 5.3(b).
A smaller unit size (Case 1) leads to a strong electric field in the unit centre and a
stronger ionization, resulting in a plasma with high electron densities. However, larger
unit sizes or a smaller line width (Case # 2 and # 3)), give a weaker electric field in the
centre of the unit. This consequently leads to a weaker plasma in the unit centre and

therefore with a lower mean electron density.

Figure 5.3(c) shows the ignited plasma across a grid pattern plasma source, where the
varying plasma intensity across one unit can be observed. As can be seen, the plasma
intensity in the centre of a unit is notably decreased in comparison towards the edge re-
gion. Therefore, a desired mean electron density 7. can be achieved with the appropriate

choice of unit size and line width of a printed electrode pattern.

S "
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ﬁE 1
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Case 2 I I fez
g3
Case 3 . - Case 3

(a) (b)

FIGURE 5.3: (a) Schematic of plasma and electron density distribution across plasma
source units with varying geometrical configurations (b) Image of grid pattern plasma
source generation with unit size 4 mm (c) Derived Image intensity profile across one

unit

Based on the presented correlation, it can be concluded, that the mean electron density,
Te, of printed DBD plasma sources can be controlled by changing geometrical configu-

rations and/or operating power conditions.

5.1.3 Radar transmissivity of printed electrode

The electrode of the DBD plasma source is printed using conductive metallic ink, which
can influence the propagation of electromagnetic (EM) waves. The signal attenuation

induced by the metallic electrode depends on the frequency/wavelength of the used EM
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signal and the dimension of the printed electrode geometry. The disturbance of the
printed electrode on EM wave propagation is minimized by ensuring the wavelength of
an EM signal is smaller than the characteristic dimension of the plasma source, such
as the unit size of a hexagonal electrode geometry. Only with a characteristic electrode
dimension larger than the wavelength, transmission through the plasma source can be

achieved.

The transmissivity of printed electrode designs is assessed using radar sensor system
from Acconeer. The Acconeer radar sensor system is a single chip system which offers
minimal system complexity at low cost to measure the transmissivity. The A1 Acconeer
radar sensor contains an embedded antenna for transmission and reception of the 60
GHz (A = 5 mm) pulsed coherent radar signal. The beam opening of the sensor signal
is 40° and 80° in E-plane and H-plane, respectively. Additional dielectric lenses can
focus the beam opening down to 12° for both E-plane and H-plane. The transmitted
radar signal is sent out up to a distance of several meters. The signal is reflected by any
obstacle within the beam path and the amplitude and phase of the reflected signal is

provided as output by the sensor system.

The radar transmissivity of metallic electrode is characterised using a semi-open small-
scale anechoic chamber. Figure 5.4(a) shows the chamber setup, with the radar sensor
fixed in a holder and positioned facing the target and the printed electrode design.

Figure 5.4(b) shows the small-scale anechoic chamber build for the radar transmissivity

testing.
/ Anechoic [ = ——
RF / chamber
Absorber housing
material Target Anechoic
(Printed chamber
housing
|,1)])))))))))
;{:i:. Printed S RF Absorber
Electrode - material
_ - Radar
d ' Sensor

(a) (b)

FIGURE 5.4: (a) Schematic of anechoic chamber with radar sensor and printed elec-

trode (b) Picture of anechoic chamber with backview of printed electrode

The samples of printed electrode designs are mounted in a holder, which can be placed
into an opening in the back chamber wall. The distance, d, between the radar sensor

and the target has to satisfy the far field condition with:

. 2
d > 2 (Lant.)

> S (5.14)
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where L,y is the characteristic length scale of the antenna. Beyond the target holder
a stainless steel metal plate is placed. The chamber is made of 5 mm acrylic sheets,
which can lead to added reflection patterns of the radar signal. In order to minimize
reflection foam absorbent material (Laird Eccosorb HR-10) is used to line the interior
walls of the chamber. The absorber material provides signal attenuation of up to -24 dB

at a frequency of 60 GHz.

Figure 5.5 shows all four different samples and in table 5.1 the different geometries,
materials and their characteristics dimensions are listed. As these samples only assess the
RF transmissivity, only a single layer printed electrode pattern is required. Additionally,
one sample of the dielectric substrate is used as a reference sample and one sample using
copper tape instead of a printed electrode pattern is assessed. Given the wavelength of
the radar signal of 5 mm, a hexagonal printed electrode pattern with a unit size of 2
mm will act as a reflective surface and only larger units size of 8 mm and 12 mm will
allow signal transmission. Using line pattern rather than a hexagonal pattern will allow

signal transmission for larger wavelength bands.

(a) Hexagon 2 mm (b) Hexagon 8 mm (c) Hexagon 12 mm (d) Line 2 mm

FIGURE 5.5: Printed electrode patterns (a) Hexagonal pattern with unit size of 2 mm
(b) Hexagonal pattern with unit size of 8 mm (¢) Hexagonal pattern with unit size of

12 mm (d) Line pattern with unit distance of 2 mm

Description Geometry Material Characteristic Size
Substrate none none none
Line 2 mm  Line pattern Printed silver ink 2 mm
Hex 2 mm  Hex pattern  Printed silver ink 8 mm
Hex 8 mm  Hex pattern Printed silver ink 12 mm
Hex 12 mm  Hex pattern  Printed silver ink 2 mm
Copper Full coverage Copper -

Table 5.1: Radar transmissivity testing

Figure 5.6(a) shows the amplitude response of the RF signal for the different samples.
The distance from sensor to the sample holder is at 36 ¢cm, and to the metal back plate

is 46 cm. As can be seen, the amplitude distributions are distinct by two peaks, one at
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a distance of 36 cm and one at 46 cm. A thin copper film results in a large amplitude
of the reflected RF signal at the target distance, whereas a dielectric substrate leads to

a low amplitude of the reflected RF signal.

g X 10*
——Substrate
——Line grid 2 mm |
18+ Hex 2 mm !
—Hex 8 mm
1.6 H—Hex 12 mm
Copper 08l
14+t o
1ol Ei
g 3 0.6
S 0.6
E g
= 1 [}
= Q
é— O
< 08¢ Z 04
0~

(=]

=) =
o IS
o
=) o
T
z
2
©
1)

e
o

§ S \Y \Y \Y 29
0.3 0.4 0.5 0.6 2 o * = {@“‘\\ R

Distance [m)]

(a) (b)

FIGURE 5.6: Printed electrode patterns (a) Hexagonal pattern with unit size of 2 mm
(b) Hexagonal pattern with unit size of 8 mm (¢) Hexagonal pattern with unit size of

12 mm (d) Line pattern with unit size of 2 mm

Comparison of the printed electrode patterns shows the high amplitude response for a
hexagonal pattern with a unit size of 2 mm. The wavelength of the RF signal with 5 mm
is larger than the unit size of 2 mm, therefore no RF signal is transmitted through and
the printed electrode pattern acts as a reflective surface. Electrode pattern with unit
sizes larger than the wavelength of the RF signal (unit size of 8 mm and 12 mm), are
characterised by low amplitudes at the specific distance, thus allow for RF transmission.

The amplitude is used to define the reflective coefficient of the different samples as:

AmpSample

1
Ampref. (5 5)

Crefl. =
where Ampgampie is the amplitude of the respective sample at the target distance and
Ampyes. the amplitude of a metallic reference sample at the target distance. The am-
plitude response from the copper film is used as the metallic reference sample. Figure
5.6(b) shows the reflective coefficient for the different samples. As can be seen, the
reflective coefficient for a substrate without any printed electrode pattern is low with a
value of C.p;. = 0.18. Using a line pattern with 2 mm distance, leads to a small increase
in reflective coefficient. However a hexagonal pattern with a 2 mm unit size results in
a significant increase of the reflective coefficient of C,.5; = 0.8. Increasing the unit

size and exceeding the RF wavelength, the reflective coefficient reduces significantly to



124 Chapter 5 Applications of scalable and flexible plasma sources

Crepr. = 0.2 for a 12 mm unit size. This demonstrates, that with an appropriate design
of a printed electrode, the reflectivity can be significantly reduced to ensure transmission

of RF waves.

5.1.4 Controllable non-thermal plasma sources over re-entry vehicle

The cold radio blackout testing uses a multilayer DBD plasma source to model the
spatial electron density gradient over hypersonic re-entry vehicle. The generation of
non-thermal plasma over a hypersonic re-entry vehicle is demonstrated using a printed
electrode design over a scaled down version of the Schiaparelli EDM lander. The Schi-
aparelli EDM lander is a re-entry vehicle for the ExoMars programme of the European
Space Agency (ESA) [160]. It is chosen due to its topicality and relevance in the Euro-
pean space sector. Figure 5.7 shows a 3D printed model of the ExoMars lander of a scale
of 1:35. On the bottom side of the lander model, two plasma sources are attached, in-
tending to resemble the plasma build up during atmospheric re-entry, see Figure 5.7(b).
The plasma source electrodes are designed in accordance with the findings of EM trans-
missivity of printed electrodes. Using a closed pattern, such as a hexagonal pattern,
it has to be ensured, that the characteristic length of the pattern is larger than the
electromagnetic wavelength. Choosing a line pattern ensures transmission for a larger
wavelength range. The electrode design shown in Figure 5.7(b) consists of two plasma

sources with concentric lines.

Ficure 5.7: 3D printed ExoMars model with plasma source attached

Figure 5.8 shows the ExoMars model with plasma generation. The plasma sources were
ignited at 6 kHz for voltages ranging from 2 to 3 kV. As can be seen, the plasma gener-
ation is non-uniform at lower voltage and reached uniformity at an operating voltage of
2.6 kV. The electron density for the generated non-thermal plasma is estimated based on

the method presented in section 5.1.2, with values ranging between 10'¥m =3 to 10%'m=3.
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2.9 kV 3.1 kV

n,=2-10%m>3 n,=6-10%¥m=3 n,=1-10"m3 n,=4-10"m3 n,=1-10m™3 n,=3-10m=3 n,=8-102"m™3

FI1GURE 5.8: 3D printed ExoMars model with plasma generation for varying voltages

5.1.5 Summary

This section demonstrated the potential of printed non-thermal DBD plasma sources
for a new “Cold radio blackout testing” method to model the spatial electron density
gradient over hypersonic re-entry vehicle. The spatial electron density gradient plays an
important role to accurately predict radio blackout through plasma and electromagnetic
wave interaction. It was demonstrated that the electron density of a printed plasma
source can be controlled through varying electrode geometries and operating conditions,
reaching electron densities in a range of 10'7m =3 to 1022m 3. As the DBD plasma source
consists of two printed metallic electrodes, thus the propagation of electromagnetic waves
can be influenced. The radar transmissivity of printed plasma source can be ensured
by accounting for the wavelength of the electromagnetic signal in the design of the
electrode pattern. A line pattern allows transmission for a large range of EM signals,
whereas a closed pattern, such as a hexagonal pattern, can lead to high reflectivity when
the unit size is below the size of the wavelength of transmitting EM signal. A printed
DBD plasma source using a line electrode pattern is applied to a scaled down re-entry
model (ExoMars), where a uniform plasma generation is achieved with electron densities

ranging between 10¥m =3 to 102'm 3.

5.2 Decontamination system for PPE and medical equip-

ment

The presented research in the following section was carried out in cooperation with
project partner from the Aerodynamics and Flight Mechanics group and the School of
Biological Sciences of the University of Southampton and parts have been previously
published in the journal AIP Advances [161]
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5.2.1 Introduction

In times of a global pandemic, such as the COVID-19 pandemic, filtering facepiece res-
pirators (FFRs) not only play crucial role for the protection of front-line healthcare
workers, but also for the general public. N95 and N99 mask present a high filtration
ability of >95 % [162] and have been highly recommend by the World Health Organiza-
tion (WHO) and even been made mandatory in some nations [163]. The sudden spike
in demand for the single-use FFRs resulted in a global shortage of FFRs and personal-
protection-equipment (PPE) in general. This leaves especially healthcare workers at the
front-line of the pandemic at an increased risk for infection [163]. Additional concerns
have been raised due to the high environmental impact of single-use PPE the global
pandemic has caused [164]. Addressing these concerns requires the reuse of PPE and to

ensure no risk of contamination, a proper decontamination procedure is required.

Decontamination methods for PPE and FFRs in specific have been previously inves-
tigated, using ultraviolet germicidal irradiation (UVGI) [165, 166], vaporous hydrogen
peroxide (VHP) [166], dry or moist heat [166, 167] and bleach [168]. Even though some of
these methods show successful decontamination, some safety and performance concerns
remain. Residues from for example decontamination using bleach or hydrogen peroxide
can cause skin irritation, thus making these methods unsuitable for FFRs. Furthermore,
heat and chemical treatment, such as ethanol, can result in physical damage to the mask
itself. This results in loss of filtration efficiency and consequently making the mask un-
suitable for reuse [169]. The use of non-thermal plasma as a decontamination method has
been demonstrated previously, as it can inactive up to 99.9 % of various viruses [170, 171].
Non-thermal plasma generates reactive species, such as highly reactive hydroxyl (OH"),
which is also produced by hydrogen peroxide. Decontamination with hydrogen peroxide
is officially recognized as a SARS-CoV-2 disinfectant, however remains unsuitable due
to its skin irritation risk. Consequently, non-thermal plasma presents as an interesting
candidate for the decontamination for FFRs. With non-thermal plasma, no residue of
reactive hydroxyl species remain due to fast recombination after the non-thermal plasma

treatment.

This section presents the use of printed surface DBD plasma sources generating non-
thermal plasma for the decontamination of FFRs. The project focuses on three main
parts, the plasma decontamination system and the demonstration of decontamination

and filtration efficiency tests:

1. Plasma Decontamination system: Design and fabrication of a compact and portable
power supply unit and a non-thermal plasma generator using printed non-thermal

plasma sources.
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2. Decontamination efficiency tests: Demonstrate decontamination of SARS-CoV-2
on N95 and N99 mask samples using the compact and portable plasma decontam-

ination system in a Bio-Containment Level 3 cabinet.

3. Filtration efficiency tests: Demonstrate filtration efficiency of plasma treated N95
and N99 mask samples through particle image velocimetry technique to ensure

satisfying performance after the decontamination procedure.

5.2.2 Plasma decontamination system

The plasma decontamination of FFRs is carried out using printed non-thermal plasma
sources. The surface DBD plasma sources are printed on polyamide film (Kapton, 75

2 in a hexagonal electrode geometry

pum) using conductive ink over an area of 38 x 38 mm
to achieve a highly uniform plasma generation. A small sample is cut from the N95 or
N99 mask and placed in mask holder and secured at a fixed distance to a surface DBD
plasma source. Figure 5.9(a) shows a mask of type N99 (F631, JSP) used in this study.
In Figure 5.9(b) the mask holder containing the mask sample of size of a size 38 x 38
mm? can be seen. During the filtration efficiency testing, the mask holder is placed on
top of the planar plasma source for treatment. Figure 5.9(c) shows the mask holder in
close proximity to the generated plasma.

No Plasma
Embossed area

Surface area g /

Mask Holder

-

Plasma Source

Plasma Source

(a) (b) (c)

FIGURE 5.9: (a) Filtering facepiece respirators with highlighted surface and embossed
area (b) Prepared mask sample in mask holder and plasma source (c) Mask holder
placed on plasma source for treatment with plasma

The decontamination efficiency testing cannot be carried out in the plasma lab as the
SARS-CoV-2 requires containment in a level 3 lab. Therefore, a portable and compact
power supply system for the decontamination testing is designed. As the tests are
carried out in a Bio-Containment Level 3 cabinet, specific requirements have to be met
during the design and development steps. The Bio-Containment Level 3 cabinet uses an
interlock system for access to the cabinet. The interlock systems pose size limitations
on the maximum size of the power supply system, which is built inside a portable and
compact polycarbonate enclosure of 300 mm x 300 mm x 180 mm. The enclosure is a fully
sealed system with IP rating IP66/67, to withstand the formaldehyde fumigation cycle

in the Bio-Containment Level 3 cabinet. The enclosure houses the power processing unit
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(PPU), which is based on the same system components as the lab based power supply
setup presented in chapter 2.3, see Figure 5.10(a). It consists of a signal generator
(XR2206 Signal Generator Function, KKmoon), providing a sinusoidal signal. The signal
is used as an input for a class D audio amplifier (UM60 Compact Mixer-Amplifier,
Adastra), providing signal output up to 100 Vpp. The last stage consists of a high
voltage step-up transformer (CMI-4967, Corona Magnetics) generating an output of up
to 4 kVpp. All PPU components are mounted in the portable enclosure to ensure a fit
through the interlock system of the Bio-Containment Level 3 cabinet. A plasma source

mount is connected to the PPU through a double insulated power cord.

Plasma Source

mount

= Ground

(7

Surface DBD
W electrodes
1

O O @ Step-up Ballast resistor .
transformer Power processing
Sinusoidal Class-D audio . unit (PPU)
wave generator amplifier

(a) (b)

F1GURE 5.10: Portable plasma decontamination system which consists of a power

processing unit, plasma brush wand, and electrode cartridge: (a) Layout of a plasma

brush decontamination system; (b) Picture of the assembled plasma decontamination
system [161]

The plasma source mount is shown in Figure 5.11. It consists of a cylindrical handle
and a push-fit attachment system for the electrode cartridge. Two spade connectors
form the push-fit system, which allows easy exchange between different cartridges. The
cartridge uses a sandwich system to hold the printed surface DBD plasma source and
both spade connectors in position to ensure precise/correct mounting at the plasma
source mount. Figure 5.10 shows the developed PPU including the plasma source mount
and the electrode cartridge. The plasma source is consistent with the plasma source used

for the filtration efficiency testing.
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FIGURE 5.11: (a) Plasma source mount and electrode cartridge; (b) Schematic of
push-fit system [161]

5.2.3 Results

In this section the performance of the developed plasma decontamination system for

FRRs is presented and both filtration and decontamination efficiency are assessed.

Plasma dose

During the filtration and decontamination efficiency testing it is necessary to ensure
constant plasma conditions to allow reliable comparison. The performance of the plasma
decontamination procedure is analysed by defining the plasma dose, D, to quantify the
amount of plasma exposure during various treatment times. The plasma dose is defined
as :

D Pove * tireat (5.16)

Atreat

where P, is the time average discharge power, t;.cq¢ the treatment time and Aypeqt the
area of the plasma source. Figure 5.12(a) shows the measured voltage and current from
the plasma decontamination system. The plasma source is operated with 4 kV at 6 kHz.
Figure 5.12(b) shows the Lissajous graph, with the typical parallelogram shaped curve
having blunt edges. The time average discharge power is calculated as the area within

the Lissajous curve, which is 5.45 W.
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FIGURE 5.12: (a) Measured voltage and current and (b) Lissajous figure of the plasma

source [161]

During filtration and decontamination efficiency testing, the samples from the N95 and
N99 mask are exposed to the non-thermal plasma for varying treatment times, which
are b minutes, 10 minutes and 30 minutes With the three treatment times, the plasma
dose is calculated to be 113.2 J/ecm?, 226.5 J/cm?, and 679.4 J/cm?, respectively.

Filtration efficiency

The filtration efficiency tests are carried out in the plasma lab using the high volt-
age power supply system presented in chapter 2.3. The filtration efficiency testing is
performed by treatment of mask samples for various times. The plasma treatment is
performed in the plasma lab, where they are exposed to the plasma dose stated in the
previous section. Subsequently the mask samples are passed on the project partners
from the Aerodynamics and Flight Mechanics group of the University of Southampton
to assess the filtration efficiency. The filtration efficiency is quantified through planar
particle image velocimetry (PIV) technique. The test procedure is performed based on
the standard for Filtering testing for Respiratory Protective Devices (BS-EN 149 stan-
dard [172]). However due to difference in the system and setup, the obtained filtration
efficiency is interpreted relative to a measured control mask sample, rather than direct
comparison to the efficiencies provided in the standard. Figure 5.13 shows the filtration
test setup, consisting of an aerosol generator injecting sodium chloride (NaCl) into a
settling chamber. Here the aerosol is allowed to dry and with a fan assisted air system
pressuring the chamber, the aerosol is driven into a square test section. Within the
transparent test section, the mask sample is placed perpendicular to the flow, gener-
ating two regions, upstream and downstream of the mask sample. A 200 mJ pulsed

Nd:YAG laser (Litron Bernoulli 200-15 PIV) laser system generates a planar laser sheet,
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illuminating both the upstream and downstream region within the test section. Images

of both regions are recorded using a CMOS camera.

Pressure tap Pulsed laser source

Laser sheet

2%wt NaCl aerosol
Pressure tap Adp ﬂ

I

/><

FIGURE 5.13: Schematic of filtration test setup [161]

Post-processing of the recorded images includes the identification of particles as local
intensity maxima over a region of equal size upstream and downstream. The particle

density in both regions is calculated as :

Nprv

==V 5.17
P Aprv - trs (5.17)

where Npry is the umber of particles averaged over 50 images, Apyy the physical area
of the region and trg the thickness of the laser sheet, which is t;g ~ 0.7mm. The
transmission Tpry through a mask sample is calculated as the relative particle density

between the downstream, pgo,, and upstream, p,,;, region as:

Tppy = Pdow (5.18)
up

The transmission with no filter in the test section is measured to be Tpry = 0.97 — 1.12.
Figure 5.14(a) shows the measured transmission for both N95 and N99 mask samples.
As can be seen, the transmission of an untreated samples (0 minutes treatment time)
fluctuates over various magnitudes, with some measurements showing a transmission
of 1 % and 6 %, thus exceeding the thresholds (red dotted line) of the BS-EN 149
standard. This effect is likely linked to the difference filtration test procedure described
above. For both, N95 and N99 mask samples, the transmission after a 5 minutes and
10 minutes plasma treatment is in the similar range as the untreated control mask
sample. However it can be seen, that for both N95 and N99 mask samples, after a 30
minutes plasma treatment, the transmission ranges an order of magnitude above the
transmission obtained from the respective control mask sample. It can be concluded,

that the filtration efficiency remains constant for plasma treatment times of 5 minutes
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and 10 minutes, however a 30 minutes plasma treatment inflicts changes to the mask

samples resulting in a significant reduction of filtration efficiency.
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FIGURE 5.14: Aerosol transmission for (a) N95 masks (b) N99 masks [161]

Decontamination efficiency

The decontamination tests are carried out using the portable and compact plasma decon-
tamination system presented in section 5.2.2. The systems as well as all mask samples
are passed on the projects partners in the School of Biological Sciences from the Uni-
versity of Southampton, where the following tests are carried out. From both N95 and
N99 mask, two samples are used each to represent the two distinct regions across the
mask, see 5.9(a). One sample is taken from a flat surface area and one samples is taken
from the embossed area on a mask, in order to assess potentially different behaviour
of the decontamination procedure. The decontamination tests are carried out in Bio-
Containment Level 3 cabinet using SARS-CoV-2 (B.1.1.7 strain) from Porton Down,
UK. The N95 and N99 mask samples are contaminated by pipetting 2 ul virus stock on
the sample (also called spiked, with “spike” representing a droplet) and left to dry for
1 h. The contaminated mask samples are secured on a plastic support for treatment.
The treatment is performed by securing the plasma source mount with the electrode
cartridge at a distance of 1 mm to the mask samples for treatment times of 2 minutes,
5 minutes and 10 minutes. After the plasma treatment, the spiked area is washed with
infection medium which is then transferred onto a SARS-CoV-2 sensitive cell monolayer.
During incubation for 3 days at 37 °C, any virus remaining after treatment infects a
cell and replicates until breaking down (also called lysing) the infected cells. This leads
to further infection in neighbour cells in the monolayer, creating an area of lysed dead
cells termed plaque. Subsequently, the monolayer is stained to visualise the number of
plaques and quantify the number of virions which survived treatment. Figure 5.15 shows
exemplary wells from a 6-well microplate with the monolayer, where Figure 5.15(a) and

5.15(b) show the negative and positive control, respectively. Figure 5.15(c) shows a
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monolayer from a N95 mask samples after 2 minutes of plasma treatment. A purple
colour indicates and intact monolayer, whereas the absence of stained cells indicates
contamination with SARS-CoV-2 and subsequent cytolysis spreading (disintegration of
one cell) from one infected cell, forming a cytolysis plaque (white regions). The cytolysis
plaques seen in Figure 5.15(c) indicate remaining contamination from a mask sample.
In this region a virion surviving the plasma treatment was able to replicate during the
incubation time. The decontamination efficiency is quantified by assessing the amount

of cytolysis plaques in a monolayer relative to the negative control.

()

FIGURE 5.15: Pictures of cell monolayers in a 6-well plate (a) negative control (not con-
taminated) (b) positive control (contaminated) (¢) N95 mask samples after 2 minutes

of plasma treatment

Figure 5.16 shows the obtained decontamination efficiency for both N95 and N99 masks.
As can be seen, a moderate reduction in viral load is obtained for mask samples after
a treatment time of 2 minutes, whereas a plasma treatment time of 5 minutes resulted
in a significant reduction in the residual viral load for all tested mask samples. After a
treatment time of 10 minutes, no contamination could be detected. Comparison between
the surface and the embossed mask areas, shows a reduced decontamination efficiency
for embossed mask samples for treatment times of 2 and 5 minutes. As the embossment
acts as an impression in the otherwise flat mask samples, the embossed area is at a
slightly larger distance to the surface of the plasma source. Consequently, the embossed
regions are potentially exposed to a reduced plasma dose. Nevertheless, after a plasma
treatment of 10 minutes no contamination could be detected on the embossed mask

areas, thus no bar plot is visible for the 10 minutes treatment time in Figure 5.16.
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FIGURE 5.16: Decontamination efficiency for (a) N95 masks (b) N99 masks [161]

5.2.4 Summary

A new decontamination system for the inactivation of SARS-CoV-2 on on N95 and N99
mask was presented. Decontamination and re-use of FFRs can play an important role
especially during a global pandemic, to counter shortages of PPE and alleviate their
environmental impact. Using printed electronic techniques, masks samples were treated
with non-thermal plasma for the deactivation of SARS-CoV-2. Mask samples underwent
filtration and decontamination efficiency testing, where a significant reduction of viral
load after a treatment time of 5 minutes, without a reduction in filtration efficiency
was demonstrated. However the decontamination efficiency test have also highlighted
the importance of a constant distance between plasma layer and target surface. Small
increase in distance showed a slight reduction in decontamination efficiency. This can
be alleviated by using printed electrode systems for the plasma sources. Printed plasma
sources allow for flexible substrates, thus can be accommodated for complex geometries

and ensure constant treatment distances to the FFRs.

5.3 Decontamination system for narrow spaces

The presented research in the following section was carried out in cooperation with
project partner from the School of Biological Sciences of the University of Southampton
and parts have been previously published in the journal Plasma research Express [173]

and presented at the 8th International Conference on Plasma Medicine in 2021 [174].
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5.3.1 Introduction

Flexible endoscopes are used in a variety of medical procedures as a diagnostic or ther-
apeutic tool [42, 175]. As a minimally invasive procedure, endoscopic intervention can
reduce the risk of complications, such as bleeding or perforation, thus aid a faster
recovery[176]. During the endoscopic intervention an endoscope is contaminated with a
patients secretions [177, 178]. This requires a reprocessing protocol before reuse of the

equipment on another patient.

Figure 5.17 shows an endoscope and detailed view of the channel cross section with its
multiple internal channels [177, 178]. Endoscopes are difficult to reprocess due to the
complex structure including the long and narrow tube. Due to the sensitive material
composition of endoscope channels they are not suitable for heat sterilization using
steam [179, 180]. The commonly applied reprocessing protocol mostly consist of three
main steps: First bedside rinse immediately after the procedure; Second manual washing
with detergent and specific brushes while the entire endoscope is immersed and a third
automated washing and chemical-based high level disinfection prior to packaging and
return to clinic [42]. However, chemical residues can remain in the equipment and
provoke toxic reactions in patients or healthcare workers [42, 45]. Additionally, they can
eventually lead to a material degradation, reducing the endoscope lifetime [22]. Moreover
bacteria can remain in the long and complex geometry of the equipment and reuse of
this contaminated equipment can cause infections in patients [42]. These healthcare
associated infections (HCAIs) are a danger for patients and generate a large added

economic cost in the healthcare sector [181].

FIGURE 5.17: Endoscope with multiple internal channels, including, air/water channel,
lens and light channel and a biopsy channel [176]

Reactive species generated by non-thermal plasma can eradicate biofilms [22] and has
been previously proposed for the decontamination of medical devices [24, 43]. Compared
to chemical cleaning procedures non-thermal plasma presents various advantages for the
decontamination of endoscope channels. As it does not use toxic chemicals, it has a
reduced environmental impact and can promote the safety of patients and healthcare

workers otherwise exposed to toxic chemicals. It can also improve the lifetime of the
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equipment as the sensitive equipment experiences reduced material degradation. Few
methods using non-thermal plasma for the decontamination of narrow channels currently
exist [46]. However most fail to ensure constant plasma properties along the full length
of the narrow endoscope channels of approximately 2 m length with a 2.2 to 3.8 mm

diameter.

Plasma jet sources have been used to supply plasma into narrow channels. These systems
either inject plasma into the tube [182-185] or rely on continuous axial movement of the
system to ensure the full length receives plasma treatment [186-189]. However ensuring
stable and constant plasma properties across the full tube length remains a challenge and
the need for gas supply increases the complexity of such systems. Further systems are
developed, where external electrodes are arranged outside a modelled endoscope tube to
generate plasma at the inside of the tube. These electrode systems can consist of planar
flat electrodes [190, 191] or electrodes wrapped around a tube [179, 180, 192]. These
approaches use mostly short tubes of dielectric material to model the actual endoscope
channel. As the actual endoscope consists of additional metallic materials and casing

[177], these methods are unsuitable for actual endoscope decontamination procedures.

In this section, a new plasma source configuration, known as the plasma yarn, is pre-
sented to overcome these limitations of non-thermal plasma for the decontamination
of endoscope channels. The plasma yarn is designed in a coaxial electrode configura-
tion and can generate constant and stable plasma properties over length up to 2 m.
The plasma yarn can be fabricated using printed electronics technique to ensure a thin
enough yarn, which can be directly inserted into long and narrow channels of endoscopes
with diameters of 2 ~ 3 mm. The generated plasma directly ionises the air inside the
small gap between the outer layer of the yarn and the luminal surface of the channel-to-
be-decontaminated, thus no gas supply is needed in this system. The following sections
will present and discuss three different configurations for the plasma yarn. Further, an
assessment of the bactericidal capability of the plasma yarn against biofilms in narrow

channels in presented.

5.3.2 Decontamination system in narrow lumens

Three different configurations for the plasma yarn are developed for endoscope decon-
tamination. All three plasma yarn configurations have a coaxial arrangement with the
power electrode in the centre and are fully enclosed by dielectric material. The difference
between the three different yarn configurations lies in the configuration and fabrication

of the ground electrode and its attachment to the powered high voltage electrode.
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5.3.2.1 Knitted plasma yarn (Configuration # 1)

Figure 5.18(a) shows a schematic of the plasma yarn using a knitted electrode. The high
voltage electrode is in the centre of the coaxial arrangement and fully encased in the
dielectric material. The ground electrode is on the exposed outer area of the dielectric
material and is fabricated by knitting tinned copper wire around the dielectric material.
The knitted ground electrode is solely secured by the knitted structure itself and no
additional adhesive is required. The plasma generation mainly occurs in the air exposed
area between dielectric material and in-between the knitted ground electrode. Figure
5.18(b) shows the fabricated knitted plasma yarn. A flexible dielectric material in com-
bination with the knitted outer electrode allows for a highly flexible yarn configuration.

This method allows a fast and reliable fabrication of a long length of the plasma yarn.

However, limitations of this configuration can occur in relation to the overall diameter of
the yarn. Due to the thickness of the ground electrode and the knitted structure itself,
the diameter is slightly larger when compared to other configurations presented in the
next two sections. Furthermore, it requires special care when inserting the yarn, because
the knitted outer electrode can inflict small scratches on endoscope channels consisting

of softer materials.
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FIGURE 5.18: (a) Schematic of knitted plasma yarn (b) Picture of manufacture knitted

plasma yarn

5.3.2.2 Printed plasma yarn (Configuration # 2)

Plasma yarn configuration #2 consists of a printed ground electrode and a coaxial power
electrode. Figure 5.19 shows a schematic of configuration #2 with a coaxial power elec-
trode fully encased by a flexible dielectric material. The ground electrode is printed as a
larger planar patch on a flexible substrate and wrapped around the coaxial core structure
and is secured. The plasma generation occurs on the outer layer on the air exposed side
of the ground electrode. A printed ground electrode can minimise the overall diameter of
the plasma yarn. In addition, the smooth surface of a printed ground electrode reduces
the risk of scratching when inserting the yarn into an endoscope channel. However, the
overall flexibility of this configuration can be reduced due to the rigidity of the printed

substrate of the ground electrode.



138 Chapter 5 Applications of scalable and flexible plasma sources

Kapton

HV

Protective Coating lectrod
electrode

Dielectric material
Plasma
HV Source =
GND

electrode

(a) (b)

FIGURE 5.19: (a) Schematic of printed plasma yarn (b) Picture of manufacture printed
plasma yarn

5.3.2.3 Helical printed plasma yarn (Configuration # 3)

Plasma yarn configuration #3 is similar in design to configuration #2. Figure 5.20 shows
a schematic of yarn configuration #2 with the coaxial arrangement of a power electrode.
A ground electrode is printed in a thin strip on a flexible substrate. In this configuration
a printed ground electrode is wrapped around the core structure in a helical direction
to improve flexibility of the system. It also benefits from an overall reduced diameter

and smooth surface finish when compared to a knitted electrode.

However, the fabrication of this configuration is similarly limited in size due to available
printing capabilities and only short sections of plasma yarn configuration #3 can be
manufactured. Furthermore, the fabrication requires precise alignment of the outer
electrode to ensure uniform plasma generation. Both configurations, the printed plasma
yarn and the helical printed plasma yarn, rely on an adhesive layer to secure the substrate
with the printed ground electrode on the core structure. The substrate and the adhesive
layer both act as an additional dielectric layer in the plasma source, increasing the power

requirement of the plasma yarn.
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FIGURE 5.20: (a) Schematic of helical printed plasma yarn (b) Picture of manufacture

helical printed plasma yarn (c) Ignited helical printed plasma yarn
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5.3.2.4 Analysis of plasma yarn

The key parameters to assess the suitability of a plasma yarn for an endoscope sterili-

sation application are:

e Scalability of plasma yarn up to full length of endoscope channels
e Uniformity of plasma properties along full length of plasma yarn

e Flexibility in order to allow treatment in flexible endoscope channels

Plasma yarn configuration #1 is fabricated using industrial knitting technology, thus
can be fabricated in large length and quantities with a constant and repeatable quality.
Plasma yarn configuration #2 and #3 rely on a ground electrode being fabricated using
printing method. Due to the printable size on the dispenser printer system, one contin-
uous ground electrode is only achievable for a limited size of 5 ~ 10 cm. This would
require a modular assembly of several sections of plasma yarn to achieve the coverage
of the full length of an endoscope channel. Furthermore, plasma yarn configuration #2
has a reduced flexibility, thus would not be able to be easily inserted into the flexible
endoscope channel. In the framework of this thesis, plasma yarn configuration #1 is
chosen for further analysis, as it fulfils all the above listed key parameters for endoscope

sterilisation procedure.

Scalability:

The scalability assessment is carried out similarly to the assessment presented in chapter
3. Three different lengths of plasma yarn, which are 64 mm, 128 mm and 256 mm,
are used to evaluate the scalability of the yarn. The plasma yarn samples of different
length are analysed in their power density and the emission spectra. A fully scalable
plasma systems is characterised by a constant power per unit length and shows similar
spectral response across various different lengths. Figure 5.21(a) shows the plasma
emission images for plasma yarn configuration #1 for the three different lengths. For
a better comparison, the images only show a section of the full length plasma yarn.
As can be seen, the visual plasma emission for the yarn of the three different lengths
remains constant. Figure 5.21(b) shows the calculated power the different lengths of
plasma yarn. As can be seen, the power scales linearly with the length of the plasma
yarn. The power per unit length remains mostly constant with 3.75 W/m, 4.06 W/m
and 4.22 W/m, for a 64 mm, 128 mm and 256 mm long plasma yarn, respectively.
The spectral intensity shows fluctuations of up to 43 % between the different lengths of
plasma yarn. Larger fluctuations in spectral intensity for the plasma yarn can be related
to the geometrical configuration. As the ground electrode consists of a knitted mesh
around the dielectric material, small and minimal gaps between the knitted electrode

and the dielectric material can appear even in a straight, unbent configuration. These



140 Chapter 5 Applications of scalable and flexible plasma sources

small gaps can vary the local electric field distribution resulting in regions with stronger
plasma, where the distance between electrode and dielectric is minimal, or weaker plasma

generation, where the gap is larger.
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(a) Emission images of plasma yarn with varying (b) Power and spectral intensity of plasma yarn

length with varying length

FIGURE 5.21: Scalability assessment of plasma yarn: (a) emission images of plasma
yarn for varying lengths; (b) Power and spectral intensity of plasma yarn for varying

lengths

Flexibility:

The flexibility of the plasma yarn is evaluated by assessing its performance over non-flat
surfaces. The plasma yarn is wrapped around nylon rods of three different diameters,
which are 6 mm, 10 mm and 20 mm. Figure 5.22(a) shows the emission images from
the flexibility assessment using the plasma yarn. As can be seen, the overall intensity of
the generated plasma decreases for curved plasma yarns. With a decreasing diameter,
the generated plasma appears patchy, with some areas across the yarn having a weaker
plasma. This effect can be related to the geometrical configuration of the plasma yarn.
With an increased curvature, the geometrical displacement between the outer knitted
ground electrode and the dielectric material can be aggravated. Further gaps will be
introduced by bending the plasma yarn, leading to changes in the local electric field,
thus resulting in a weakened plasma generation in some areas. This effect can also be
seen when analysing the power of the plasma yarn over varying curvatures, as shown
in Figure 5.22(b). The power consumption is reduced for smaller curvatures, since only
a smaller area of the plasma yarn is ignited. Figure 5.22(b) additionally shows the
recorded spectral intensity, where a strong reduction of spectral intensity for smaller
curvatures can be seen. The spectral intensity confirms the effect already seen in the

recorded images.
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FIGURE 5.22: Flexibility assessment of plasma yarn: (a) emission images of plasma
yarn for varying curvatures; (b) Power and spectral intensity of plasma yarn for varying

curvatures

Uniformity:

The uniformity of the plasma yarn for endoscope sterilisation is important, as a constant
plasma dose across the full length of the endoscope channel needs to be ensured. Plasma
yarn configuration #1 can be fabricated with constant properties for a long length
up to several meters, as it is industrially fabricated. Figure 5.23 shows plasma yarn
configuration #1 over a length of 2 m, at voltage of 6 kV at 2 kHz. As can be seen, the

yarn is ignited with a constant plasma intensity along the full length.

FIGURE 5.23: Plasma yarn of 2 m length at 6 kV at 2 kHz

The uniformity of the plasma generation across the plasma yarn is quantified by em-
ploying an image processing method. Figure 5.24(a) shows a section of the plasma yarn
of 100 mm length. A repeating pattern can be seen, which is related to the knitting
structure of the ground electrode. The image intensity is obtained in each pixel column
along the full length of the yarn as:

=1 j=1 j=1
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where R;j, G;; and B;; are the pixel intensities of the respective RGB component of
the image. Variables ¢ and j are the pixel positions in x- and y-direction, respectively.
Parameter m is the maximum pixel number across the height of each image section.
Figure 5.24(b) shows the image intensity across the full length of the plasma yarn.
As can be seen, the image intensity remains constant across the length of the plasma
yarn. A fluctuation pattern of the intensity along the yarn length can be seen. This is
related to the pattern in the knitted ground electrode. The intensity deviation across the
yarn length is low with a relative percentage of 8 % and is mainly due to the intensity

fluctuations due to the electrode pattern.
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FIGURE 5.24: Uniformity of plasma yarn: (a) 100 mm long plasma yarn; (b) obtained

image intensity over plasma yarn

5.3.3 Biological test and demonstration of efficacy

Real endoscope channels with an internal diameter of 2.5 mm and two different bacterial
strains, Pseudomonas aeruginosa and Enterococcus faecalis, were used for the controlled
contamination of endoscope channels. Contaminated endoscope channels are treated
using the plasma yarn and assessed to investigate the feasibility of the plasma yarn for the
sterilisation of endoscope channels. These tests have been carried out in cooperation with
project partners in the School of Biological Science at the University of Southampton.
Sections of endoscope channels have been sterilised and subsequently contaminated in
a controlled procedure using liquid suspension. The bacterial suspensions were injected

inside the channels using a sealed sterile syringe and were kept in contact for 1 hour to
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allow adsorption of bacteria onto the luminal surface. Afterwards, the tubes are flushed
with sterile water, leaving a contaminated film of adhering bacteria on the channel
luminal surface. The contaminated channels are incubated at 37 °C for 72 hours, to

allow the growth of a biofilm from any remaining bacteria inside the channel.

The plasma treatment is performed by inserting the yarn into the endoscope channel
immediately after rinsing the excess contamination. Plasma yarn configuration #1 is
chosen for the biological test series, as repeatable fabrication of different yarn section can
be performed reliably. A negative control is carried out where the yarn is inserted into
the channel, then removed before the application of plasma treatment. All treatment
procedures are carried out with voltage of 6 kV at 6 kHz and the treatment time is
varied from 1 to 10 minutes. After treatment, the yarn is removed and some channel
is cut longitudinally to allow microscopic examination of the internal luminal surface.
Treated channels and used yarn sections are suspended in growing media to assess any

residual bacteria inside the channels or on the yarn itself.

Figure 5.25 shows falcon tubes with channel sections which were spiked with one of the
two bacterial strains (Pseudomonas and Enterococcus) and treated with plasma for var-
ious durations before incubation in culture medium for 72 hours in Tryptic Soy Broth
(TBS) as growing media. Tube #1 contains medium only and is used as a reference. The
transparency of the suspension media is indicative of no contamination. Tubes #2 and
#5 contain channel sections, which were inserted in endoscope channels contaminated
with Pseudomonas aeruginosa and Enterococcus faecalis, respectively, where no plasma
treatment delivered. As can be seen, the media is cloudy, indicating the contamination
of the channel section. Tubes #3 and #4 contain channel sections contaminated with
Pseudomonas aeruginosa and treated with 5 and 10 min plasma, respectively, before
the 72 h incubation. It can be seen that the culture media has an improved trans-
parency with a 5 minutes plasma treatment. A time of 10 minutes plasma treatment
leads to no turbidity in the media, indicative of no bacterial growth. The turbidity is
comparable to the reference media in tube #1, therefore it can be concluded that a
maximum treatment of 10 minutes can result in successful decontamination of Pseu-
domonas bacteria. For contamination with Enterococcus faecalis, a treatment time of 5
minutes already results in a high transparency of the suspension medial, indicating that

successful decontamination can be achieved from treatment times of 5 minutes.
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FIGURE 5.25: Results from plasma treatment of endoscope channels

Figure 5.26 shows the obtained results for the contaminated endoscope channels. Con-
trol and plasma treated channels are kept in liquid suspension cultures (TBS) for 24 or
72 hours after treatment to allow growth of a biofilm from remaining bacteria. Analysis
of the decontamination efficiency of the plasma treatment in endoscope channels is per-
formed through optical density (OD) measurement of the medium. The optical density
measurement quantifies the turbidity in the growing media seen in the tubes in Figure
5.25. As can be seen in Figure 5.26(a), the optical density is highest for the positive
reference sample channel. With an increased exposure time to non-thermal plasma from
the plasma yarn, the obtained optical density is reduced. However Pseudomonas bac-
teria appear to recover when left for longer incubation time of 72 hours for 5 minutes
treatment sample, whereas only minimal recovery can be observed for samples with a
treatment time of 10 minutes. The decontamination capabilities of the plasma yarn
are also tested against Enterococcus bacteria, see Figure 5.26(b). As can be seen, the
optical density is reduced after only 2 minutes of plasma treatment using the plasma
yarn. The obtained optical density is reduced down to the same level as a reference

clean uncontaminated and untreated channel (see TBS reference).



Chapter 5 Applications of scalable and flexible plasma sources 145

Contaminated Endoscope channels with Pseudomonas
16

14

12

0.8

Referenceas | . ... ... B e R D
aclean 0.2
channel

OD value (Mean +/- SEM)
o o
) IS o I

P pos Pyo(72h) P 2min P 3min P 4min P 5min P 5min P 10min

(24h) (24h) (24h) (24h) (72h) (72h)
sample
(a)

Contaminated Endoscope channels with Enterococcus
1.6

14

12

OD value (Mean +/- SEM)

Reference as

a oloan 02 ..................................................................................
channel
0

E pos Eyo(72h)  E2min E 3min E 4min E Smin new ch E 10min

(24h) (24h) (24h) (24h) (24h) (72h)
sample
(b)

FI1GURE 5.26: Optical density profiles from culture media at 24 or 72 hours incubation
with channels treated for various duration after contamination: (a) Pseudomonas; (b)
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5.3.4 Summary

In this section, a new method for endoscope decontamination using a new developed
non-thermal plasma source, the plasma yarn, was presented. The plasma yarn is a sim-
ple coaxial DBD electrode design for direct insertion into long and narrow channels.
Plasma and its containing reactive species are directly generated at the internal surfaces
of endoscope channels, which is to be decontaminated. Three different plasma yarn con-
figurations were presented and their benefits and current fabrication limitations were
discussed and the scalability, flexibility and uniformity of the plasma yarn was demon-
strated. The capability of the plasma yarn for endoscope decontamination was assessed

by analysing contaminated (Pseudomonas and Enterococcus) endoscope channels after
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treatment with the plasma yarn. It was demonstrated that plasma yarn can inactivate

bacteria on the surface of endoscope channels after a few minutes of treatment time.



Chapter 6

Conclusion

This chapter provides a summary and review of the carried out studies, its main research
findings and proposes potential future work to advance non-thermal plasma technology

and its applications.

6.1 Summary and review

This study has investigated and developed a fully scalable and flexible plasma sources. In
doing so, this has advanced the implementation of non-thermal plasma sources in various
applications. The fabricated plasma sources have been considered for both aerospace

and biomedical applications.

The first chapter provided an introduction of non-thermal plasma and its unique physical
and chemical properties. The relevance of non-thermal plasma for various applications
including biomedical and aerospace applications have been discussed. Furthermore,
several methods of generating non-thermal plasma were discussed. In addition, the
limitation of surface dielectric barrier discharge (DBD) plasma sources for the generation

if non-thermal plasma over large and complex surfaces was identified.

In the second chapter, fabrication methods of surface DBD plasma sources using printed
electronic techniques were presented. Two printing methods, focusing on low and high
viscosity inks, have been employed. The dispenser printing method was identified as
most favourable. The remaining part of the chapter presented the experiment setup and

diagnostic tools used to assess the fabricated plasma source.

The third chapter assessed the scalability and flexibility of the fabricated printed DBD
plasma sources. Using electrical and optical diagnostic methods, the printed plasma
sources were assessed and a power scaling law was proposed. The power of printed

plasma sources has been estimated based on various operating conditions and design

147
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parameters using the proposed power scaling law. Further studies using various length
and area scales of printed electrodes have demonstrated good performance as a scalable
plasma source. A flexibility study of printed plasma sources concluded that uniform and
stable plasma is generated when bending the electrode system over small curvatures.
Through the assessment of scalability and flexibility of the printed electrode systems,
it has been demonstrated that the surface DBD plasma sources can generate uniform

non-thermal plasma over large and complex surfaces.

In chapter four, the thesis proposes a new electrical simulation model of a surface DBD
plasma source with complex electrode designs. The proposed electrical model used a
fractional segmentation of a surface DBD plasma source to account for the dynamic
behaviour of the plasma discharge volume. The model was validated through a com-
parative study, where a good agreement was shown between experimental and predicted

electrical characteristics of four different electrode configurations.

In chapter five short feasibility studies using printed non-thermal plasma sources for
applications within the aerospace sector and biomedical field were presented. A new
“Cold Radio Blackout Testing” solution was proposed, which uses the high electron
density generated by the developed printed plasma sources to model a re-entry plasma
sheath. In addition, the printed plasma sources were successfully employed as a decon-
tamination system of SARS-CoV-2 contaminated personal protective equipment (PPE).
Finally, a newly developed thin narrow plasma source, a plasma yarn, was proposed and

successfully used for the sterilisation of endoscope channels.

6.2 Contributions and Limitations

The presented study resulted into a number of research contributions for non-thermal
plasma technology. The following section will highlight these research contributions, but

also provide a brief discussion of their limitations and how these could be addressed.

6.2.1 Discharge power scaling law

A discharge power law can be employed as a predictive tool for printed
plasma sources in the design and optimisation procedure of non-thermal

plasma sources in various applications.

A scaling law for the discharge power of printed surface DBD plasma sources is proposed.
The discharge power of printed DBD plasma source can be estimated based on design
parameters of the DBD plasma source, as well as the driving conditions of the DBD
plasma source. The design parameters included in the scaling law are the thickness, t,

of the dielectric material and the relative permittivity, €,, of the dielectric material of
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the surface DBD plasma source. Through ¢ and ¢,, the capacitance, C', of the DBD
plasma source is calculated. The driving conditions included in the scaling law are the
frequency, f, and applied voltage, V},,. The discharge power scaling law proposed a linear
relationship of discharge power to the operating frequency (P o f). A linear relationship
is also concluded for discharge power the plasma source capacitance (P o« C). The
operating voltage is proportional to the discharge power through the power law of (P
V327 which is in good agreement with literature. The discharge power scaling law is
derived within a defined parameter envelope, thus is limited to the behaviour of printed
plasma sources within this envelope. Therefore, a closer Additionally, the approach does
not assess other influential factors such as erosion on the electrode material, which can

in turn affect the capacitance, thus the electrical behaviour of a plasma source.

6.2.2 Scalability of printed plasma sources

Thin printed DBD plasma source generate non-thermal plasma with constant

plasma intensity per unit area.

The scalability study assessed printed plasma sources of varying length and area scales
using electrical and optical diagnostics tools. The study demonstrated that that stable
plasma generation is achieved, measured through image and spectral intensities, while
constant discharge power per unit length (or area) was maintained. The study veri-
fies the scalability of printed plasma source, thus proposing its capability for various
applications requiring non-thermal plasma generation across large surfaces. The scal-
ability assessment has been performed for individual plasma sources, however plasma
generation across larger scales can also be achieved using a modular approach, operating
several plasma sources in parallel. Thus, the application of printed plasma sources can

be further expanded using a modular approach.

6.2.3 Flexibility of printed plasma sources

Thin printed DBD plasma source generate non-thermal plasma with constant

plasma intensity over varying curvatures on complex surface.

A flexibility study assessed the capability of thin printed DBD plasma sources by bending
the electrode systems over various small curvatures. The study provided an analysis of
the key diagnostics parameters and demonstrated reliable and uniform plasma generation
at constant operating conditions for bent plasma sources. Although the flexibility is
only assessed for an omni-directional flexibility, the study demonstrates the flexibility
of the plasma sources and suggest their capability for various applications requiring

non-thermal plasma generation over complex geometries.
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6.2.4 Electrical model for complex electrode geometries

A new electrical model proposes the area segmentation for surface DBD

plasma sources for complex electrode geometries.

The proposed electrical model uses a fractional segmentation to account for the dynamic
behaviour of the plasma discharge volume. The surface of a DBD plasma source is
split into a discharge and non-discharge area, where the dynamic behaviour of those
areas is coupled to the sinusoidal power driving signal. The segmentation between
discharge and non-discharge area can be estimated through semi-empirical equation for
the time-variable plasma discharge propagation length, thus the discharge volume on a
surface DBD plasma source. The use of a semi-empirical equation for the estimation of
the discharge volume can introduce inaccuracies to the electrical model. Especially a
potential frequency dependency of the discharge propagation length has been discussed

and can be investigated to further increase the accuracy of the electrical model.

6.2.5 Cold radio blackout method

Thin printed DBD DBD plasma sources can be used for a new “Cold radio
blackout testing” method.

A new “Cold radio blackout testing” method is proposed, which models the spatial
electron density gradient over hypersonic re-entry vehicles, using a stacked assembly of
printed non-thermal plasma sources. A feasibility study estimated the electron density
using optical emission spectroscopy. Furthermore, radar transmissivity tests verified
that sufficient EM transmissivity is provided by optimising the electrode geometry of
printed DBD plasma sources. The average electron density can be controlled through
the varying operating conditions and/or design parameters of the printed DBD plasma
source. Although the estimation provided electron densities that comparable electron
density as in the re-entry plasma sheath, a more detailed analysis of the electron density

can improve the accuracy of the “Cold radio blackout testing” method.

6.2.6 Decontamination of SARS-CoV-2 on PPE

Surface DBD plasma sources generating non-thermal plasma can be used to
eradicate SARS-CoV-2 on PPEs.

A new decontamination system uses printed DBD plasma sources for the treatment of
SARS-CoV-2 contaminated mask samples (PPEs). The mask samples are exposed to
non-thermal plasma for varying treatment time. After treatment, the mask samples
underwent filtration and decontamination efficiency testing. SARS-CoV-2 has been suc-

cessfully inactivated, without affecting the filtration efficiency of PPEs. It has been
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identified that the plasma treatment time can play a crucial role in both the decon-
tamination and filtration efficiency. Further, the study highlighted the influence of the
distance between plasma source and mask sample, which can affect the efficiency of the
method. Further treatment approaches can be assessed, such as an indirect treatment,
where a flow is used to transport plasma species in the vicinity of the treatment sample.
This approach can alleviate the need for close contact be between plasma source and

treatment sample, however the affect on the efficiency has to be analysed.

6.2.7 Decontamination in thin and narrow channels

A new plasma yarn generating non-thermal plasma can be used to eradicate

biofilms in endoscope channels and lumen.

A thin and long new plasma source, plasma yarn, is presented as a decontamination
and sterilization tool for endoscope channels and lumen. Three configurations for the
plasma yarn are proposed. All configurations have different limitations, a knitted plasma
yarn poses a risk of surface damage on the sensitive endoscope channel due to scratch-
ing and a printed yarn has only a limited length. Further development of the printed
hybrid yarn can reduce those limitations. The capability of the plasma yarn for the de-
contamination in endoscope channels was assessed through direct insertion of the yarn
into contaminated channels. The decontamination efficiency of the plasma yarn has
been successfully demonstrated against contaminated (Pseudomonas and Enterococcus)

endoscope channels.

6.3 Future Work

This study showed the controllability of non-thermal plasma on printed source DBD
plasma sources and demonstrated their applicability in the aerospace and biomedical
field. In addition to recommended work in the previous section, further research studies
are recommended to continue advancing non-thermal plasma technology and its appli-

cations.

6.3.1 Lifetime of printed plasma sources

Erosion to the electrode material and degradation to the dielectric material due to
the bombardment of energy particles can affect the lifetime of DBD plasma sources.
Alleviation of these effects can be achieved by using a protective coating. The lifetime of
surface non-thermal plasma sources can be further improved, by using different materials

during the fabrication procedure. Employing conductive inks with higher silver content
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or ink materials with lower sputtering rate (stainless steel or tungsten [56]) can be

investigated to study their effect on the lifetime on printed plasma sources.

6.3.2 Analytical estimation of capacitance for discharge power estima-
tion

The proposed power law for the estimation of the discharge power is derived from a para-
metric study of printed plasma source. The plasma source using a hexagonal electrode
pattern with a fixed linewidth of both high voltage and ground electrode. Therefore, the
presented relationships accounts for the given electrode geometry, but not necessarily
for varying linewidth of the printed electrode. The calculated capacitance implemented
in the scaling law accounts for the fully parallel component of the powered and ground
electrode pair however not for varying linewidth of the powered electrode. Coupling
the power scaling law with a computed capacitance of the electrode geometries using a
solver, such as COMSOL Multiphysics, can improve the accuracy of the scaling law and

allow application for a wider range of geometries.

6.3.3 Dynamic discharge propagation length

In chapter four a semi-empirical estimation of the discharge propagation length has been
carried out. This is implemented through the fractional segmentation of the surface DBD
plasma source and has a direct affect on the assumed discharge plasma volume in the
electrical model. As this can affect the accuracy of the model a more detailed prediction
of the discharge volume can improve the electrical model. In the presented model, the
discharge propagation length is estimated through high resolution image recordings over
1 second, thus providing the average discharge behaviour over 10000 cycles. This semi-
empirical estimation of the discharge propagation length can be improved by carrying out
a study to analyse the discharge propagation length on us time scales using high speed
imaging tools. High speed imaging can capture the dynamic time-resolved propagation
length over one period of the sinusoidal operating voltage. This understanding can be
synthesised into an empirical relation to the sinusoidal applied voltage, thus provide an

accurate time-resolved discharge propagation length.

6.3.4 Electron density estimation

In chapter five the line ratio method for optical emission spectroscopy is employed to es-
timate the electron density of the generated non-thermal plasma. However this method

relies on assumptions, such as an average electron density distribution across the plasma
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source. Employing alternative methods, such as stark broadening, or Thomson scatter-
ing provides a higher accuracy, and thus can be used to achieve a more precise estimation

of the electron density.

6.3.5 Analysis of reactive species

Reactive species in the generated non-thermal plasma plays a crucial role especially
for its application as a decontamination method. Therefore, it is important to identify
the present reactive species and their temporal behaviour, including their generation
and recombination times. The employed optical emission spectroscopy method in this
thesis provides a brief insight of the chemical composition of the generated plasma. The
main emission spectra can be associated to the second positive system and the first
negative system of nitrogen, whereas emission of atomic oxygen can currently not be
detected, due to the low temporal resolution of the OES system. Using a high resolution
optical method, such as laser-induced fluorescence (LIF) [193], can provide more detailed

information of the reactive species.






Appendix A

Design of printed plasma sources

The following chapter contains the geometric electrode patterns of the printed plasma

sources.

A.1 Electrode pattern for scalability assessment
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&a———00000000EE00tN000000000000000000—————a
- -

(d) Electrode ID #22
FIGURE A.1l: Electrode geometries of length scalability assessment (Electrode ID #19

to #22 in section 3.2.3): (a) 10 mm; (b) 20 mm; (c) 40 mm; (d) 80 mm (Red: Ground
electrode; Blue: High voltage electrode)
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- +

+ -

(a) Electrode ID #23

- +

(b) Electrode ID #24

+ +

(c) Electrode ID #25

FIGURE A.2: Electrode geometries area scalability assessment (Electrode ID #23 to
#25 in section 3.2.3): (a) 10 mm x 10 mm; (b) 20 mm x 20 mm; (¢) 40 mm x 40 mm
(Red: Ground electrode; Blue: High voltage electrode)
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A.2 Electrode patterns for electrical model validation

+ +

(a) Configuration #1 (b) Configuration #2

(c) Configuration #3 (d) Configuration #4

FIGURE A.3: Electrode geometries used for validation testing of electrical model in
section 4.4.1: (a) Configuration #1; (b) Configuration #2; (c) Configuration #3; (c)
Configuration #4 (Red: Ground electrode; Blue: High voltage electrode)






Appendix B

Printed plasma source images

The images of the printed plasma sources will be shown in the following sections. High-
lighted are the electrode outlines obtained through the image processing procedure pre-

sented in section 2.2.2.1.

B.1 Printed plasma source images for operating condition

assessment

(b) 50 um Kapton HN (ID #15)

FiGure B.1: Images of printed plasma sources using varying dielectric substrates
(Electrode ID #14 to #18 presented in section 3.2.2): (a) 50 pum Kapton HN, (b) 50
pm Kapton HN (Highlighted is the outline of the electrode)
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(c¢) 125 pymKapton HN (ID #18)

FIGURE B.2: Images of printed plasma sources using varying dielectric substrates
(Electrode ID #14 to #18 presented in section 3.2.2): (a) 75 pm Kapton HN, (b) 75
pm Kapton MT, (c) 75 pm Kapton HN (Highlighted is the outline of the electrode)
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B.2 Printed plasma source images for scalability assess-

ment

(a) Electrode ID #19
90000000600

(b) Electrode ID #20

(d) Electrode ID #22

FiGURE B.3: Images of printed plasma sources used for the length scalability assess-
ment (Electrode ID #19 to #22 in section 3.2.3): (a) 10 mm; (b) 20 mm; (c¢) 40 mm;
(d) 80 mm (Highlighted is the outline of the electrode)
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(b) Electrode ID #24

ID

Electrode

(a)
#23

(a) 10 mm x 10 mm; (b)

Highlighted is the outline of the electrode)

(c) Electrode ID #25
(
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FIGURE B.4: Images of printed plasma sources used for the length scalability assess-

ment (Electrode ID #22 to #25 presented in section 3.2.3):

20 mm x 20 mm; (c) 40 mm x 40 mm



Appendix C

Electrical Characterisitcs

C.1 Lissajous Graphs over varying operating conditions

The

following sections provides an overview of obtained Lissajous graphs over vary-

ing operating conditions. Exemplary the Lissajous graphs obtained from operating of

the printed plasma sources using using 75 pum Kapton HN dielectric material is shown
(Electrode ID #16 presented in section 3.2.2).

Charge [nC]

—33kV

—3.2kV

—3.6kV —3.6kV
200 H  4kV 2001 4kVv

—4.4kV —4.4kV

—5bkV —4.9kV

100 + 100 +
(S}
=)

0 o 0

g
o

-100 - -100 F

-200 + -200 +

-2 -1 0 1 2 -2 -1 0 1 2

Voltage [kV] Voltage [kV]
(a) Operating frequency of 6 kHz (b) Operating frequency of 8 kHz

Ficure C.1: Lissajous graphs for varying operating voltages of printed plasma sources
using 75 pm Kapton HN dielectric substrates (Electrode ID #16 from section 3.2.2):
(a) operating frequency of 6 kHz, (b) operating frequency of 8 kHz
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—3.3kV —3.2kV
—3.6kV
200} 200/ g1y
—4.4kV
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% 0 % 0
5 z
= =
O O
-100 -100}
-200 -200 |

-2 -1 0 1 2 -2 -1 0 1 2

Voltage [kV] Voltage [kV]
(a) Operating frequency of 10 kHz (b) Operating frequency of 12 kHz

Ficure C.2: Lissajous graphs for varying operating voltages of printed plasma sources
using 75 pm Kapton HN dielectric substrates (Electrode ID #16 from section 3.2.2):
(c) operating frequency of 10 kHz, (d) operating frequency of 12 kHz

C.2 Lissajous Graphs over varying electrode configurations

The following sections provides an overview of obtained Lissajous graphs over varying

electrode configurations presented in section 4.4.1 uses as the experimental validation

set for the proposed electrical model. The Lissajous graphs are shown for constant

operating frequency of 6 kHz over varying operating voltages

—o5kv] ‘ ‘ ‘ e

30075 8kv ] 30075 kv
3.1kV 3.1kV
200 ||—3.5kV 1 200 ||—3.5kV
—3.9kV —4kV
4.4kV 4.4kV
1004 gy _ 10014 9kv
@ @
=R A
% 0 % 0
< ]
= =
O O
-100 - -100 -
-200 + 1 -200 -
-300 + 1 -300 +
-2 -1 0 1 2 -2 -1 0 1 2
Voltage [kV] Voltage [kV]
(a) Configuration #1 (b) Configuration #2

Ficure C.3: Lissajous graphs for varying electrode configuration over varying oper-
ating voltages at constant frequency of 6 kHz (Configuration #1 and #2 from section
4.4.1): (a) Configuration #1, (b) Configuration #2
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Figurge C.4: Lissajous graphs for varying electrode configuration over varying oper-
ating voltages at constant frequency of 6 kHz (Configuration #1 and #2 from section
4.4.1): (a) Configuration #3, (b) Configuration #4
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