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ABSTRACT

In this thesis, a novel graphene (GN) based electrocardiogram (ECG) sensor is designed,
constructed and tested to validate the concept of coating GN, which is a highly electrically
conductive material, on Ag substrates of conventional electrodes. The background theory, design,

experiments and results for the proposed GN-based ECG sensor are also presented.

Due to the attractive electrical and physical characteristics of graphene, a new ECG sensor was
investigated by coating GN onto itself. The main focus of this project was to examine the effect of
GN on ECG monitoring and to compare its performance with conventional methods. A thorough
investigation into GN synthesis on Ag substrate was conducted, which was accompanied by
extensive simulation and experimentation. A GN-enabled ECG electrode was characterised by
Raman spectroscopy, scanning electron microscopy along with electrical resistivity and
conductivity measurements. The results obtained from the GN characteristic experimentation on
Raman spectroscopy, detected a 2D peak in the GN-coated electrode, which was not observed with
the conventional Ag/AgCl electrode. SEM characterisation also revealed that a GN coating smooths
the surface of the electrode and hence, improves the skin-to-electrode contact. Furthermore, a
comparison regarding the electrical conductivity calculation was made between the proposed GN-
coated electrodes and conventional Ag/AgCl ones. The resistance values obtained were 212.4 Q
and 28.3 Q for bare and GN-coated electrodes, respectively. That indicates that the electrical
conductivity of GN-based electrodes is superior and hence, it is concluded that skin-electrode
contact impedance can be lowered by their usage. Additional COMSOL simulation was carried out
to observe the effect of an electrical field and surface charge density using GN-coated and
conventional Ag/AgCl electrodes on a simplified human skin model. The results demonstrated the
effectiveness of the addition of electrical field and surface charge capabilities and hence, coating
GN on Ag substrates was validated through this simulation.

This novel ECG electrode was tested with various types of electrodes on ten different subjects in
order to analyse the obtained ECG signals. The experimental results clearly showed that the
proposed GN-based electrode exhibits the best performance in terms of ECG signal quality,
detection of critical waves of ECG morphology (P-wave, QRS complex and T-wave), signal-to-
noise ratio (SNR) with 27.0 dB and skin-electrode contact impedance (65.82 kQ at 20 Hz) when

compared to those obtained by conventional a Ag/AgCl electrode.

Moreover, this proposed GN-based ECG sensor was integrated with core body temperature (CBT)
sensor in an ear-based device, which was designed and printed using 3D technology. Subsequently,



a finger clipped photoplethysmography (PPG) sensor was integrated with the two-sensors in an
Arduino based data acquisition system, which was placed on the subject’s arm to enable a wearable
multiple physiological measurement system. The physiological information of ECG and CBT was
obtained from the ear of the subject, whilst the PPG signal was acquired from the finger.
Furthermore, this multiple physiological signal was wirelessly transmitted to the smartphone to
achieve continuous and real-time monitoring of physiological signals (ECG, CBT and PPG) on a
dedicated app developed using the Java programming language. The proposed system has plenty of
room for performance improvement and future development will make it adaptable, hence being

more convenient for the users to implement other applications than at present.



Declaration

I, Numan Celik, here declare that the work presented in this thesis was carried out by myself at
Brunel University London, and no part of this work has been previously submitted to Brunel
University London, nor any other academic institution, for admission to a higher degree. Some of
the work has appeared in the forms of publications, and those are listed on the List of publications

section.

Numan Celik

May 2017.



Dedication

All the devotion to Allah the Almighty for His infinite kindness and mercy throughout my life, and

I am deeply grateful to Allah who gave me the ability and confidence to complete my studies.

This thesis is also dedicated to my family, especially my father, who supported me throughout my
Masters and Ph.D. in London, and my mother who gave me love, encouragement, and prays of day
and night make me able to get such success and honor, my beloved sisters, and brother. A special
dedication belongs to my wonderful wife for her great patience and support, especially in the times
when | was deeply stressed. | could not conduct such great performance and manage my studies

without her sacrificial care for me. Thank you all.



Acknowledgements

I would like to express my sincere gratitude and thanks to my supervisor, Professor Wamadeva
Balachandran for his excellent guidance and patience despite his many other academic and personal
commitments. His guidance and knowledge have inspired me and helped me a lot throughout my
research and the writing up of this thesis. I would like to sincerely thank him for his valuable
advices on my research and especially suggesting me to do my PhD on Graphene technology which
has still many potential ongoing research and undiscovered applications. Hence, my research has
been immensely valuable with several publications in highly ranked journals and conferences. For

this I am truly grateful.

All my gratitude also goes to all the members of DocLab research group for their help and
coordination. | am truly indebted to Dr. Nadarajah Manivannan for his stimulating and insightful

scientific discussions, advices and supports which helped me throughout this research.

| also want to express my express my appreciation to Dr. Pascal Craw, Dr. Tulasidas Sivanesan, Dr.
Sara Chaychian, Prof. Chris Hudson, Dr. Ruth Mackay and Dr. Branavan Manoharanehru for their

guidance and invaluable help for completing this study.

Additional thanks go to my friends Dr. Murtadha, Tom, Angel, Tosan, and other friends in the same
research group for the fruitful discussions and spending long time together during this project at

Brunel University London.

Finally, special thanks to my family, who have always supported and encouraged me and stood by

me during all parts of this Ph.D. work.



Contents

ABSTRACT .ottt st esse sttt s st s ss st s s s s b s £ 2
D=l - LA o] OO 4
DT [ 72 (o] o ORI 5
ACKNOWIEUGEMENTS......eieeeiereiisrseeessee s s bbb bbb bbb 6
CONEENTS. ...eeeeeeeeeseeseeseeseeseese e e e e e £ e bbb et es 7
LISE OF FIQUIES...cureueerereesreseessessssssessssssesss s sssssssssssssessssssssssssssssssssssesssssssssssssessssssssssssnsssssassssessssssssesssnssssensans 10
LISE OF TADIES ...ttt bbbt 16
LISt OF ADDIEVIALIONS .....uivuieeeesieseessesssesssesssesssesssessse s sssessse bbb bbbt 17
CHAPTER 1: GENERAL INTRODUCTION ...ooviernerssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 21
1.1. Wireless Body Area Network for Personal Health MoONItoring........oocveneeneeneesesssessesseennns 21
1.2. ECG MONITOIING SYSTEIM ..oucuuiurerrcereeseeseessesssesssesssesssesssssssesssessssssssssssssssssssssssssssssssssssssssssssssssssssssnes 22
1.3. CBT MONItOFING SYSIEM ...eueeeeceereerresresreesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssanes 23
1.4. PPG MONITOTING SYSTEIM ... cuuiuereereeseeseesesssesssesssesssesssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssanes 24
1.5, AIMS OF ThiS TRESIS ...ceucueeerrernerseseessessees s ssse s ss s s ss s bbbt ssssssnes 25
1.6. Contribution t0 KNOWIBAQE .....c.ceeeereereereeeesseeeessesssessessssssesssssssssssssssssssssssssssssssssssssssssssssssssasessssanes 26
1.7, TNESIS OULIING.....vtrreereerrereeseisessesssessssssssses s s s s saes 26
1.8. LiSt OF PUDICALIONS ...coueeueerereeeseesseesssessesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssanes 28
CHAPTER 2: LITERATURE REVIEW.....scssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 29
2.1 Review of developed different types of electrodes for ECG monitoring........cocoeeveereeeseeeens 29
2.2 Review of body signal acquisition systems using different type of wearable sensors......... 65
2.3, SUMIMATY c.eveereustsessesssessesssessassssess st s ssess s s e e et 79

CHAPTER 3: THEORETICAL BACKGROUND TO MULTIPLE PHYSIOLOGICAL
MONITORING SYSTEMS .....ietetetsesessssssssssssssssssssssssssssss sttt sssssssssssssssssssssssssssssssssssssas 80
3.1. Analysis of Electrocardiogram (ECG) MeEaSUIEMENT .......c.wueereerersmersmerssesssesssesssesssesssesssesseens 80
3.1.1. The Anatomy Of the HEAI ...ttt ssssss st ssssses s ssssssnsans 80
3.1.2. Electrical ACtiVity iN the HEAIM ...t tsssses e sssses st sss s s ssssss s ssssssaneans 81
3.1.3. ECG Wave and Lead POSITIONS.......cc.uuereneeemseesssssssssesssessessssssesssssssssssssssssssssssssssssssssssssans 83
3.1.4. ECG Measurement and Electrode Properties.......innsnssmssnssssssssssssssssssssssssssssns 88
3.1.5. Electrical Model of the Skin-Electrode INtErface .......umenenressemeenmenesssessesssessessssseans 89
3.1.6. ECG Signal Processing and Heartbeat DeteCtion .......cuvrrvernenssnssnssnssnssnssnssssssssssssesessns 91
3.2. Analysis of the Core Body Temperature (CBT) MeASUIremMeNt ........o.oveemeereemermrerssesssesssessneens 94
3.2.1. Background of Core Body Temperature (CBT) and Thermal Imaging .......cccueeeverneens 94
3.2.2. Measurements of Core Body Temperature (CBT) ......oeneereeneensesseesseessesssessessseessesenns 96
3.2.3. Anatomy of Ear in CBT MeEaASUIEMENT .......ccvuvrrmrnerrssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 97
3.2.4. CBT Measurement using an Infrared Thermopile Sensor..........eneneeneeeneesseeeseeenee 98

3.3. Analysis of Photoplethysmography (PPG) Measurement..........ovemnenernesnesmssnesssssessssssssssnns 99



3.3.1. Background to PhotoplethysSmography (PPG).....c.cemrenmerrsenmesnssssessssssessessssssessssssssssssans 99
3.3.2. Measurements of Photoplethysmography (PPG) Signals........coooeneeneeneeseeneesseenens 101
3.3.3. Heartbeat Detection from PPG SigNalS ........cceenrenemeinsensessessssssssssssssesssssssssssssssessssnes 104
3.3.4. Oxygen Saturation (SpO;) Detection from PPG Signals........ccueeenmenmeeneeneeseenseseeneennes 106
BT 11111 =T PN 107
CHAPTER 4: THEORETICAL BACKGROUND OF GRAPHENE AND DEVELOPMENT
OF THE PROPOSED GRAPHENE BASED ECG ELECTRODE ......comiiinisessssssssssssneens 109
4.1. General Properties 0f Graphene (GN).....ocneremsinsesesssssessssssssssssssssesssssssssssssssssssssssssssnes 109
4.2. Graphene Production MELNOTS ..........ccuereeereereereseesseesessseesesssesssesssesssssssessssssssssssssssssssssssssees 111
4.2.1. Micro Mechanical Cleavage MEthOd ..........cc.vvemenrennerneinneneessesssssessssssssssssssssssssssssesssnes 111
4.2.2. EPITAXIal IMBINOM........ieeieerreeeeeesseesseessessesssessse s s ssss s ssssssssssees 113
4.2.3. Chemical Vapour Deposition (CVD) Method........ccovereemrerrenmernsesessessesssssesssssssessessesnes 113
4.2.4. Other Graphene (GN) Production MEetNOAS ..........cceeeeiesmeemsresssessesssesssessssssssesseesssssssssees 115
4.3. Raman Spectroscopy 0f Graphene (GN) .....ccrereemrirreressssssessessessssssssssessssssssssssssssssssssessssanes 117
4.3.1. BASIC RAMAN TREOIY ..o ssssssssssssssss s sssssssss s ssss s s ssssssnnes 117
4.3.2. The Raman Spectrum Of Graphene (GN)......ceereeneessesssssessssssssssssssssssssssssssssssees 119
4.3.3. Using Raman Microscopy to Measure the Significant Parameters of Graphene (GN)
........................................................................................................................................................................ 120
4.4. Scanning Electron MiCroSCOPY (SEM) ..uceecnrercensissesesssssssssssessssssssssesssssssssssssssssssssssessssanes 124
4.5. Development of Graphene (GN) — An Enabled ECG Electrode Using the CVVD Method
............................................................................................................................................................................. 125
4.5.1. Details of the CVD Process Implemented in thiS WOrK ..........ceneneeneeneesnseneenens 126
4.5.2. Characterisation of Graphene (GN) - Coated Silver (Ag) Electrode Using Raman
IVHICTOSCOPY .evueeressesseessenssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssessssssssssssssesssessass 127
4.5.3. Scanning Electron Microscopy (SEM) Characterisation..........ooceveeneeneeseemesssesesseenens 129
4.5.4. Electrical Characteristics of a GN-coated EIECtrode..........coeereeneereeseessensseeseenseennens 130
4.5.5. Theoretical Comparison of Skin-Electrode Interface and Its Equivalent Circuit Model
Using Ag/AgCl and GN-based ECG EIECIIOUES .......ccwurereeneereeeneeesessseessssesesssessssesssesssssseessesenss 131
4.0, SUMMIATY w.vveeurereesessesessessssesssssssesssssssssssssssssssssssssssssssssssssssssssssssssesssssssesssssssessssnssesssssssssssssssssasssssssassnsans 133
CHAPTER 5: EXPERIMENTAL SETUP, RESULTS AND DISCUSSION ON GRAPHENE-
BASED ECG ELECTRODES........oeeetseeieesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 134
5.1. COMSOL Simulation of a Graphene-Enabled ECG Electrode.......couvmmernenernerrernesnesneenns 134
5.2. Experimental Setup and Results with Discussion on the ECG Monitoring Using Adhesive
Ag/AgCI and Graphene-Coated EIECIIOUES ... sssssssssssssssssssssssssns 139
5.3. Performance Evaluation of ECG Signals for Various Electrode Placement Models ........ 144
5.3.1. Measurements and Comparisons of ECG Signals Obtained by Different Types of
Electrodes and Different PIACEMENLTS .......c.oeerernremeensenessssssssssssssssessssssesssssssssssssssssssssssssssssssssssans 144
5.3.2. Measurements and Comparisons of Skin-Electrode Contact Impedances........ccouuu... 159

5.4, SUMMIAIY w.oovoreueeeeseessesesssessssssessessses s s s s bR E R EREER e REEreRER e a 161



CHAPTER 6: CONCEPT OF INTEGRATED MULTI-FUNCTIONAL WIRELESS BODY

MONITORING SYSTEM ..oscinnernesnesnssnesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 162
6.1. Design and Experimental Setup of an Integrated Ear-based Device for a Multiple Smart
SBNSOI SYSTEMN...eoceeeeeeereeresreesessessessesses e s s s s s s s s s s s RS seR AR R eeR e bR e A e bR bbb bbb nnnes 162

6.1.1. ECG SENSING UNIL...curirirrrrrreernesresssssessssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssanes 163
6.1.2. CBT SENSING UNIT...omirieeieeeereerseesseeseeseesessessesssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssees 164
6.1.3. PPG SENSING UNL....coniiireireereetseeseesseeseesessessssesssssessssssesssssssssssssssssssssssssssssssssssssssssssssssssees 166
6.2. Experimental Results of an Integrated Ear-based Device for a Multiple Smart Sensor
03] (=] 1 P 167
6.2.1. ECG based EXperimental RESUILS........c.cereunrereersieesesssesesssssessssssessessssssssssssssssssssssesssaes 169
6.2.2. CBT Based EXPerimental RESUILS .........ceeerreeireesseeseesesssesssesssssssesssssssessssssssssssssssssees 170
6.2.3. PPG Based EXperimental RESUILS........c.cererrereereereesesseessesssesessssssesssssssssssssssssssssssssesesanes 172
6.3. Android Based Smartphone Application for Visualising Continuous Health Monitoring
............................................................................................................................................................................. 173
6.4. Analysis of the Wireless Transmission of an ECG Mobile Application.......c.cueneeneeene. 176
5.5, SUMIMAIY ..ottt et 178

CHAPTER 7: CONCLUSION and FUTURE WORK ......ccomiimesmssssssssssssssssssssssssssssssssssssssesns 179
7. L. CONCIUSION.ccttttuteureeseesseesseessessesssesss s bbb bbb bbb 179
7.2, FULUIE WOTKS wouvvueeseeseeseessesssesssesssesssesssssssssssssss s ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesssnssans 181

REFERENGCES ...t 183



10

List of Figures

Figure 1.1: Typical personal health system with integrated sensor network (wireless body area

NELWOTK) [B] coueereereerrerseeeessssssessessesssesssssesssessssssessssssssssssesssssssssessssssessssssssssssnsssessssssssssssnssssssnssnessnssnsssssnsssesnsanessnsanes 22
Figure 1.2: The typical 3-lead ECG monitoring SYStEM [3] ....ccueeremmermseesersseesseessesssesssssssesssssssssssssees 23
Figure 1.3: Ear-tympanic device to measure core body temperature [3]....cccovemermmermerreenmessesseessesseenns 24
Figure 1.4: A typical reflective PPG sensor for measuring blood oxygen saturation (SpO2) and

Lo A LN X OO PSP 24
Figure 2.1: (a) Image of fabricated electrode; (b) ECG signals from the PDMS-based electrode and
from the AQ/AQGCIH ElECIIOUE [L2]....coveeeeeeereerreesreesseesseessessseesseesseesssss s sessssssssssssss s sssssssssssssssssssssssssssssssssssssees 30

Figure 2.2: (a) The co-driver’s seat featuring capacitive electrodes in the backrest and an additional
acceleration sensor in the seat (EMFI-mat); (b) Recorded ECG signals from the backrest from a
healthy male volunteer aged 27 sitting on the driver’s S€at [ 13 ] mmrrnmemssnmenessesssessesssesssssssssessssnes 31
Figure 2.3: (a) Top view; (b) Exploded view of the proposed dry foam ECG electrode, which was
covered by the conductive fabric and then paste on an Au layer; (c) An overview of the whole
proposed ECG monitoring system within a wearable medical VeSt [15] .....ccveomemrnenrenenesssennesseenes 33
Figure 2.4: (a) Setup of proposed ECG real-time monitoring system; (b) Acquired ECG signals
using conventional Ag/AgCl electrode, and proposed non-contact electrode, respectively [18]...... 34
Figure 2.5: (a) Hairy chest illustrates difficulties for acquiring ECG signals via gel Ag/AgCI
electrodes; (b) Non-contact electrodes also show comparable ECG signals to that of Ag/AgCI
electrodes without skin preparation. Both signals were obtained before filtering process [19]........ 35
Figure 2.6: (a) Cross-sectional scheme of layered non-contact electrode system for ECG
monitoring; (b) Acquired ECG signals while the subject was in different positions (standing, long
sitting, supine and left lateral). ECG signals were detected during supine and left lateral positions
12272 PPN 37
Figure 2.7: (a) Scanning electron microscope image of vertical gold nanowires and a medical
plaster that involves of the gold nanowire fabricated electrode; (b) Acquired ECG signals from e-
Nanoflex sensor conventional Ag/AgCl electrode and (c) proposed gold nanowire electrode [23]. 38
Figure 2.8: (a) Proposed e-Vest system within the plethysmography (PPG) arm band; and (b) the
proposed e-Bra system that worn by the subject with the e-Nanoflex sensor module. In addition
multichannel signal smartphone display consists of heart rate, and blood pressure [24-25] .............. 39
Figure 2.9: The prototype of the CardioGuard sensor system: (a) The wearing subject: the sensor
device is attached at the cleavage of the bra; (b) applied gold-plated wire electrode; (c) the structure
of the bra sensor system; (d) the front, back and side views of the proposed sensor system; (e) the
hardware components of the system; and (f) an ECG signal recorded by proposed CardioGuard
SYSEEM [27] coeeeeeereereeeessseeessssssssessssssesssssssssssssssessessssssssssessssssssessssssssssanesssssnsssssnsssessssnessessnssssssnsssesssssnessnssnssssaneas 40
Figure 2.10: Measured ECG signals using (a) wet Ag/AgCl electrodes; (b) and (c) capacitive
electrodes with different magnifications; and (d) proposed tattoo electrodes; tested electrodes are
shown in (e): Ag/AgCI electrodes (left); proposed copper printed capacitive electrodes (middle);
and Ag printed electrodes on tattoo paper (Nght) [28] ....eererenesneresessesesesssesssesssesssesssesssesssesssesenss 41
Figure 2.11: (a) Data sampling module of the proposed system; (b) Using lead V to record ECG
signals. ECG signal measurement (c)-(e) ECG signals using wet Ag/AgCl electrode; (f) recorded
ECG signals by proposed micro-dome electrode with 80 x 80 arrays; (g) signal from micro-dome
electrode with 60 x 60 arrays; (h) signal with 40 X 40 arrays [30] .....cccuerereereeereerreesseesseesseesseeseesseeenns 42
Figure 2.12: (a) Structure of the composite fabricated electrode composed of a PDMS layer, Ag
NW layer, Cu wires and CNT-aPDMS layer. ECG measurements: (b) the measurement area; (c)
Comparison the waves of the ECG signals between the propose composite electrode and
conventional Ag/AgCl electrode; (d) and (e) shows continuous acquired ECG signals during
different postures (sitting, standing, walking) at site 1(d); and at site 2 (€) [32]....cccovurmermermerrerrerrernens 44
Figure 2.13: Motion artifacts and ECG measurements. (a) Experimental set-up to test of motion
artifacts for dry, Ag/AgCl and proposed CNT/aPDMS electrodes were attached to the left arm in



11

separate tests; (b) Recorded motion artifacts for each dry, Ag/AgCl and proposed CNT/aPDMS
electrodes while running at different frequency ranges between 1 and 3 Hz; (c) RMS values; (d)

Attachment of the ECG electrode using leads I, I, and I11; (e) The attached electrode on the chest;
(f) Recorded ECG signals with leads I, 11, and 111 for the dry, Ag/AgCl and proposed CNT/aPDMS
] [=Tod 1 0T (=T X PSS 45

Figure 2.14: (a) Schematic diagram of the proposed electrode design; (b) Information on the
structure of the composite and its interface with the skin and the contact pad of the external
(wearable) device; (c) Optical image of the electrode system on the skin; (d) Attaching proposed
device on the chest to acquire ECG data; (e) Schematic illustration wireless ECG monitoring

SYSEEM [B5] eurvueuerreesseseessesssssessessesssesssssessssssssssessssssessssssesssssssssessesssessssnesssssessssssesssessssnessesssesesssnsssssnssnessnsanesssanens 46
Figure 2.15: (a) The structure of proposed flexible polypyrrole textile electrodes (FPTe); (b)
Distributions of electrodes based on sweatshirt with an ECG monitoring system [37] ...cccccveererreenn. 48

Figure 2.16: (a) Proposed PEDOT:PSS type of textile electrode; (b) Five sample excerpts of ECG
signals obtained with proposed dry and wet electrodes (in blue, lower signals) compared to those
obtained with conventional Ag/AgCl electrodes (in red, upper signals) during different activities
[B8] uveeureerrrersreesssesseesssssssssssssssssesssessssessseessse st ss s eeER RS RS ERRR R en 49
Figure 2.17: (a) The fabrication procedure of the proposed meshed CB/PDMS electrode; (b)
Example of ECG samples from a subject recorded with proposed copper-meshed CB/PDMS

electrodes during different conditions and types of water [39] ......ccccvermerrrerrerreermesneeseemesssesessessesssseens 51
Figure 2.18: (a) Structure of the proposed multilayered dry electrode with expanded view; (b)
Recorded ECG signals variation with respect to printed electrode area [40] ......ccccveereerrrereereereenesreennns 52
Figure 2.19: (a) The backside of the neck proposed electrode placements; (b) The subject wearing
the necklace-form-1-18ad ECG UEVICE [42]...crremrrrmererrsesressessesssssssssesssssssssssssssssssssssssssssessssssssssssssssssssans 54

Figure 2.20: (a) Image of the Chem-Phys printing stencil; (b) An array of printed Chem-Phys
flexible patches; (c) Block diagram of the wireless acquisition system; (d) Image of the Chem-Phys
hybrid patch; (e) ECG signals using commercial 3M Red Dot Ag/AgCl electrodes (top), and printed
ECG SENSOr (DOLEOM) [A3]uueueereeeerrerreessessssssesssssesssssssssssssssesssssssssssssssssssssssessssssssssssssssssssssesssssssssssassssssssssssssnsanes 55
Figure 2.21: (a) Schematic of the proposed sensor patch attached on a person’s lower left rib cage.
Skin temperature is read via printed thermistor, and ECG signals are acquired via printed gold
electrodes. The electrodes and thermistor are integrated into a silicon-based polyimide substrate for
data acquisition and signal processing and transmission; (b) System architecture of the proposed
hybrid sensor patch with a wireless system on chip; (c) Image of the wearable sensor patch is
attached onto the subject’s lower left rib cage; (d) Image of the component side of the proposed
wearable patch; (e) Image of the sensor side of the proposed wearable hybrid patch. The printed
gold ECG electrodes and the thermistor are SHOWN. [36, 44]....cvererreernerrresesseeeesssesessssssssessessssssseens 56
Figure 2.22: (a) System overview of the proposed device that measures ECG signals at the wrist
and ECG signals are transmitted to a tablet via Bluetooth connection; (b) ECG waveforms using the
proposed device within PT algorithm and range deteCtor [45] .....coerreneereeresnsenessessessssssesssssssssessesanes 57
Figure 2.23: (a) Recorded ECG signals at the stationary state with conventional Ag/AgCI
electrodes and proposed CNT polymer electrodes for comparison; (b) structure of the proposed
ECG electrode patch composed of a PDMS layer, an aPDMS layer and the proposed CNT polymer
L] STt (0T [T I OO 58
Figure 2.24: (a) Schematic images of the proposed procedure of conductive dry adhesives (CDA)
within ECG application; (b) Digital images of a large-area silicon mold with replicated CDA (~4
in?); (c) Images of CDA attached on different locations on the body (i: wrist, ii: stomach, iii: ankle);
(d) Images of the stretched and banded proposed CDA; (e) Image of an LED application using
proposed CDA; (f) Comparison of the ECG signals using CDA and wet Ag/AgCl electrodes under
normal conditions (inset in the red box: magnified view of the recorded ECG waveform); (g)
Comparison of the ECG signals using CDA and wet Ag/AgCl electrodes under an immersed
condition; (h) Series of ECG recordings using CDA under various body postures [50] ......ccccuerern. 60
Figure 2.25: Recorded ECG signals: (a-c) for comparison between proposed PLS type of electrode
and wet Ag/AgCl electrode; (d-f) for comparison between proposed PLP electrode and wet



12

Ag/AgCI electrode. Saltwater immersed condition: (a, d) without movement; and (b, e) with
movement; (c, f) Saltwater wet condition; (g) pencil lead solid-type (PLS) electrode; (h) pencil lead
poOWder-type (PLP) lECIIOUE [D2] ......oereereesrersrerssesssesssesssesssesssesssesssesssesssssssesssesssesssssssssssssssssssesssssssssssesssesas 62
Figure 2.26: (a) Images of a sample of flexible nylon-based proposed textile with rGO coating with
area of 35.91 cm?; (b) recorded ECG signals after filtering with conventional Ag/AgCl electrode
and proposed GN-clad textile electrodes. P-QRS-T waves are shown as one cardiac in the inset [59]

........................................................................................................................................................................................ 64
Figure 2.27: (a) Integration of sensors at specific locations in the proposed SmartVest; (b)
Prototype of the developed wearable data acquisition hardware [65] ......cceeenmermermersmersessesssessseens 66
Figure 2.28: Demonstration of Mobile healthcare monitoring system using portable base station,
including ear PPG, finger PPG, and chest ECG SENSOIS [67] ...cueueeermersseessesssesssesssesssesssesssssssssssssssssees 67
Figure 2.29: Prototype of the Heartphones system which is either can be connected to smartphone
via serial connection, or to PC via Wireless liNK [73] ..orerenmenrennesesnsesesssssessssssssssssssssssssssssssssssssssssans 69

Figure 2.30: (a) Prototype ear-lead wearable system that includes ECG, PPG, BCG circuits; (b)
ECG measured from mastoid area behind the left ear; (c) PPG taken from the mastoid area [74]... 70
Figure 2.31: (a) Optical image of the proposed device on the forearm; (b) Optical image of the
proposed device with labels for different parts and modules in the circuit; (c) ECG acquired by
using the proposed device mounted on the sternum; (d) a detailed view of P-QRS-T complex
acquired from the ECG SIQNAI [77] c.cceereereereereessersesssssssssesssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssaneas 71
Figure 2.32: (a) Optical image of the proposed device for the wristband use applicable in wearable
health applications; (b) Synchronous ECG and PPG data streams, and PB measurement from these

DIO-SIGNAIS [BO] -.vuvreereeueesersesssesssesssesssesssesssesssesssesssessse s sssessse s s st 73
Figure 2.33: (a) Developed hardware for ECG and PPG acquisition: Chest ECG and Finger PPG;
(b) Parameter extraction from synchronized ECG and PPG Signals [85]....cc.ccurererreemerrerreesrerrsessessesnns 75
Figure 3.1: Heart structure and the path of the bl00d FIOW [86]........coccreureemremnrernerserrerseesseesseessessseesees 81
Figure 3.2: Electrical activity in a pacemaker cell (SA N0de) [87] ..cvvorevrereereereemerrsersessesseessessesssessseans 82
Figure 3.3: The conduction system of the heart and the path of cardiac excitation [87] ........ccccuue... 83
Figure 3.4: Major components of a typical electrocardiogram (ECG) waveform [87] ......ccccuuemeeues 84
Figure 3.5: ECG Genesis while the cardiac cycle is coordinating the activity [87] .....cccceomerreerrerrnenn. 85
Figure 3.6: A normal electrocardiogram (ECG), including particular intervals [91]......cccouomeuneennnes 85
Figure 3.7: 12-Lead System: (a) Bipolar limb leads; (b) Unipolar limb leads; (c), (d), (¢) Chest
TEAAS [93] -.eereeueeueeserssessseessesssesssesssesssessse s ssse s R £ RER £ R £ RERERERERER R 87

Figure 3.8: Schematic circuit of a typical ECG measurement system with a DRL connection [95]88
Figure 3.9: Block diagram of an ECG measurement system including DRL plane and capacitively
COUPIEA EIECIIOUES [96]...cvueererrerrrrseesseesseesseessesssessseessesssesssessesssess s sess st sess s ess s ess bbb bbb s ens s 89
Figure 3.10: (a) Electrical model of the interface from the body to the electrode; (b) Electrical
coupling of skin-electrode interface for various electrode topologies, including wet-contact gel-
based Ag/AgCl, dry contact MEMS and metal plate, thin-film insulated metal plate, and noncontact

metal plate coupling through hair or clothing, made of such as cotton [97].....ccvenerneenemeennenneeseennes 90
Figure 3.11: The ECG signal SPeCtrum [98] ... ssssssssssssssssssssssssssssssssssssssssssssses 92
Figure 3.12: Schematic overview of the Pan-Tompkins heartbeat detection method [46]................. 93
Figure 3.13: Distribution of temperatures within the body and division of the body into the core
and shell during exposure to (a) cold and (b) warm environments [103] ......covmmemenmrnermesnenesnesnesnens 94
Figure 3.14: Obtaining the tympanic temperature by aiming the probe towards the inferior third of
LU LEIN= o T T L 0 OO 97
Figure 3.15: Principle inner working of an infrared thermopile sensor [113].......ccoumemeneeneesneenees 98
Figure 3.16: Variations in blood volume in light attenuation by tissue [118].....ccoummernenerneerernennns 100
Figure 3.17: Light-emitting-diode (LED) and photo detector (PD) placement for transmission mode
(left); and reflection mode (right) for PPG signal detection [118].......ccuemermemureesseesneesneessessseessessees 101

Figure 3.18: (a) The structure of the proposed six-channel PPG measurement and analysis system;
(b) an example of recorded PPG signals from the right and left earlobes, right and left index fingers,
and the right and left toes of a healthy SUDJECTE [127] ... sesssessssssesssenns 102



13

Figure 3.19: Definition of the PPG timing measures, including PPT, PPTs, PPT,, AMP [9]......... 103
Figure 3.20: PPG pulse wave analysis with its characteristics during a deep gasp inspiratory
OCCUITEINCE [9]eueuueeuseesersenssesssesssesssesssesssesssesssesssesssessse s s ss s s R e ERsRR R 104
Figure 3.21: Signal processing steps for PPG peak and HR detection [68].........ccuremrereemerrnesnesreennns 105
Figure 3.22: (a) Original PPG signal obtained from an LED-LED sensor before filtering; (b)
filtered AC component of a PPG signal using low-pass Butterworth filter; (c) Fast Fourier
Transform (FFT) spectrum of the AC component of the PPG signal; (d) HR detection in the FFT

spectrum of the AC COMPONENT [L3L] ...ccuieuieureeurersrersreessesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssesssssasesas 106
Figure 3.23: PPG signal with AC and DC components [132] .......cccovmereermemermmemesmssnmessssssesssssssssessssanes 107
Figure 4.1: Graphene as a “building material” of fullerene, graphite, single wall nanotubes

(SWNTS), multi wall nanotubes (MWNTS) [L37]..ceremerrrenesssssessssssessessssssessssssssssssssssssssssessssssssssssseas 110

Figure 4.2: (a) Attaching a piece of graphite to sticky-tape; (b) Using the sticky tape to thin out the
graphite; (c) Placing the thin graphite on a silicon wafer, with a surface layer of silicon dioxide; (d)
Removing most of the layers of graphite leaving behind a single layer, two-layer or multilayer
graphene (GN); (e) AFM image of low magnification; and (f) a higher magnification optical

micrograph just after micromechaniCal CIEAVAGE. ..o wueueerrereereeseessersseessess s sessssssssssesssssssssssssees 112
Figure 4.3: Epitaxial synthesis of GN on @ SiC Wafer [147]...ceenereereessesssessessessessssssesssssssssessesnes 113
Figure 4.4: CVD method of GN on copper fOil [153]....oeererreresreesesssesesssssesssssssssssssssssssssssssesnes 114

Figure 4.5: (a) Carbon atoms are deposited on the surface of metal (Cu, Si, or Ni); (b) At high
temperature this forms GN; (c) A layer of polymer is deposited on top of the GN; (d) The polymer
is removed and the GN with it; (e) The polymer is placed on a suitable substrate; (f) The polymer is

dissolved away leaving the GN DENING.......cceereerreeereecrrerecre et sssseseneans 115
Figure 4.6: Methods for GN synthesis. There are various methods to be chosen depending on the
specific application; each one differs from the others in terms of quality and price [159]......c....... 116
Figure 4.7: Raman spectra of graphite, metallic and semiconducting carbon nanotubes as well as
low and high Sp® aMOrPhOUS CAMDONS [L162]..eveeeereerseeeeeeeeeeeessssseeseeeeesessssssssseeeseesssssssssesssessssssssssesseesesssssies 118
Figure 4.8: Schematic image of Raman instrumentation for obtaining the Raman spectra of a
SAMIPIE ettt s s s s bR RS RR R R £ R R R £ R R R R R R 119
Figure 4.9: (a) Comparison of the Raman spectra of GN and graphite measured at 514.5 nm; (b)
comparison of the 2D peaks in GN and graphite [162]........cueeereemeereeseemersesssesssesssesssesssesssesssessseens 120

Figure 4.10: (a) The 2D band exhibits a sharp peak of single layer GN; (b) the 2D band of bi-layer
GN; (c) The 2D band of three layer GN; (d) 4 layer; (e) the 2D band of multiple layer GN (nearly
graphite); GN mapping of these different layers of GN is shown on the right side of the figure [165]

...................................................................................................................................................................................... 121
Figure 4.11: Raman spectrum of a single layer CVD-grown graphene sample transferred onto SiO,
[L6B] cvvvveeeeressssssssssssssssesssssseeseeeesssssssssssssssssssssssssseseeesssssssssssssssssssssssssessssessssssssssssssssssssssssssssesssssssssssssssssssssssssssnee 122
Figure 4.12: (a) (i) Zigzag edge of GN structure and (ii) armchair edge of GN structure; (b) Raman
spectra of graphite and graphene edges [169].......coeeeereesnerserssesssesssesssesssesssesssesssesssesssesssesssesssssssesas 123
Figure 4.13: The Raman spectra of single layer GN on different substrates via the mechanical

Cleavage MELNOU [169].....criiseire s bbb 124
Figure 4.14: Output SIgNalSs iN SEM [170]....correeermeermeereeseeseessesssessssssssssessssssssssssssssssssssssssssssssssssssssssnss 124

Figure 4.15: (a) Schematic of emitted secondary electrons (SE) blocked by graphene (GN); (b)
typical SEM image of CVD grown GN on copper foil. The areas 1,2,3, and 4 with increasing
darkness can be attributed to single layer, bilayer, three layer and four layer GN samples,

FESPECTIVEIY [L71] eeieereeerersreesseesseesseeseesseessesse bbb bbb bbb bbb bbb 125
Figure 4.16: Schematic diagram showing the CVD coating process for synthesising a GN-coated
AAG BIECIIOTER ...ttt R 127

Figure 4.17: Raman analysis of graphene (GN) and a bare Ag/AgCl electrode. (a) Raman spectrum
of GN-grown on Cu is shown after chemical vapour deposition (CVD); and (b) Raman spectrum of
a GN-coated Ag electrode and a conventional dry Ag/AgCl electrode, which is shown for

(000 1 0] 7= T 1T 128



14

Figure 4.18: Scanning electron micrographs (SEMs) showing: (a) and (b) typical SEM images of a

dry electrode before coating; (c) and (d) a graphene-coated dry ECG electrode ........coeveereerrerrnenn. 130
Figure 4.19: Schematic of two-point probe configuration for the resistance measurement of
SAMPIES [L70]euueueeeeererreersesrsseessesseessessssssessssssssssssssssessssssessesssessssssssssssssssessssssessssssessssssssssssnsssessssanessnssnssssssnsssesnsans 130
Figure 4.20: The simplified equivalent circuit for the electrodes system in bio-impedance
LTSS T UL =T 0 0T £ 131

Figure 5.1: (a) The layers of the human skin [174]; (b) simplified skin model with two electrodes
constructed in COMSOL software. Upper layer of both electrodes is filled by Cu, and bottom layer

of the electrodes is applied by Ag and GN, rESPECLIVEIY .......vveeereereemrersrerseesessesssesssesssesssesssesssesssessseens 136
Figure 5.2: Comparison of the electric field effect and surface charge density of the electrodes

using GN-based (a); and conventional Ag/AgCI based electrodes (D) .....oeremerrrereereeeessesseesressnenns 137
Figure 5.3: Mesh construction of the skin model in COMSOL ........oeneneenerneerseesseesseesseessessseeenas 137

Figure 5.4: The relationship between the inter-distance of the electrodes and the electrical field 138
Figure 5.5: The relationship between the width of the electrodes and the electrical field magnitude

Figure 5.6: (a) Braun patient monitoring system [176]; and (b) the schematic of electrode
placement with a 3-lead configuration ECG SYSIEM.........cuueuermereereesessseesessssessessessssssssssssssssssssssssees 139
Figure 5.7: Ambu-type bigger size of electrode: (a) Before coating; and (b) after GN coating; (c)
Covidien-type smaller size of electrode before coating; (d) after GN is coated on top of the Ag layer
of the electrode; and (e) dry Ag/AgCl electrode (even smaller in size than 1 British pound coin) 140
Figure 5.8: (a) ECG Measurement setup including 3-lead wire-connections; (b) a typical image of

ECG measurement using chest-lead (3-1ead) CONFIQUIAtioN ........ocoecreereereesrereeseeseessseseessesssessessessesssseens 141
Figure 5.9: ECG recording with (a) a conventional Ag/AgCl electrode; (b) a GN-coated Covidien
(smaller size); and (c) a GN-coated Ambu type (bigger size) of electrode.......couveeererrerreereereerreeneens 144
Figure 5.10: (a) ECG data acquisition system with Arduino; (b) block diagram of the ECG
measurement system including a wireless communication MOAUIE ..........uererenmenrernenesnsensesssessesssesnens 145
Figure 5.11: Scenario 1 (S1): (a) Electrode placement with E1 type electrodes on the chest; (b)
obtained ECG signals while the subject was in a Sitting POSITION ........cereereererrersrerseeseesessesssesssessseens 147
Figure 5.12: Scenario 2 (S2): (a) Electrode placement with E1 type electrodes near-the-ear; (b)
obtained ECG signals while the subject was in a Sitting POSITION ........oceueereereererrerseeseesessesssesssessseens 148
Figure 5.13: Scenario 3 (S3): (a) Electrode placement with E2 type electrodes on the chest; (b)
obtained ECG signals while the subject was in a Sitting POSITION ........cereereereererrersseeseessessessesssessseens 148
Figure 5.14: Scenario 4 (S4): (a) Electrode placement with E2 type electrodes on the ear; (b)
obtained ECG signals while the subject was in a Sitting POSITION ........cereereererreererseesseesessessesssessseens 149
Figure 5.15: Scenario 5 (S5): (a) Electrode placement with E3 type electrodes on the chest; (b)
obtained ECG signals while the subject was in a Sitting POSItION .......cc.cccveereereereeressseseesseeresssesseeseessneans 149
Figure 5.16: Scenario 6 (S6): (a) Electrode placement with E3 type electrodes on the ear; (b)
obtained ECG signals while the subject was in a Sitting POSIION .......cc.cccveereereereeressseseeseeseessesseessessseans 150
Figure 5.17: Scenario 7 (S7): (a) Electrode placement with E4 type electrodes on the chest; (b)
obtained ECG signals while the subject was in a Sitting POSITION ......c.ccevrrerernenesnssnesnessesesesssssssessenns 151
Figure 5.18: Scenario 8 (S8): (a) Electrode placement with E4 type electrodes on the ear; (b)
obtained ECG signals while the subject was in a Sitting POSITION .......ccevrrerernrnesnssnessessesessssesssssessseens 151
Figure 5.19: Scenario 9 (S9): (a) Electrode placement with E5 type electrodes on the chest; (b)
obtained ECG signals while the subject was in a Sitting POSITION ........ocereereererreerersseesersesssesssesssessseens 152
Figure 5.20: Scenario 10 (S10): (a) Electrode placement with E5 type electrodes on the ear; (b)
obtained ECG signals while the subject was in a Sitting POSITION ........ocueereererreererserseesessesssesssessseens 153

Figure 5.21: Scenario 11 (S11): (a) Electrode placement with E3 type electrodes on the ear and the
reference electrode being placed on the left arm; (b) obtained ECG signals while the subject was in
ST L] 0T T 101 14 o] 153
Figure 5.22: Chest-based ECG Signals from an Ag/AgCl electrode and from a GN-based electrode
using the Ambu (larger size) and Covidien (smaller size) types of electrodes (a) — (d) ...cccvererrernees 156



15

Figure 5.23: Ear-lead based ECG Signals from an Ag/AgCl electrode and from a GN-based
electrode using the Ambu (larger size) and Covidien (smaller size) types of electrodes (a) — (d).157
Figure 5.24: Comparison of ECG signals recorded using different electrodes. (a) ECG signals
recorded by the Ag/AgCl electrode in Da He et al.’s report using an ear-lead position (only R peaks
are visible); (b) ECG signals recorded by a GN-based electrode using an ear-lead position (all P-
QRS-T MOrphology IS IAENTITIEU) ....ccveeeereerreererreeresssessessesssesss s ssssss s s sssesssssssssssssssssssssssssssssnsans 158
Figure 5.25: Comparison of the frequency response of filtered ECG signals from Ag/AgCl and
GN-based electrodes up to 75 Hz: (a) Power spectral density (PSD) of ECG recordings (from
Figure 8a) for an Ag/AgCl electrode; (b) PSD of ECG recordings (from Figure 8c) for a GN-based
BIECTIOR ...ttt s s RS R AR 159
Figure 5.26: The skin-electrode contact impedance of the Ambu (bigger) and Covidien (smaller)
types of a conventional Ag/AgCl electrode (shown as ImpedanceAmbu and ImpedanceCovidien)
and Graphene-coated electrodes (shown as ImpedanceGNAmbu and ImpedanceGNCovidien)....160
Figure 6.1: System block diagram which including ECG and CBT sensors in an earbud form as
well as and PPG sensor attached t0 the fINGET ...ttt sessss s ssesssssssssessssaes 163
Figure 6.2: (a) ECG acquisition system using an e-Health and Arduino microcontroller platform
along with a Bluetooth module for communicating with a smartphone. The ECG monitoring
process was carried out by a Lithium Battery which has a capacity of 500mAh; (b) the behind-the-
ear proposal with the combination of earbud appliCation. ... 164
Figure 6.3: (a) The proposed earbud device, which consists of a thermopile infrared sensor, for
CBT measurements; (b) MLX 90614 infrared thermometer was used for CBT monitoring

EXPIETIIMEINTS cuveureeseesseesessseessesssesssesssesssesssesssesssess s s s s s R8RSR AR RS E et 165
Figure 6.4: (a) The connection of MLX90614 to an MCU with 3.3V power supply; (b) initial

experimental setup of CBT measurement using Arduino UNO on a bread board........ccoccouneereennenn. 166
Figure 6.5: (a) Haemoglobin absorption spectra [189]; and (b) the tested Amperor PPG monitoring
sensor, which shows SpO; and the heart rate (HR).....cccoeeerrrreereereeressrenssssssseessssssessssssssesssssssssssssssssssans 167

Figure 6.6: (a) The prototype of an ear-based multifunctional wireless monitoring system; (b) a
data acquisition hardware unit that consists of ECG, CBT sensor connections, Bluetooth module
(HC-05 type [182]) for wireless communication and a lithium-ion battery for powering the sensory
)Y (=11 PO TSP TSSO 168
Figure 6.7: Typical setup of the use of the proposed integrated wireless multiple sensors; a CBT
sensor was inserted into the proposed earbud device; and GN-coated ECG electrodes were placed

on the behind-the-ear and upper neck areas; and a PPG sensor was clipped onto the finger ........... 169
Figure 6.8: (a) Visualisation of the obtained ECG signals on an oscilloscope; and (b) ECG
visualisation using Matlab software via the proposed ear-based multisensory system.........cc.ccoueee.e. 170

Figure 6.9: Continuous CBT measurements for 100 seconds: (a) Raw CBT data taken from the ear;
(b) CBT data just after exercise — five mins running; (¢) CBT data after walking outside in cold

weather; and (d) final temperature data after sitting for five mins wearing a thick jacket................. 171
Figure 6.10: (a) Measuring HR and SpO, using an Amperor Bluetooth PPG sensor; (b) a PPG
measurement on a subject during exercise using the SAME JEVICE......ccmeermenmesseessessesssesessessesssseens 172
Figure 6.11: Software flow diagram of the proposed ECG continuous monitoring system for
SMAITPNONE APPIHCATION ..ottt 173

Figure 6.12: Monitoring of ECG signals on a smartphone by (a) Ag/AgCl electrodes; and (b) GN-
coated electrodes; (¢) HR calculation is shown; (d) a health condition match process: an obtained
ECG sequence is compared to the stored values of health issues such as Tachycardia .......c.cccuveunee 174
Figure 6.13: Smartphone applications for CBT and PPG signals: (a) CBT measurement shows the
body temperature in this case as Celcius (31.18 °C) and Fahrenheit (88.1 °F); (b) PPG application
on a smartphone using a commercially available Amperor Bluetooth PPG sensor produced by
(@0 0] (=T o [ 1 T 175
Figure 6.14: A view of the Bluetooth module while pairing it with a smartphone..........ccccoovevenennee 177



16

List of Tables

Table 2.1: Mean of Amplitude reduction (%) between dry and wet conditions (N = 10 subjects)... 50
Table 2.2: Comparison of Printed EIECIIOUE ATEa........c.oereerrenerrereesssssesssessssssessssssessssssssssssssssessssssssssssnens 53
Table 2.3: Parameters Used for Systolic and Diastolic BP EXtraction [85].....c.ccueneeerneerneerneeseesseeenee 74
Table 2.4: A summary of the recent wearable monitoring systems presented in the literature review

........................................................................................................................................................................................ 76
Table 3.1: Summary of ECG Waves, Intervals and Duration [92]........cccueeneneerneesneesneesseesseesseesseeenas 86
Table 3.2: Descriptions of the parameters given in Figure 3.10.......ccuremermeemenesssenesmsssessssssssssseens 91
Table 3.3: CBT variations corresponding to an individual’s health status [102] .....coovenererereereereenens 95
Table 3.4: Human body temperature range [L02].....cocrermermremesmmssmesmesssssmessssssessssssssssssssssessssssesssssssssssseas 95

Table 4.1: Comparison of the relevant electronic, physical and thermal properties of GN with other
related carbonic and metallic materials (Si, Cu, single wall carbon nanotube — SWCNT) [141] ...111

Table 4.2: A brief summary of GN production techniquEes [141] ...cveeereereereereererrrereesseeesssesssessesseenns 117
Table 4.3: Estimated values for electrode circuit model components (Rg, Cg, and Rs) .c.vveureenreennens 132
Table 5.1: Electrical conductivity and relative permittivity values of each layer in COMSOL

10 T0T0[=] | 1] T PO S TSP OPPTPTP TP 135
Table 5.2: The properties of electrodes used for the experiments in ECG monitoring ... 140
Table 5.3: Obtained ECG signals from 10 volunteers using conventional Ag/AgCl, GN-coated
Ambu and GN-coated Covidien types Of ElECIIOUES..........uereereereererreeseesseseessessesssssssssessssssesssessessans 141
Table 5.4: Calculated SNRs and the response times of the ECG signals obtained with different
E1ECtrOdES AN PIACEIMENTS ....ccuieeeeereesreesrees et 154

Table 6.1: A summary of the wireless technologies for wearable wireless health monitoring systems



List of Abbreviations

AC Alternating Current

ADC Analog Digital Converter

AF Atrial Fibrillation

AFE Analog-Front-End

AFM Atomic Force Microscopy
Ag NW Silver Nanowires

AgCI Silver Chloride

Al Augmentation Index

AMP Foot-to-Peak Amplitude
APTES Aminopropyl Triethoxysilane
ASD Autism Spectrum Disorders
ATP Adenosine Triphosphate

AV Atrioventricular Node

BP Blood Pressure

BPM Beat per Minute

BR Baud Rate

BSC Ballistocardiogram

CB Carbon Black

CBT Core Body Temperature
CCD Charge Coupled Detector
CCE Capacitively Coupled Electrodes
CDA Conductive Dry Adhesives
CNT Carbon Nanotube
CNT-aPDMS Carbon Nanotubes Adhesive Polydimethylsiloxane
CPOD Crew Physiologic Observation Device
Cu Copper

CvD Chemical VVapour Deposition
DC Direct Current

DI Deionised

DRL Driven Right Leg

ECG Electrocardiography

EEG Electroencephalogram

17



EMFI Electromechanical Film

EMG Electromyography

EOG Electrooculography

EU European Union

FEG Field Emission Electron Gun
FEM Finite Element Modelling

FFT Fast Fourier Transform

FPT Flexible Polypyrrole Textiles
FWHM Full Width at Half Maximum
GDP Gross Domestic Product

GN Graphene

GND Ground

GO Graphene Oxide

GPS Global Positioning System
GSR Galvanic Skin Response
HF/HNO; Hydrofluoric Nitric Acid

HR Heart Rate

HRV Heart Rate Variability

IR Infinite Impulse Response

IR Infrared

ISM Industrial Scientific and Medical
KOH Potassium Hydroxide

LA Left Arm

LED Light Emitting Diode

LL Left Leg

MAE Mean Absolute Errors

MCU Microcontroller Unit

MEMS Micro-Electromechanical Systems
MIT-BIH Massachusetts Institute of Technology Beth Israel Hospital
MNA Microneedles Array

MWCNT Multi-Walled Carbon Nanotube
NA Not Applicable

OLED Organic Light Emitting Diode
PAT Pulse Arrival Time

18



PC Personal Computer

PCB Printed Circuit Board

PCG Phonocardiogram

PD Photo Detector

PDMS Polydimethylsiloxane
PEDOT:PSS poly-3,4-ethylenedioxythiophene poly(styrene sulfonate)
PEP Pre-Ejection Period

PET Polyethylene Terephthalate
P-FCB Planar-Fashionable Circuit Board
Pl Polyimide

PLP Pencil Lead Powder

PLS Pencil Lead Solid

PMIC Power Management Integrated Circuit
PMMA Poly(methyl methacrylate)
PPG Photoplethysmography

PPI Peak-Peak Interval

PSD Power Spectral Density

PSOC Programmable System on Chip
PT Pan Tompkins

PTT Pulse Transmit Time

RA Right Arm

RF Radio Frequency

RFID Radio-Frequency Identification
RGO Reduced Graphene Oxide
RMS Root Mean Square

SA Sinoatrial Node

SD Storage Device

SE Eecondary Electrons

SEM Scanning Electron Microscopy
SLG Single Layer Graphene

SMS Short Message Service

SNR Signal-to-Noise Ratio

SpO, Blood Oxygenation

SPV

Skin Potential Variation

19



SWCNT Single Wall Carbon Nanotube

TSV Through-Silicon Via

UART Universal Asynchronous Receiver/Transmitter
USB Universal Serial Bus

uv Ultra Violet

WBAN Wireless Body Area Network

WHMS Wearable Health Monitoring Systems

WLAN Wireless Local Area Network

WMSSS Wireless Multiple Smart Sensor System

WPAN

Wireless Personal Area Network

20



21

CHAPTER 1: INTRODUCTION

1.1. Wireless Body Area Network for Personal Health Monitoring

The rapid growth of wireless technologies brings with it new innovative ideas that enable
continuous real-time remote patient monitoring in healthcare services using compact wireless body
sensors. The services and technologies provide relatively uncontroversial, well-communicated and
monitoring devices, developed to give more affordable solutions. specifically for mobile healthcare,
such as daily activity monitoring, personal healthcare and monitoring systems as well as body
sensor systems that can alert clinicians via patients’ mobile phones. The new trend in remote patient
monitoring is moving towards the use of personal mobile devices compatible with multiple

biomedical sensors using wireless communication, such as Bluetooth and Zigbee [1].

Recent mobile health (m-health) technology is enabling the monitoring of people’s daily activity on
their smartphones. In addition, these mobile-based portable embedded devices will be able to
provide platforms to monitor their critical physiological data continuously and remotely. In order to
accomplish this, advancing technology in sensors, low-power integrated systems, and wireless
communication will need to be brought together to enable the design of low-cost, miniature, and
smart physiological sensor nodes [2]. An assessment report was prepared for the European Union
(EU) regarding the effectiveness of m-health in biomedical applications and the diagnosis of
diseases in 2013. According to this report, m-health applications could save €99 billion in
healthcare costs in the EU and add €93 billion to the EU GDP in 2017, if its adoption were
embraced [3].

The integrated wearable monitoring systems, which aim to bring together compact body sensors,
including such as electrocardiography (ECG), blood pressure, photoplethysmography (PPG), core
body temperature (CBT), heart rate, pulse oximetry, and electroencephalogram (EEG). The
wearable monitoring systems also aim to form the concept of a wireless body area or personal area
network (WBAN or WPAN) using the intelligent nodes of body sensors, and displays the
physiological vital signs on a monitoring device. One of the benefits that WBAN systems brings is
the ability to integrate multiple smart sensors, wireless connectivity and a small battery into a
wearable patch unit that sends the physiological data to a mobile device. Figure 1.1 illustrates the
general concept of a typical WBAN, where the general tasks of the electronics designer are
compactness, integration of body sensors and wireless communication in a specified telemedicine
system, which can alert a clinician when life-threatening changes occur, or provide feedback to the
patient to help maintain an optimal health status using Cloud health services.
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Figure 1.1: Typical personal health system with integrated sensor network (wireless body area network) [3]

1.2. ECG Monitoring System

Cardiovascular diseases are the leading cause of death worldwide, killing more than 15 million

people every year [4]. Continuous and real-time monitoring of heart activities with well-established

medical test electrocardiography (ECG) is increasingly playing an important role in the early

diagnosis and treatment of cardiovascular diseases. The ECG waveform that reflects electrical

activity of the heart is widely used for early detection and management of heart problems. Using the

concept of wearable wireless monitoring, any critical change in the heart or health status of an

individual can be identified by the patient his/herself or transmitted to a clinician for early diagnosis

and further analysis regarding his/her status. Figure 1.2 shows an ECG monitoring system using the

conventional method of three Ag/AgCI electrodes (wet adhesive electrodes) that are affixed to the

chest and waist. The other methods of ECG monitoring systems and types of electrodes will be

explained in depth in the next chapter.
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Figure 1.2: The typical 3-lead ECG monitoring system [3]
1.3. CBT Monitoring System

Core body temperature (CBT) is a significant parameter for long-term measurements of the human
body’s efficiency in maintaining its conducting temperature within a stable range, generally
between 36 °C and 37 °C. Continuously measuring the CBT for extended periods of time is useful
for studying human thermoregulation in ambulatory settings and during exercise. In particular, in
sports medicine, an accurate measurement of CBT throughout exercise can be beneficial for
maintaining the body’s operating temperature and preventing heat injury problems, such as
hypothermia, hyperthermia, and heat stroke. Specifically, decreasing body temperature can lead to
hypothermia, whereas rising core body temperature is a sign of impending heat illness, starting with
heat stress (beyond 37 °C), advancing to hyperthermia, and heat exhaustion (beyond 39 °C), and
then, to heat stroke (beyond 40 °C) [5]. Heat illnesses, in combination with such as climate change,
overdressing or overacting may lead to a deterioration in physical performance and a rising risk of
heat stroke consequences [6]. Consequently, early detection of a critical temperature (beyond 37
°C), especially after prolonged exercise, is a crucial way of preventing heat injuries. CBT is
monitored continuously in recent technology using wearable wireless communication with body
sensors. In the literature chapter, recent studies on such matters will be reviewed in detail. Figure
1.3 illustrates one such method of CBT that is measured by an ear thermometer.
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Figure 1.3: Ear-tympanic device to measure core body temperature [3]

1.4. PPG Monitoring System

Common diseases, such as pneumonia and diarrhea are taking the lives of millions of young people
every year [7], mostly due to the onset and growth of an inflammatory disease of the body, termed
sepsis. This inhibits the lungs transporting oxygen molecules to the haemoglobin in the blood,
which is a vital operation for the functioning of the cells throughout the body. A short term disorder
in producing or transfer enough oxygen to the blood will damage the cellular function and this will
affect badly the function of the cellular movement or the tissues, often leading to death [8].
Consequently, the early detection of decreased oxygen levels in the blood is essential for identifying
anybody requiring diagnosis to see whether he/she has this specific disease. The common method of
measuring arterial oxygen level in the blood is pulse oximetry, which refers to using optical sensing
technology. Photopletysmography (PPG) is a technique for measuring the change in light
absorption by the skin by an optical method involving pulse waves to ascertain the rate of blood
flow [9]. That is, by using PPG technology, the output of the photo-detector will show whether the
signals are moving in accordance with every heartbeat and thus, the heart rate or pulse rate will also
be provided from those signals. Figure 1.4 shows a typical reflective PPG sensor, which measures
both blood oxygen saturation (SpO;) and the heart rate.

Figure 1.4: A typical reflective PPG sensor for measuring blood oxygen saturation (SpO2) and heart rate [3]
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1.5. Aims of this Thesis

The main aim of this project is to investigate the effect of different types of electrodes for ECG
monitoring and to develop an ECG sensor with a view to providing a consistent method for
producing high quality, electrically conductive graphene (GN) films that can be integrated onto
ECG electrodes, thereby improving ECG results. It has been shown the the growth of GN on an
AQ/AgCI electrode provides better electrical properties than that of the traditional adhesive
Ag/AgCI electrode. Another aim of this work is to integrate multiple body sensors including an
electrocardiogram (ECG), core body temperature (CBT), and photoplethysmography (PPG) into a
miniaturised device. This device wirelessly transmits physiological data to a smartphone to
visualise them on. A smartphone application is written in Java to display these ECG, CBT, heart
rate and SpO, data wirelessly. A wide of variety wearable body sensors have already been
implemented for continuously and wirelessly monitoring healthcare data. In order to design an
optimised smart sensor system, several available wearable monitoring systems have been reviewed
(see literature review presented in Chapter 2). Another objective of this research is to implement a
smart body sensor system in an innovative ear bud designed to collect ECG and CBT data from the
ear. This means that two physiological data can be collected with an unobtrusive method using ear

bud technology within the proposed design.
In summary, the main objectives of this research are:

» To develop a novel graphene (GN) based ECG electrode with improved electrical properties and
able to provide more information about the heart;

» To investigate the electrical characteristics of GN-based ECG electrodes;

» To integrate GN-based ECG electrodes with other body sensors (CBT and PPG) to perform a
multiple smart sensor system in healthcare applications;

» To send these physiological data wirelessly to a smartphone that displays continuously collected
data including ECG, CBT, heart rate and SpO; in a written application;

» To design a novel method to sense ECG and CBT data within an ear bud system that sends the
integrated data to the hardware acquisition system;

» To obtain ECG and CBT measurements from the ear with the designed ear bud device;

» To show demonstrate the superiority of the experimental results for ECG monitoring when
comparing the traditional adhesive Ag/AgCl and the newly developed GN-based ECG
electrodes.
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1.6. Contribution to Knowledge

This work makes the following novel contributions to the study domain:

e A novel ECG electrode is developed through grown graphene (GN) substrates. GN based
electrodes are proposed, implemented and tested for ECG monitoring, for the locations of
chest, and both in-the-ear and behind-the-ear;

e A novel ear-bud design is proposed for integrating ECG and CBT sensors together through
at hardware acquisition unit. The proposed ear-bud device was designed, fabricated and
tested using 3D printing technology;

e For the first time, ECG, CBT and PPG sensors are brought together and the acquired
physiological data (ECG, CBT, heart rate and SpO,) are transmitted wirelessly to the
smartphone to be displayed on an application.

A new GN-based ECG electrode is designed and developed within a novel ear-bud system

combining CBT and PPG sensors together to show physiological data on the smartphone.
1.7. Thesis Outline
This thesis is organised into the following chapters.

Chapter 2 gives a literature review of the wearable monitoring systems in healthcare applications
and describes the different types of electrodes and materials used for ECG monitoring. This chapter
begins with an explanation of the proposed development of electrodes that use different types of
materials for ECG monitoring systems. Subsequently, a comprehensive review is provided on
wearable healthcare systems using different type of body sensors. Mostly the developments within
ECG, CBT and PPG sensors are observed and presented. At the end of this chapter, one paragraph
explains shortcomings regarding the applications of mobile wearable healthcare applications within
traditional methods and puts forward suggestions for future trends and possible research directions

to improve the efficiency of such healthcare applications.

Chapter 3 explains the theoretical backgrounds to ECG, CBT, and PPG monitoring systems,
respectively. In the subsection on the foremost, ECG waves and lead positions are described. In
addition, the electrical model of ECG measurement and skin-electrode interface are proposed for
defining an ECG acquisition system mathematically. Then, heartbeat detection is presented using
R-R waves from the functions of ECG signal processing. Likewise, descriptions of CBT and PPG
monitoring systems are explained within the proposed methodology used in this work and

demonstrated in Chapter 6 to obtain core body temperature, heart rate and SpO..
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Chapter 4 focuses on graphene (GN) technology and the methods regarding how GN is produced
for biosensing applications. After giving some examples using GN in an electronic device, the
details of the fabrication process are presented regarding GN growth implementation on an
Ag/AgCl electrode substrate. Furthermore, the Raman microscopy of graphene is described to show
the significant parameters of GN-grown electrode using a confocal Raman spectrometer.
Subsequently, scanning electron microscopy (SEM) images of GN-coated electrode are taken after
several experimental studies. Finally, the electrical properties of the proposed GN-coated electrodes

have been analysed.

Chapter 5 is dedicated to the preliminary simulations and results of GN-enabled electrodes for ECG
monitoring. Then, a simulation is presented to show the efficiency of GN, which has attractive
electrical properties for ECG monitoring using COMSOL. Following this, experimental analysis is
performed using adhesive Ag/AgCI electrodes and GN-coated electrodes on 10 people to ascertain
the effect of GN for ECG monitoring. Comparisons for ECG results are also conducted using the
electrodes in different locations (chest, ear, and waist) on the body to show where they provide the

best efficiency for ECG monitoring.

Chapter 6 presents the design and experiments pertaining to the multiple smart sensor system.
Firstly, the design for the ear-lead is presented and how the CBT sensor is included in it. The
experimental results of each ECG, CBT and PPG monitoring system are, shown respectively, not

only for the PC-based software, but also, for mobile application.

Finally, Chapter 7 concludes the work with a summary of the contributions and proposed ideas for

future work.
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CHAPTER 2: LITERATURE REVIEW

This chapter presents a review of the literature on different types of development of electrodes for
ECG acquisition, and also this chapter reviews wearable wireless smart sensor systems for
telemedicine or healthcare systems. In Section 2.1, alternatives to conventional wet electrode types
are reviewed in depth for cardiac monitoring using different types of materials. In Section 2.2, a
review of multiple smart sensor systems is provided for personalized healthcare monitoring and

management, in particular ECG, CBT, and PPG monitoring.
2.1 Review of developed different types of electrodes for ECG monitoring

The electrode is the main component affecting the quality of measured ECG signals. In terms of
developing ECG electrodes, various applications proposed by a number of researchers using
different types of materials. Traditionally, clinical ECG recorders commonly use the adhesive
Ag/AgCl electrodes, which require conductive gels and skin preparation to lower the skin-electrode
contact impedance. Nevertheless, various kinds of electrode developments, such as metal
electrodes, textile electrodes, carbon nanotube based electrodes, dry electrodes which can measure
bio-potentials without applying any conductive gels or skin preparation, have been proposed for
miniaturized ECG acquisition systems. Puurtinen et al [10] proposed dry textile electrodes to show
how the electrode size and preparation of the electrode (dry electrode - wet Ag/AgCI electrode —
textile electrode) affect the measurement noise, and the skin-electrode contact impedance. Dry
textile electrodes moistened with water, and then textile electrodes covered by hydrogel were
studied with five different sizes. The experimental results demonstrated that noise level increases as
the electrode size decreases. The noise level was high in dry textile electrodes (75 dB), comparing
to wet electrodes (Ag/AgCl), which had quite low noise (55 dB) similar to that of textile electrodes
covered by hydrogel (51 dB). Gruetzmann et al [11] presented the development, fabrication and
characterization of two novel dry electrodes for ECG monitoring. Four different types of electrodes
(wet Ag/AgCl electrodes — dry Ag/AgCI electrodes — skin adaptive electrode — capacitive electrode)
were prepared for the experimental work. Furthermore, a passive filter algorithm was integrated
into the new electrodes to suppress fluctuation of the ECG signal caused by motions due to
breathing or body movements. Compared to wet Ag/AgCI electrodes, the novel dry electrodes

(adaptive and capacitive) indicated a higher contact impedance but acceptable ECG signals.

Another flexible dry electrode was developed for the long term monitoring of ECG by Baek et al
[12] by using elastomer polydimethylsiloxane (PDMS), which is known to be inexpensive,
biocompatible and amenable to micro-molding. A mixture metallic layer (Au and Ti layers) was
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patterned on a thin PDMS substrate and they produced a PDMS-based surface electrode for the
long-term measurement of ECG signals. The group fabricated a forearm-wearable electrode by
connecting the Velcro to the PDMS electrode which is shown in Figure 2.1a. The skin-electrode
contact impedances were measured of proposed electrode and wet Ag/AgCl electrode. Regarding
the experimental results, although the contact impedance of PDMS-based electrode was higher than
AQ/AgCI electrodes, measured ECG signals of PDMS electrodes showed comparatively good
fidelity, which is shown in Figure 2.1b. Furthermore, proposed PDMS electrodes exhibited that has

no negative influence on the skin, even applying after one week of continuous wear.
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Figure 2.1: (a) Image of fabricated electrode; (b) ECG signals from the PDMS-based
electrode and from the Ag/AgCl electrode [12]

Leonhardt and Aleksandrowicz [13] have studied a sensing technique suitable for non-contact ECG
monitoring inside a car, when the engine was running, and car was stationary and moving. As a
non-contact measurement is desirable for long-term ECG acquisition, capacitive ECG electrodes
were implemented for an automotive application. Figure 2.2a shows the co-driver’s seat featuring
two capacitive electrodes in the backrest, and an additional acceleration sensor in the seat. In
addition, a driven-right-leg circuit was used to reduce common mode effects by negative feedback
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with an additional reference electrode. Figure 2.2b indicates the results of ECG signals during
different scenarios: engine switched off, engine running idle, and car in driving mode. During all
trials, driver was wearing normal cotton shirts with a thickness of 0.3 mm. According to the results,
the P-wave of all cases were detected, however, the resulting body movements on the seat caused

fluctuations on the ECG signal, as can be seen in (b).
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Figure 2.2: (a) The co-driver’s seat featuring capacitive electrodes in
the backrest and an additional acceleration sensor in the seat (EMFI-
mat); (b) Recorded ECG signals from the backrest from a healthy male

volunteer aged 27 sitting on the driver’s seat [13]
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Yoo et al [4] proposed a wearable ECG monitoring system with planar-fashionable circuit board (P-
FCB) based shirt. Dry electrodes were fabricated and used for long-term monitoring of proposed
ECG system to avoid use of wet electrodes due to toxicological concerns of electrolyte gels. The
results revealed that the monitoring system was capturing the ECG signal successfully when both
wet Ag/AgCl and P-FCB dry electrodes attached to the chest. The P-FCB electrode indicated a little
more distortion, since this type of dry electrode had larger contact impedance than that of the wet
Ag/AgCI electrode. However, the captured ECG waveform with the P-FCB dry electrode showed
good information that included all signs of ECG waveform (P, QRS and T). Fuhrhop et al [14]
implemented a textile integrated capacitively coupled electrodes (CCE) based ECG monitoring
system for a long-term application. This system comprises of a convenient textile, active capacitive
electrodes, and low power acquisition unit with a Bluetooth module. Two capacitive electrodes
have been developed and placed on the textile and one reference electrode was used for driving
right leg circuit method to reduce power line interference. ECG measurements were taken in both
sitting and walking positions. Even though the capacitively coupled electrodes exhibited sufficient
ECG signals for sitting position, a distorted signal was observed during walking that needs to be
improved. Wang et al [15] developed a wearable mobile ECG monitoring system using a novel dry
foam electrode. The proposed wearable mobile ECG monitoring system of this group consists of a
wearable ECG acquisition device, a mobile phone with Global Positioning System (GPS), and a
healthcare server. The wearable ECG acquisition device in this system contains three proposed dry
foam electrodes. Researchers designed these dry foam electrodes to monitor ECG signals for long-
term application and comfortably used in daily life for the patients. This wearable ECG device,
which is small in size (4 cm x 2.5 cm x 0.6 cm), wireless and low power consumption (long-term
ECG monitoring over 33 hours), has been tested for patients suffer from atrial fibrillation (AF) in
China Medical University Hospital, Taiwan. For 25 AF patients, the sensitivity and positive
predictive value of the proposed system were 94.56 % and 99.22 % respectively. Figure 2.3 shows
top view (a) and exploded view (b) of the proposed dry foam ECG electrode and gives an overview
of the whole wearable ECG acquisition system (c). Regarding the performance of this proposed
electrode, the impedance variation was investigated under different frequency ranges and the
impedance of proposed dry electrodes was similar to that of the conventional wet electrode. The
impedance variation of the proposed dry foam electrode was observed in the range from 14 to 24

kQ, and is in the acceptable range for a typical ECG measurement.
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Figure 2.3: (a) Top view; (b) Exploded view of the proposed dry foam ECG
electrode, which was covered by the conductive fabric and then paste on an Au
layer; (c) An overview of the whole proposed ECG monitoring system within a

wearable medical vest [15]

Gandhi et al [16] presented a theory and characterization of several different types of electrodes that
contained dry and non-contact electrodes, including PCB solder finish, latex, cotton, silver cloth
and soldermask. The noise spectra of the electrodes were measured on a subject to analyse the
effects of biological or chemical noise that is triggered by skin-electrode contact impedance. In
order to do that, two electrodes are mounted on the forearm to record the baseline noise for different
types of dry and non-contact electrodes while a third electrode was used to ground the
instrumentation. ECG measurements were also studied to see the performances of each type of
electrode and compared to the signal from a wet Ag/AgCl electrode. Results demonstrated that the
type of electrode which was made using lead-free PCP solder finish, can function as a general
purpose, low-noise dry electrode. Latex and soldermask types can work as insulated electrodes.
Rashkovska [17] et al developed a telemedicine application that provides a comfortable option for
monitoring of the heart activity on the mobile phone using wireless bipolar body electrode in real-
time. For displaying wirelessly recorded ECG data on a smartphone, wireless bipolar body

electrodes were used. In order to transmit the ECG data wirelessly, a wireless transmission protocol
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called SimpliciTl was used for converting the packets to an appropriate Bluetooth protocol.
Additionally, they also showed that the standard 12-lead ECG can be reconstructed and displayed

using these type wireless electrodes.

Fong and Chung [18] proposed a healthcare monitoring system based on mobile phones and non-
contact electrodes. A subject wearing a cotton shirt sits on a chair with conductive non-contact
electrodes are attached on the seat, which has also other electronic equipment including battery
supply, transmitter and Bluetooth module. ECG signals are acquired from the subject through the
cotton shirt and filtered by an electronic circuit module. After retrieving ECG signal from the
sensory module, users can see the ECG signal on their mobile phones via Bluetooth module. Figure
2.4 shows the setup of ECG real-time monitoring system (a) and also the comparisons of ECG
signals obtained using adhesive Ag/AgCl and proposed non-contact electrode system (b).
Additionally, a web page performance was developed to test latency monitoring and provide and

efficient health tracking system by clinicians or doctors.
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Figure 2.4: (a) Setup of proposed ECG real-time monitoring system; (b)
Acquired ECG signals using conventional Ag/AgCl electrode, and proposed non-

contact electrode, respectively [18]
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Yang et al [19] examined the performance of a contactless capacitive electrode for ECG
measurement. Recordings and comparison is made regarding ECG measurement using both
explored non-contact electrodes and conventional pre-gelled electrodes on a hairy chest, with the
same bio-sensing circuits. As can be seen in Figure 2.5, the experimental results indicated that wet
electrodes have difficulties during ECG measurements from a hairy chest. Using proposed non-
contact electrodes, ECG signal can be acquired from a hairy chest as well as improving long term

monitoring of ECG without use of gel or skin preparation.
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Figure 2.5: (a) Hairy chest illustrates difficulties for acquiring ECG signals via gel Ag/AgClI electrodes;
(b) Non-contact electrodes also show comparable ECG signals to that of Ag/AgCI electrodes without skin

preparation. Both signals were obtained before filtering process [19]

Likewise, another long-term monitoring of ECG is done for ubiquitous healthcare systems using
dry textile electrodes by Oh et al [20]. They investigated the performance of proposed five different
dry electrodes (two of five are different electrospun conductive nanofiber web electrodes; and the
rest three are metal plated fabrics). The researchers have evaluated contact impedance, step
response, noise signal performance indices for the proposed five dry electrodes, and also compared
the results to those of traditional wet Ag/AgCI electrodes. Regarding the results, explored nanofiber
web electrodes revealed the performance closely to that of Ag/AgCl electrode than other proposed
metal plated fabric electrodes. Another observation from the experiments is that ECG waveforms

from nanofiber web electrodes were better than for metal plated fabrics including lower noise
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power spectral densities. Lin et al [21] developed novel non-contact electrodes for mobile ECG
system based on ubiquitous computing. Proposed contactless electrodes can measure bio-potentials
through clothing, allowing the electrode can be integrated on a patient’s normal clothing to record
ECG data in daily life. Here, the proposed non-contact electrodes were utilized within a wearable
wireless ECG acquisition module, which sends the ECG data through mobile phone to monitor real-
time continuously. The group has also tested the implemented non-contact electrodes for
monitoring the heart rate of six patients (between 40 and 70 ages) with heart arrhythmia under
motion and action. Despite of the movements of the non-contact electrodes under motion and action
resulted with noise, the key points of an ECG waveform was detected. Besides, using the QRS
detection algorithm, heart rate can be calculated easily from the R waves. Furthermore, the
experimental results revealed that both of the sensitivity and accuracy values for detecting

arrhythmia seem efficient using the proposed non-contact electrodes.

Ito et al [22] examined the non-contact sensing of ECG signals of a human body on the bed in
different positions. Six pieces conductive fabrics were used for the experiments. Three of them
were used for ECG amplifying feature to have high impedance, and the rest three of them were used
for reading capacitance meters. Capacitances for upper and lower bodies were separately measured.
The non-contact electrodes were tested on a male subject who is instructed to sit down on a bed, lie
on the bed in a supine position, and lie on lateral position to see the differences in the ECG signal.
Results showed that ECG signal was detected in the periods when the subject was in supine or
lateral position as can be seen in Figure 2.6. In addition, QRS complexes, P-waves, and T-waves

were confirmed, although some distortions have been observed.

Varadan et al [23] developed a wearable wireless textile based nano-biosensor system for cardiac
health monitoring, called as e-Nanoflex platform. This implementation was made of nano-biosensor
with Bluetooth module for communication with smartphone to display bio-potentials
simultaneously. As can be investigated in Figure 2.7a, the pair of nano-biosensor electrode pads,
which was made of gold nanowire on flexible Titanium foil, was mounted on a wound dressing
plaster to facilitate easy implementation for the patients. Lead | ECG signal obtained from the
sensor in the frequency content between 0.2 and 70 Hz. The sampling rate was fixed at 200 Hz to
conduct Nyquist sampling theorem. A comparison was also made using commercial Ag/AgCl
electrodes and gold nanowire electrodes regarding three lead ECG signals as shown in Figure 2.7b
and 2.7c. The signals from the both two type of electrodes were observed nearly similar. The ECG
data from the e-Nanoflex sensor system can also be sent to a remote server via 3G network within
the current GPS location and time. In case of emergency, a message with recorded information can

also be sent to emergency team to monitor remotely.
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Acquired ECG signals while the subject was in different positions (standing, long sitting, supine and left
lateral). ECG signals were detected during supine and left lateral positions [22]

Co-authors of this group also implemented two textile platforms that monitors ECG, PPG, blood
pressure using e-Nanoflex sensory system from a t-shirt and a bra, and display multi body potentials
on the smartphone wirelessly, called e-vest, and e-bra respectively [24,25]. The e-vest platform is
development of a multi-parameter wearable wireless textile-based nano-biosensor that records ECG
and blood pressure. As can be seen in Figure 2.8a, e-vest textile platform was structured by three
textile electrodes and connected to a sensor electronics module (SEM). A photoplethysmography
(PPG) technigue was used in forming armband that has infrared LEDs and photodiodes which were
connected to the SEM through conductive traces. SEM of e-vest application consists of an
amplifier, filter circuits, a microcontroller, and a ZigBee wireless radio to transmit multi-parameter
signals to the mobile phone. Besides, Figure 2.8b illustrates e-bra system that incorporated in the
inner garment for women using e-Nanoflex wireless sensor platform. The aim of this work was to
wirelessly acquire ECG signals from subjects using e-bra system and perform heart rate variability
analysis on a PC. They also successfully monitored ECG waveforms, heart rate and blood pressure

values on a smartphone using R-R interval calculations from ECG.
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Figure 2.7: (a) Scanning electron microscope image of vertical gold nanowires and a medical plaster that

involves of the gold nanowire fabricated electrode; (b) Acquired ECG signals from e-Nanoflex sensor

conventional Ag/AgCl electrode and (c) proposed gold nanowire electrode [23]
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Figure 2.8: (a) Proposed e-Vest system within the plethysmography (PPG) arm band; and (b) the
proposed e-Bra system that worn by the subject with the e-Nanoflex sensor module. In addition

multichannel signal smartphone display consists of heart rate, and blood pressure [24-25]

Hsu et al [26] proposed barbed microtip-based electrode arrays for monitoring ECG and EEG
signals by using silicon wet etching. In order to form a standard pyramidal microtip array, KOH
anisotropic wet etching was performed and HF/HNO; was used to synthesize barbs on the
microtips. Additionally, a through-silicon via (TSV) method was proposed to improve the electrical
conductivity between the tip array and the electrode lead during the wet etching process. The
impedances of the skin-electrode interface were compared using wet Ag/AgCl electrode and
proposed barbed type dry electrodes. Furthermore, EEG and ECG recordings were demonstrated
using both Ag/AgCl and barbed type dry electrodes. The experimental results indicated that the
contact impedance of the barbed dry electrode was lower than was that of the wet Ag/AgCl
electrode that also needs skin preparation. Regarding ECG recordings, both proposed barbed dry
electrodes and conventional wet electrodes demonstrated similar waveforms. Kwon et al [27]
developed a brassiere-based reliable ECG monitoring system, called CardioGuard, in supporting
daily mobile healthcare (m-health) applications for women. The system comprises of two key
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components: (1) a brassiere-based wearable sensor and (2) smartphone middleware for a daily
ECG-based healthcare application. Figure 2.9 shows the prototype of the bra sensor and the sensor
device. Gold-plated wire electrodes were used to acquire ECG signal in this application and the
sensor device was placed at the cleavage so that the free space was utilized by structure and shape
of the brassiere. They have observed the motion artifacts caused by daily activities (such as
walking, riding or car driving) to see the robustness of the proposed system. Moreover, 2.9f shows
the ECG signal using proposed CardioGuard system. Regarding the results of the system, QRS
peaks were detected during 12 daily activities with different degrees of movement, such as resting,
eating, desk working, lying supine, car driving, riding a bicycle or a bus, and with 10 participants.
The average QRS peak detection ratio is 89.53% over all activities.

Connector

electrodes 1.2
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Figure 2.9: The prototype of the CardioGuard sensor system: (a) The wearing subject: the sensor device is
attached at the cleavage of the bra; (b) applied gold-plated wire electrode; (c) the structure of the bra sensor
system; (d) the front, back and side views of the proposed sensor system; (e) the hardware components of the

system; and (f) an ECG signal recorded by proposed CardioGuard system [27]

Batchelor and Casson [28] examined the performance of proposed inkjet printed electrodes for ECG
monitoring in personalized healthcare. They manufactured two types of electrodes: (a) inkjet
printed capacitive and (b) tattoo-style inkjet printed ECG electrodes (printed metal electrode on a
very thin, around 10 um, layer of plastic) for long term biosignal monitoring. Regarding the
performance comparison, three types of electrodes were tested on the subject to see recorded ECG
signals as can be seen in Figure 2.10. This was followed by a test in which the subject walked
around to investigate motion artifacts in the acquired traces. All recordings used a 10 bit resolution,
1024 Hz sampling rate, downsampled to 256 Hz and a 0.3 Hz high pass filter. Regarding signal-to-
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noise ratio (SNR) variations, the convetional Ag/AgCl electrodes have the highest SNRs by 19.9 dB
mean value. On the other hand, the SNR of the tattoo electrodes was marginally below that of the
Ag/AgCI electrodes by 19.3 dB, and capacitive electrodes had 12.7 dB of SNR value. Regarding
skin-contact impedance measurements, Ag/AgCl electrodes had impedance of 96 kQ at 30 Hz and
then falling down to 67 kQ after two hours of use. In contrast, both the capacitive and tattoo

electrodes had impedances above 200 kQ.

a) Ag/AgCl b) Capacitive (high SNR section)
500 |.1V
¢) Capacitive (low SNR section) d) Tattoo

WM%

Figure 2.10: Measured ECG signals using (a) wet Ag/AgCI electrodes; (b) and (c) capacitive electrodes
with different magnifications; and (d) proposed tattoo electrodes; tested electrodes are shown in (e):
Ag/AgCI electrodes (left); proposed copper printed capacitive electrodes (middle); and Ag printed
electrodes on tattoo paper (right) [28]

Chlaihawi et al [29] proposed a flexible dry electrode based on multi-walled carbon nanotube
(MWCNT)/polydimethylsiloxane (PDMS) composite for ECG monitoring. Dry electrodes were
generated by screen printing Ag ink on flexible polyethylene terephthalate (PET) substrate, and
then MWCNT/PDMS composite was coated onto the surface of the electrode. In order to see the
performance of the proposed electrode, three same types of electrodes were fabricated in different
sizes with radius of 8 mm, 12 mm, and 16 mm. The results were also compared to that of
conventional Ag/AgCl electrode. Experimental studies showed that the proposed dry ECG electrode
with the largest area (16 mm) exhibited better performance than conventional Ag/AgCl electrodes
regarding signal intensity and correlation. Another flexible dry electrode with micro domes was
proposed by Meng et al [30] based on PDMS for ECG monitoring system. The fabrication method
of the proposed dry electrode was comprised of melting photoresist, double-PDMS-molding, Nickel
(Ni) plating and encapsulation between two PDMS substrates. Similarly with the previous work, the
researchers have developed three dry electrodes with different sizes to consider the performance of

the proposed dry electrode. Experimental results revealed that the fabricated dry electrodes
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provided a comparable ECG signal to that of conventional wet Ag/AgCl electrode without the need
for skin preparation and use of gel. Moreover, skin-electrode contact impedance of the proposed dry
electrode was decreased as the size of the electrode was increasing. Although the impedance of the
proposed dry electrode with 80x80 arrays was larger than that of wet Ag/AgCI electrode at the
beginning, the impedance of the wet Ag/AgCl electrode was increasing from around 15 kQ to more
than 100 kQ after 6 hours. Nevertheless, the impedance of the fabricated dry electrode was stable at
around 15 kQ even after 6 hours. Figure 2.11a indicates the sampling module ECG monitoring
system, and Figure 2.11b ECG signals recording using lead V. Figure 2.11(c-h) shows the ECG
signal measurements using different size of fabricated dry electrodes and Ag/AgCI electrodes.

STM32 board
WS

N

battery
©) o3 (d) o.3 T (€) o3
- 0,2 -~ 0.2 —~ 0.2
E E B
& 0 Lf v 0.1 T 0.1 |
g ) o
s 0 S0 = oMy ﬁ
= = =
-0.1 =01 -0.1
] 1000 2000 3000 4000 ] 1000 2000 3000 4000 ] 1000 2000 3000 4000
Time (ms) Time (ms) Time (m=)
M os @ o5 (h) 0.5
=~ 0.2 1 —~ 02 — 0.2
3 z 3
% 0.1 % 0.1 H %’ 0.1 IM
S0 5 500
=2 2 0 D
=0.1 -0.1 =01
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (ms) Time (ns) Time(ms)

Figure 2.11: (a) Data sampling module of the proposed system; (b) Using lead V to record ECG signals.
ECG signal measurement (c)-(e) ECG signals using wet Ag/AgCI electrode; (f) recorded ECG signals by
proposed micro-dome electrode with 80 x 80 arrays; (g) signal from micro-dome electrode with 60 x 60

arrays; (h) signal with 40 x 40 arrays [30]

Additionally, same research group [31] developed another dry electrode by depositing metal film on
(3-aminopropyl) triethoxysilane (APTES)-anchored PDMS substrate for ECG recording system.

They have used APTES solution before depositing metal film to overcome the adhesion problem
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that gave poor connection between metal and PDMS substrate. Furthermore, the performance of the
proposed dry electrode was carried out by skin-electrode contact impedance and SNR of the ECG
signals and compared it to those of Ag/AgCl electrodes. The impedance variations illustrated that
the proposed dry electrode had higher contact impedance (580 kQ at 50 Hz) than conventional
Ag/AgCI electrodes (390 kQ at 50 Hz). Regarding ECG waveform experiments, obtained ECG
signal using the proposed dry electrodes with micro domes was similar to that obtained using
conventional Ag/AgCI electrodes. Clear observations of QRS-complex and T-wave cardiac points
can be seen. Moreover, experimental results have revealed that SNR of conventional Ag/AgCl
electrodes was higher than the fabricated dry electrodes with micro domes, 23.35 dB and 21.82

respectively.

Recently, there have several research activities on ECG monitoring using different types and
materials-enabled electrodes. Following studies have been proposed in the last year (2016) to
observe essential findings of ECG signal using different approaches to ECG monitoring systems.
Liu et al [32] developed silver nanowire and PDMS based composite electrodes for long-term ECG
monitoring. The fabricated electrode patch comprised of three composite electrodes and an adhesive
PDMS layer is combined with a wireless acquisition system to obtain ECG signals. The composite
electrodes consisted of a PDMS layer, silver nanowires (Ag NW) layer, carbon nanotubes adhesive
PDMS (CNT-aPDMS) layer and integrated with Cu wires to enable the external circuitry, as can be
seen in Figure 2.12a. After the fabrication process of the electrodes, three electrodes were integrated
into an ECG patch within ECG acquisition system, which enabled wireless transmission through
radio-frequency (RF) module, via connected Cu wires. Experimental results showed that the contact
impedance of the proposed composite electrode was higher than that of the conventional Ag/AgClI
electrode because of the low conductivity of the CNT-aPDMS layer, the monitored impedance
values were 1.55 MQ and 651 kQ respectively at 10 Hz. Moreover, ECG waveform of the
fabricated electrode was observed and compared with that of the Ag/AgCI electrode. Figure 2.12b
shows the results at different sites for the proposed and conventional Ag/AgCl electrodes. As can be
seen in the figure, each wave of the ECG signal (P wave, QRS-complex, T waves) can be observed.
Furthermore, ECG signals of each electrode type were indicated in the Figure 2.12b during different
postures (sitting, standing, and walking). Even though the ECG signals were stable during sitting
and standing postures, the signal was affected by walking posture as considerable amount of noise

have been observed.
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Figure 2.12: (a) Structure of the composite fabricated electrode composed of a PDMS layer, Ag NW layer,
Cu wires and CNT-aPDMS layer. ECG measurements: (b) the measurement area; (c) Comparison the
waves of the ECG signals between the propose composite electrode and conventional Ag/AgCl electrode;
(d) and (e) shows continuous acquired ECG signals during different postures (sitting, standing, walking) at
site 1(d); and at site 2 (e) [32]

Similarly to the previous work, Lee et al [33] fabricated a self-adhesive ECG patch using CNT
electronics for long-term ECG monitoring system. The self-adhesive patch consisted of a PDMS
layer, an Au/Ti/Polyimide metal layer, a PDMS frame layer, and a CNT/aPDMS interfacial layer
for signal acquisition. To evaluate the results, the comparison has been made between dry, Ag/AgCI
and CNT/aPDMS electrodes with the same locations at the right arm (RA), left arm (LA), and left
leg (LL) positions of the ECG patch. Figure 2.13 also shows the comparison results for motion
artifacts and ECG measurements using three types of electrodes (dry, Ag/AgCl and CNT/aPDMS).
Regarding the motions with different frequencies, the root-mean-square (RMS) value of the motion
artifacts was substantially lower than that of dry electrodes for all motion frequencies, and the value
was slightly smaller than that of Ag/AgCI electrodes at 3 Hz, as can be seen in Figure 2.13c. Figure
2.13f also indicates that the waveforms of CNT/aPDMS are comparable to those of conventional

Ag/AgCI electrode, while there are significantly noisy and shows artifacts in the signals of the dry
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electrode. Furthermore, skin-to-electrode contact impedance was 241 kQ at 40 Hz for the

CNT/aPDMS electrode as compared to 74.2 kQ for the conventional Ag/AgCl electrode.
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Figure 2.13: Motion artifacts and ECG measurements. (a) Experimental set-up to test of motion artifacts
for dry, Ag/AgCl and proposed CNT/aPDMS electrodes were attached to the left arm in separate tests; (b)
Recorded motion artifacts for each dry, Ag/AgCl and proposed CNT/aPDMS electrodes while running at
different frequency ranges between 1 and 3 Hz; (c) RMS values; (d) Attachment of the ECG electrode
using leads I, I1, and I11; (e) The attached electrode on the chest; (f) Recorded ECG signals with leads I, 11,
and 111 for the dry, Ag/AgCl and proposed CNT/aPDMS electrodes [33]

Pei et al [34] developed a dry electrode based on conventional microneedles array (MNA) to
remove the interference of skin-potential variation (SPV). Based on this technique, Parylene
membrane layer is coated to the root of the microneedles for insulating the electrode from the
corneum layer. Thus, skin-potential variation will not affect ECG recording while the subject was

moving around. They compared the impedance measurements of the commercial wet electrode,
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conventional MNA-based electrode and proposed SPV-based dry electrode. According to the
results, the skin-electrode contact impedance of the proposed dry electrode was similar (around 120
kQ) to that of commercial wet electrode (115 kQ) and higher than that of conventional MNA-based
electrode (66 k() at 10 Hz. Likewise, the skin-to-noise ratio (SNR) of ECG signals measured by
proposed SPV-based dry electrode, conventional MNA-based electrode and commercial wet
electrode were 36.9 dB, 43.2 dB, and 44.5 dB respectively. Recently, Jang et al [35] fabricated a
ferromagnetic, folded electrode composite for wireless electrophysiological acquisition systems. As
can be seen in Figure 2.14, ferromagnetic, folded composite structure lays on a permanent magnet
(NdFeB) layer. The transparent adhesive layer is coupled with ferromagnetic layer to provide
adherent interfaces to the skin that maintains robust conformal contact. On the other hand, the
magnet conducts a permanent electrical bond to the acquisition system. As in Figure 2.14c, the
electrodes rest between the electrical lead-out (or magnet layer), and the skin. Furthermore, Figure
2.14d presents the proposed magnetic folded soft composite electrodes with wireless operation
(Bluetooth module). Each electrode placed onto a permanent magnet (NdFeB) with a force that
contributed an electrical contact from the skin and a mechanical bond. The group have developed
several electrode types for recording ECG, EMG, EOG, and EEG using this proposed electrode
composite. Figure 2.14e also shows recorded ECG acquired with capacitive and direct contact
electrodes from the chest indicated that P, QRS, and T waves were collected with a quality of

measurement that is comparable to that of hydrogel electrode.
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Figure 2.14: (a) Schematic diagram of the proposed electrode design; (b) Information on the structure of
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the composite and its interface with the skin and the contact pad of the external (wearable) device; (c)
Optical image of the electrode system on the skin; (d) Attaching proposed device on the chest to acquire
ECG data; (e) Schematic illustration wireless ECG monitoring system [35]

Poliks et al [36] investigated hybrid flexible electronics that integrate conventional printed circuits
and thinned silicon chips in order to produce a wearable ECG and skin temperature sensor. The
wearable monitor is consisted of a flexible polyimide substrate with printed ECG electrodes,
thermistor, and a connecting traces printed on one surface using ECG conducting gel electrodes
printed with gold ink, and the electronic components placed on the other surface. ECG signals were
transmitted to a mobile phone wirelessly via Bluetooth after signal conditioning process to be
monitored in real-time. The wearable device is in 2x2 inches in size and worn on the chest. The
group has analysed the ECG recordings using proposed gel based printed electrodes by performing
signal-to-noise ratio, peak detection, and heart rate variability. The experimental results
demonstrated that the recorded ECG signals were comparable to those of archived and certified
ECG signals at MIT-BIH database. Dai et al [37] developed a wearable ECG acquisition system
using three proposed textile electrodes and a specialized circuit system. The proposed system used
various digital filter methods to eliminate the baseline wander, thus reduce skin contact noise and
also the system presented several methods to reduce the power consumption of the system.
Furthermore, presented ECG system designed new type of electrodes using flexible polypyrrole
textiles (FPTs) to increase the system performance by eliminating the need of electrolyte gel. Due
to decreased electrochemical impedance between the skin and electrode [38], thus improved
conductivity, the FPT electrodes were used, and the 5 x 4 cm fabric electrodes were integrated into
the garment for ECG acquisition system. Figure 2.15a shows the structure of proposed FPT
electrodes and Figure 2.15b illustrates wearable ECG unit on a sweatshirt. Regarding the
performance of the system, a series of continuous impedance measurements were carried out for 8
hours to analyze the variation of contact impedance and also to compare them to those of wet
Ag/AgCI electrodes. Results demonstrated that while the skin-electrode contact impedance of wet
Ag/AgCI electrodes was increasing, the contact impedance of proposed FPT electrodes was
decreasing which will be efficient for long-term ECG monitoring. Experimental results also
revealed that the presented ECG acquisition system has lower power dissipation of 29.74 mW in
full round of ECG acquired system when compared with two commercial ECG acquisition systems
(Heal Force and BodiMetrics).
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Figure 2.15: (a) The structure of proposed flexible polypyrrole textile electrodes (FPTe); (b) Distributions
of electrodes based on sweatshirt with an ECG monitoring system [37]

Another textile-electrode for ECG recordings was designed by Pani et al [38] based on woven
fabrics applied with conducting polymers, poly-3,4-ethylenedioxythiophene doped with
poly(styrene sulfonate) (PEDOT:PSS). Due to excellent characteristics of this conducting polymers
group such as low band gap and high electrochemical stability, this research group has fabricated
new type of electrode based on fabric soaking in PEDOT:PSS using a second dopant, squeezing and
annealing. The proposed electrodes were tested for both skin-electrode contact impedance and the
quality of ECG signals recorded at rest and during physical activity. The experimental results
showed that the electrodes are good enough in both wet and dry conditions. However, dry type of
electrodes had higher noise artifacts in particular during physical activity exercise. Wet type of
proposed electrodes indicated that better contact impedance than dry ones, and they were
comparable to that of traditional Ag/AgCl electrodes. Figure 2.16a illustrates the proposed
PEDOT:PSS type textile electrode, and Figure 2.16b shows recorded ECG signals from a single
subject during rest and different activities with dry and wet type of proposed electrodes and
compared to those acquired with gelled Ag/AgCI electrodes. The results revealed that the gelled

Ag/AgCI electrodes indicated better stability than dry textile electrodes, but worse than the wet
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ones. Performance of wet textile and gelled Ag/AgCl electrodes were generally similar, however,
dry textile electrodes exhibited higher sensitivity to high frequency noise.
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Figure 2.16: (a) Proposed PEDOT:PSS type of textile electrode; (b) Five sample excerpts of ECG signals
obtained with proposed dry and wet electrodes (in blue, lower signals) compared to those obtained with
conventional Ag/AgCI electrodes (in red, upper signals) during different activities [38]

Noh et al [39] developed two type of conductive carbon black (CB), and PDMS bio-potential
electrodes, with and without an integrated flexible copper mesh to compare with commercially
available electrodes (Polar textile, Ag-coated textile, and carbon rubber). The proposed electrodes
were tested in three types of water: fresh water, chlorinated water, and salt water to see the qualities
of recorded ECG signals. The developed hydrophobic CB/PDMS electrodes were fabricated based
on filling conductive CB/PDMS composites on 3D printed cavity molds, and then a copper mesh
was affixed on the CB/PDMS mix to allow signal acquisition via the monitoring device. A diagram
of the proposed meshed CB/PDMS is shown in Figure 2.17a. Experimental results exhibited that
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the proposed CB/PDMS electrode with integrated copper mesh indicated a high quality of ECG
signal without any amplitude degradation in all types of water tested for 10 subjects. Regarding the
electrode-skin contact impedance magnitudes, all 5 types of electrodes had comparable
performance in the frequency range between 4 Hz and 1 kHz. The impedance characteristics of
proposed CB/PDMS with and without copper meshed electrodes did not change throughout the
frequency range (from 600 kQ to 80 KC), however, other 3 types of electrodes had much lower
impedances in wet conditions when compared to dry condition. According to the ECG amplitude
studies of this work, Table 2.1 draws the signal amplitude reduction values of each electrode type
between dry and wet conditions. Among all 5 electrodes types, the meshed CB/PDMS electrode
was the most successful in preserving the ECG signal amplitudes in all types of water. Figure 2.17b
shows the ECG recordings for all experimental conditions (dry, immersed, wet conditions) with the
proposed meshed CB/PDMS electrode in fresh, chlorinated, and salt water. Regarding the results,
all ECG waveforms (P waves, QRS complex, and T waves) were detected in all conditions and
water types. Only, the meshed CB/PDMS electrode showed the best performance in chlorinated
water for all conditions as can be seen in the Figure 2.17b. Furthermore, both mesh and non-meshed
CB/PDMS electrodes also were evaluated for long-term test under water for 6 hours period of
continuous use and exhibited that electrodes maintained ECG signal quality without a significant

degradation.

Table 2.1: Mean of Amplitude reduction (%) between dry and wet conditions (N = 10 subjects)

Electrodes Fresh water Chlorine water Salt water
Polar textile +27.20 -16.13 -37.91
Silver-coated textile ~ +13.41 -16.04 -51.98
Carbon rubber +8.10 -2.67 -22.99
CB/PDMS +12.87 -2.46 -14.17

Meshed CB/PDMS +31.77 +0.48 +3.60
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Figure 2.17: (a) The fabrication procedure of the proposed meshed CB/PDMS electrode; (b) Example of
ECG samples from a subject recorded with proposed copper-meshed CB/PDMS electrodes during
different conditions and types of water [39]

Another fabric based wearable dry electrode was developed by Yokus and Jur [40] for ECG
recording measurements. The proposed multilayered dry electrodes were fabricated by screen-
printing of Ag/AgCl conductive inks on non-woven fabrics, which is examined as a sensing
platform (see Figure 2.18a). Impedance measurements were carried out on the printed dry
electrodes with 10, 20, 30 mm diameters and 3M red dot wet Ag/AgCI electrodes were used as a
reference measurement in the frequency range between 0.1 Hz and 1 kHz. The printed dry
electrodes with 10, 20, 30 mm diameters had higher impedance values than wet electrodes (10 MQ,

8 MQ, 1 MQ, and 100 KQ respectively at 1 Hz) due to the absence of conductive medium at the
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interface. The results from the experiments revealed that the larger electrode area, and stable skin
contact, exhibited in higher ECG amplitudes, as can be seen in Figure 2.18b. A comparison of the
printed dry electrodes was provided in Table 2.2, SNR of acquired signals were observed to be

proportional to the printed area.
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Figure 2.18: (a) Structure of the proposed multilayered dry electrode with expanded view; (b) Recorded
ECG signals variation with respect to printed electrode area [40]
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Table 2.2: Comparison of Printed Electrode Area

Electrode R wave peak Signal power Noise power SNR (dB)
diameter (mm)  amplitude (mV) (mV)? (mV)?)
10 mm 460.47 (x22.5) 4719.80 23.01 23.11
20 mm 591.86 (£34.9) 8655.90 202.56 16.30
30 mm 630 (+28.4) 9473.50 12.71 28.72

O’Mabhony et al [41] also proposed polymeric dry ECG electrode that used microneedle structures
to make a direct contact between the electrode and the body. Regarding the fabrication process, two
moulds were attached to provide 500 um length of microneedle structure on the front side of a
polymeric wafer, and electrical components and detachable arrays were on the back side.
Afterwards, the wafers were metal-coated and integrated with a self-adhesive pad to configure ECG
electrodes to be able to measure the electrical signs of cardiac heart in mV-amplitude. Based on the
skin-electrode contact impedance, pairs of wet AgQ/AgCl electrodes and the proposed dry
microneedle electrodes were attached to the subject’s forearm and impedance measurement
performed between 1 and 950 Hz frequency range. At the end of the evaluation, the impedance of
the pre-gelled Ag/AgCI electrodes were between 30% and 33% lower than that of the proposed
microneedle electrodes for all measured frequencies. The acquired ECG signals were comparable to
those recorded using pre-gelled Ag/AgCl electrodes and all the waveforms (P wave, QRS complex
and T wave) were clearly visible. Another observation from the experiments is that in contrast to
conventional wet electrodes, SNR of ECG waveforms recorded using proposed microneedle dry
electrodes was dependent on the skin-electrode contact force. Apart from fabric electrode
fabrication, Aulia et al [42] designed a wearable ECG device that was studied in the regard of the
electrode positions to fulfill the clinical placement. Moreover, a new way of electrode placement is
developed in terms of a fitness lifestyle for continuous real-time healthcare monitoring in a form of
a necklace. The proposed biomedical device has a single lead ECG analog front-end that is
connected to the microcontroller unit (MCU), and it also composes of Bluetooth technology for
wireless communication with an Android mobile phone to display ECG data on. ECG signal was
acquired from the electrode placement at the backside of the neck shows Lead | waveform and heart
rate can be calculated from recorded R peaks. Figure 2.19 shows the electrode placements on the

backside of the neck, and proposed 3D-printed, necklace-form ECG device.
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(@)

(b)

Figure 2.19: (a) The backside of the neck proposed electrode placements; (b) The subject wearing the
necklace-form-1-lead ECG device [42]

Hybrid multi-sensory systems also offer flexible and wearable electronics for biopotential
recordings in simultaneous healthcare monitoring. Imani et al [43] presented a wearable (skin-worn)
hybrid sensing system that provides real-time monitoring of a biochemical (lactate) and an
electrophysiological signal (ECG). The proposed hybrid wearable, Chem-Phys patch, composed of
three-electrode (3 x 2.5 mm) for monitoring lactate and two ECG electrodes (1.5 x 1.5 cm?) for
monitoring of ECG and heart rate. The fabrication of Chem-Phys patch was carried out by screen-
printing technology on a thin (50 um thickness), human-skin-morphology-like polyester sheet to
offer minimum noise signal. The fabrication of hybrid sensor system is shown in Figure 2.20a and
2.20b, as screen-printing process is done by a polyester sheet, and also Figure 2.20c indicates the
block diagram of chemical-electrophysiological acquisition system including wireless transmission.
A comparison was made using printed ECG electrodes and commercial wet Ag/AgCI electrodes to
validate the proposed electrodes for ECG monitoring. The results showed that, as illustrated in
Figure 2.20e, recorded ECG signals had similar morphologies when the same analog circuitry was
used. Figure 2.20d also indicates the proposed Chem-Phys patch that fuses the monitoring of ECG

with on-body chemical sensing into a printable wearable platform.
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Figure 2.20: (a) Image of the Chem-Phys printing stencil; (b) An array of printed Chem-Phys flexible
patches; (c) Block diagram of the wireless acquisition system; (d) Image of the Chem-Phys hybrid patch;
(e) ECG signals using commercial 3M Red Dot Ag/AgCl electrodes (top), and printed ECG sensor (bottom)
[43]

Another hybrid wearable sensor system is done by Khan et al [44] for measuring ECG and skin
temperature. The proposed wearable hybrid patch system is shown in Figure 2.21, in detail, where
ECG and temperature sensors are integrated into a sensing platform. The sensor patch was carried
out by a pair of printed gold electrodes for ECG monitoring, and a printed nickel oxide thermistor
for skin temperature monitoring (see Figure 2.21a). The hybrid wearable platform is assembled on a
Kapton polyimide (PI) substrate that hosted the silicon-based integrated circuits (analog front-end,
wireless components-Bluetooth system). The hybrid patch is proposed and designed on a 5.08 cm x
5.08 cm, 50 um thick flexible Kapton PI substrate (Figure 2.21b) for the need of the space between
ECG electrodes to allow acquiring ECG data. The complete system was powered by a coin cell
battery of 220 mAh capacity (8 hours battery lifetime), and was weighted by 6.1 g. Figure 2.21c-e
illustrates wearable hybrid sensor patch mounted on a subject, and also printed sensor patch
including electronic components. Experimental studies revealed that, recorded ECG signals
provided peak-to-peak 0.6 mV using two gold printed electrodes compared to conventional
Ag/AgCI electrodes which provided peak-to-peak 0.8 mV when placed on the chest.
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Figure 2.21: (a) Schematic of the proposed sensor patch attached on a person’s lower left rib cage. Skin
temperature is read via printed thermistor, and ECG signals are acquired via printed gold electrodes. The
electrodes and thermistor are integrated into a silicon-based polyimide substrate for data acquisition and
signal processing and transmission; (b) System architecture of the proposed hybrid sensor patch with a
wireless system on chip; (c) Image of the wearable sensor patch is attached onto the subject’s lower left rib
cage; (d) Image of the component side of the proposed wearable patch; (e) Image of the sensor side of the

proposed wearable hybrid patch. The printed gold ECG electrodes and the thermistor are shown. [36, 44]

Another application for measuring ECG of children with autism spectrum disorders (ASD) in the
living environment is done by Takahashi et al [45] using textile electrodes within a wearable ECG
monitoring device. The proposed device is developed in a clothe, and the ECG measurements were
done through the wrists. During the tests, the ECG signals of three children with ASD were
captured, and R-R intervals were obtained with high reliability (90% of the duration of tasks). Due
to having difficulties for measuring a perfect ECG signal (including all morphologies), the group
has focused on the R-R intervals from ECG signal regarding the mental stress by adopting a bipolar
lead from three electrodes at two different places on the body. Figure 2.22a illustrates the system

overview of the proposed device on the clothe, and also Figure 2.22b shows ECG waveforms
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including captured R-R intervals using the Pan-Tompkins (PT) algorithm [46]. Regarding the
experimental studies, three children with ASD wore the clothe with the proposed integrated device
for the whole session (~60 min) under different therapeutic tasks (motor imitation, card selection,
vocal imitation, exercise, manipulation, reading, playing). The results showed that the tasks of card

selection and reading revealed measurements rates of over 90% for the all participants.
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Figure 2.22: (a) System overview of the proposed device that measures ECG signals at the wrist and ECG
signals are transmitted to a tablet via Bluetooth connection; (b) ECG waveforms using the proposed

device within PT algorithm and range detector [45]

Liu et al [47] demonstrated the concept of carbon nanotube (CNT) based self-adhesive polymer
electrodes integrated with a wireless long-term ECG monitoring system. The fabrication process of
the proposed polymer electrodes was based on loading high proportion of CNTs in PDMS, which
was filled onto the holes of the electrode, as a layer of adhesive PDMS. Additionally, silver
nanoparticles (Ag NPs) was used to increase the electrical conductivity of the electrodes and
flexibility of the polymer. Figure 2.23b indicates the schematic of fabrication process of proposed
CNT-based PDMS electrode within different layers. Wireless transmission was done through a

radio frequency (RF) module to monitor ECG signals remotely in a mobile phone. Experimental
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results exhibited that the skin-electrode contact impedance of developed adhesive CNT based
polymer electrode was higher than that of the wet conventional Ag/AgCl electrodes due to the lack
of the gel. The impedance values varied from 6.7 MQ to 89 kQ and 1.1 MQ to 11 kQ for the
proposed CNT-based and Ag/AgCI electrodes, respectively, in the frequency range between 5 Hz
and 1 kHz. For ECG measurements, the developed CNT-based three-electrode patch was attached
onto the chest for five subjects during the tests. Figure 2.23a shows the comparison of ECG signals
obtained by wet Ag/AgCI electrodes and proposed CNT-based polymer PDMS electrodes. Despite
having similar ECG signals from both type of electrodes, the signal amplitude with the proposed
CNT-based electrode was lower than that of the wet Ag/AgCI electrodes. The average amplitude of
R-wave was 0.89 V and 0.98 V for the CNT-based PDMS and wet Ag/AgCI electrodes,
respectively. Furthermore, this research group has also examined the long-term recording of the
proposed polymer electrodes by detaching and re-attaching electrode patch after each day for 11
days. After 5 days, there was no significant variations on the obtained ECG signals, however, the
signal has started to float during walking in the 6™ day (6" attachment) due to decreasing of

adhesion force, thus the electrode-skin contact was poor and motion artifacts became evident.
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Figure 2.23: (a) Recorded ECG signals at the stationary state with conventional Ag/AgCl electrodes and
proposed CNT polymer electrodes for comparison; (b) structure of the proposed ECG electrode patch

composed of a PDMS layer, an aPDMS layer and the proposed CNT polymer electrodes [47]

Regarding recent methods of capacitive coupling ECG signals, Mathias et al [48] designed a non-
contact ECG electrode through micro-electromechanical systems (MEMS) process. The developed
ECG electrode is designed as 3 layers: a reference copper plate; an insulating material; and a
sensing plate. The electrode lead wires were coaxially formed to block wires from coupling to
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ground or other electronic components. The proposed ECG electrode has an area of 2.324 cm?, and
could obtain the signal at about 500 um distance from the subject’s chest. Le et al [49] presented a
mobile ECG monitoring device using two active dry electrodes. Normally, three-electrodes are used
for acquiring good ECG signals, however, here two-electrode setup is designed and a digital notch
filter was embedded into the circuit to reduce the power-line noise due to absence of third electrode.
Furthermore, high impedance effect was reduced by a unity gain amplifier, which also reduced the
interference from the environment. Regarding the experimental work, the proposed device was
tested with 30 people to show heart rate values by comparing results with commercially available
Omron HEM-7111 device. The results from the two devices showed nearly similar heart rate
values, by making the correlation factor of 0.9914. Moreover, the group has investigated the quality
of ECG signals of proposed ECG device using active dry electrodes in comparison with passive dry
electrodes. The studies showed that acquired ECG signals by passive dry electrodes were less
reliable than that of the active dry electrodes. Acquired R peaks using passive electrodes were
around 0.555+0.034 mV, on the other hand the R peaks of active dry electrodes were more stable at
around 0.558+0.034 mV.

In a recent work, Kim et al [50] developed a concept of conductive dry adhesives (CDA) that is
based on gecko-inspired Si architectures and nanocomposites. Unlike the current dry adhesives, the
group has studied here in CDA by combining carbon nanofillers and PDMS in a conductive
elastomer. Two different forms of carbon nanomaterials, composing of a 1-dimensional (1D) CNT,
and a 2-dimensional (2D) graphene (GN) nanopowder, were mixed into an elastomeric matrix for
increasing electrical percolation. Figure 2.24a-e shows the concept, fabrication and functionality of
the proposed conductive dry adhesives (CDA). The polymer PDMS layer embedding 1D-2D
carbon nanocomposites with a low loading rate (~1 wt %) is distributed on the Si surface and filled
into high-aspect-ratio holes (Figure 2.24a). The proposed CDA pad can also be wrapped on various
surfaces and different places on the human body due to its flexibility and stretchability (Figure
2.24c-d). Furthermore, an LED experiment is done through the CDA pad as an electrical linkage
with a weight of around 1kg (Figure 2.24e). Regarding the electrical characteristics of the proposed
device, the CDA pad has achieved ~1 S/m electrical conductivity which is enough to obtain
biopotentials from a human skin [51] at low carbon nanofiller content (~1.0 wt %). Regarding the
experimental work, Figure 2.24f demonstrates the comparison of the ECG signals using the
proposed CDA pad, and wet Ag/AgCl electrodes with 3M adhesives under normal conditions. Both
type of electrodes achieved to indicate all morphologies of an ECG signal (P waves, QRS complex,
and T waves). Figure 2.24g shows that the CDA pad was active underwater and biopotentials were

still being acquired from the body with decreased amplitudes in an underwater environment,
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however, conventional wet type of electrodes were detached from the body and biosignals were lost
within 5 secs. In addition to this, proposed conductive dry adhesive based electrodes were tested in
a series of movement conditions (wrist curl, squat, and writing), and the results revealed that ECG

signals were still monitored during the tests including all available waveforms (see Figure 2.24h).
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Figure 2.24: (a) Schematic images of the proposed procedure of conductive dry adhesives (CDA) within
ECG application; (b) Digital images of a large-area silicon mold with replicated CDA (~4 in®); (c) Images
of CDA attached on different locations on the body (i: wrist, ii: stomach, iii: ankle); (d) Images of the
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stretched and banded proposed CDA; (e) Image of an LED application using proposed CDA; (f)
Comparison of the ECG signals using CDA and wet Ag/AgCl electrodes under normal conditions (inset in
the red box: magnified view of the recorded ECG waveform); (g) Comparison of the ECG signals using
CDA and wet Ag/AgCI electrodes under an immersed condition; (h) Series of ECG recordings using CDA
under various body postures [50]

As we can see here, carbon-related materials have been used in several times for manufacturing
ECG related electrodes. Another example to this, Thap et al [52] proposed novel ECG electrodes
that were capable of acquiring signals under fresh-water, and salt-water conditions using Graphite,
which is an allotrope of carbon and is also used in bio-mechanical manufacturing as an electron
moderator [53]. Two-type of electrodes were developed based on graphite pencil leads: (a) pencil
lead solid (PLS) type, and (b) pencil lead powder (PLP) type electrodes. Fabrication of PLS type of
electrode was done by using 4B pencil leads which were cut into pieces and then these cutting leads
were flattened to form a rectangle shape and so that a circular graphite based pencil lead was carried
out after several chemical functions. On the other hand, PLP type of electrodes were synthesized
through similar method by using graphite based 4B pencil leads as raw materials. After that, the
pencil leads were peeled and grinded into a powder solution. After mixing with chemical bonds, the
powder-pencil solution was poured into a cylindrical tube until to make it a flat and smooth surface.
Figure 2.25g-h shows the both proposed type of electrodes which were fabricated with a diameter
of 10 mm, and a thickness of 1mm which is the same size as the commercially available wet
Ag/AgCI electrode for this study to compare all 3-type of electrodes. Experimental work was done
by investigating the performances of the proposed PLS and PLP electrodes and comparing them
with that of wet Ag/AgCI electrode in seven different conditions: dry, fresh-water immersion
with/without movement, post fresh-water wet condition, salt-water immersion with/without
movement, and post salt-water wet condition. Experimental results revealed that all ECG recordings
were clearly visible (including PQRST waves), with all type of electrodes, under both dry and post
fresh-water wet conditions. It was also observed that the proposed PLS and PLP electrodes
exhibited better ECG signal quality than conventional Ag/AgCl electrode under the fresh-water and
salt-water immersion with/without movement, and post salt-water wet conditions. Figure 2.25a-f
illustrates the recorded ECG signals using all three-type of electrodes under different conditions.
Furthermore, the skin-electrode contact impedance measurement was done for all PLP, PLS and
conventional Ag/AgCl electrodes. Impedance characterization showed that the impedance of
proposed graphite-PLP electrodes was lower than that of proposed graphite-PLS electrodes and
conventional Ag/AgCl electrodes. The skin-electrode contact impedance was 49.47 kQ, 51.37 kQ,
and 86.12 kQ for graphite-PLP, and PLS, and conventional Ag/AgCl electrodes, respectively, at 40
Hz.



- Satwater mmersed condtion Saltwater Immersad condiion
— Ay AT elecimde ——— AgiAGC elecimde
— PLP elecimode
Dosp L oSk 4
= -
E q £
= i
g f | I h E
\
g | | | i ! g
of UL LW I | f | ohy » i
l f ! tA
LRI |
] I
-ushl' 1
008 A . : . . : . L
75 =195 S0 S0& 521 5215 522 E2e5 &I
Time (5}
(d)
Saltwater movement condtion
0.3 T T T T
—— Ag/AQT! eiectiode
PLP electrode
1
D2
LS
o =
£ £
g 5 "
= 0 E
4 £ oas
o
-
o2
A5
4TE
2
25
5 1.5
1.5] 1
s 5
E §- 05
2 os g
2 Il
a5
o5
4 -1
-1.5 1 1 L L L L

L L L L L L L L
171 1715 172 1725 173 1735 174 1745
Time {51

ic)

Back-view

(9)

L
118

(h)

Figure 2.25: Recorded ECG signals: (a-c) for comparison between proposed PLS type of electrode and

62

wet Ag/AgCI electrode; (d-f) for comparison between proposed PLP electrode and wet Ag/AgCl
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electrode. Saltwater immersed condition: (a, d) without movement; and (b, e) with movement; (c, f)
Saltwater wet condition; (g) pencil lead solid-type (PLS) electrode; (h) pencil lead powder-type (PLP)
electrode [52]

Among graphite and carbon-related nanomaterials, graphene (GN), which was recently invented by
Geim and Novoselov [54], has received heightened attention for its exceptional physical,
mechanical, electrical, chemical, and optical properties that lead to the wide range of applications
from electronics to biomedicine [55, 58]. Recently, Yapici et al [59] developed conductive
graphene (GN) textile electrodes using dip-dry-reduce process for biosignal acquisition in cardiac
monitoring. The proposed electrode was fabricated by dipping nylon fabric in a graphene oxide
(GO) solution, and the GO was chemically reduced into reduced graphene oxide (rGO) followed by
a thermal treatment to allow dry process by coating with conductive GN layers around the fabric
(see Figure 2.26a). The proposed GN-clad conductive textile electrode exhibited an electrical
conductivity of 450 S/m, and it remained to form five cycles of washing. Regarding experimental
results of this work, performance of the proposed GN-based textile electrodes were compared to the
conventional Ag/AgCI electrodes in terms of ECG signal quality and skin-to-electrode contact
impedance. Figure 2.26b shows recorded ECG signals using both proposed GN-clad textile and
conventional Ag/AgCI electrodes with a cross correlation of 97% between the signals. Moreover,
the proposed textile electrode-skin impedance ranged from 87.5 kQ2 to 11.6 kQ for frequencies
swept from 10 Hz to 1 kHz, which was larger than that of the conventional Ag/AgCl electrode
(varied between 50.9 kQ and 2.2 kQ at the same frequency range). Recently, the same group [191]
developed a fully-wearable medical garment for mobile monitoring of cardiac biopotentials from
the wrists and the neck using GN-functionalized textile electrodes. Comparison of the ECG
recordings obtained from the wearable prototype against conventional wet electrodes indicated
better conformity and spectral coherence among the two signals. Ameri et al. [192] demonstrated a
GN-based epidermal sensor system with total thickness below 500 nm. The proposed system is
fabricated by the cost-effective method on tattoo paper and can be laminated on human skin.
Without any tape or adhesive, the proposed GN-based epidermal sensor system has been
successfully applied to measure ECG, EEG, and EMG with comparable SNR to that of obtained by
Ag/AgCI electrodes. In a recent work, Lou et al. [193] produced a flexible GN-based dry ECG
electrode and a portable wireless measurement system. The experimental results in this work
exhibited that the proposed GN-based dry electrode was able to acquire the typical waves and
features of ECG signals with a high SNR in different states of motion. In addition, a week-long
continuous measurement test showed no degradation in the ECG signal quality over time, in which

it is useful for long-term ECG monitoring.
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Figure 2.26: (a) Images of a sample of flexible nylon-based proposed textile with rGO coating with area
of 35.91 cm?; (b) recorded ECG signals after filtering with conventional Ag/AgCl electrode and proposed
GN-clad textile electrodes. P-QRS-T waves are shown as one cardiac in the inset [59]
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2.2 Review of body signal acquisition systems using different type of wearable sensors

In this section, various wearable health monitoring systems will be reviewed using different types
of body-worn sensors. The combined information obtained from body sensors, such as ECG, EEG,
CBT, PPG, can be transferred to a healthcare server in the case of emergency or can be stored and
investigated as a part of preventive health issues. In this regard, Mundt et al [60] developed a
wearable multi-parameter ambulatory physiologic monitoring system, called ‘LifeGuard’, for space
and terrestrial applications. The proposed system provides the capability to measure two ECG leads,
respiration rate via impedance plethysmography, heart rate, oxygen saturation (SpO;), body
temperature, blood pressure, and body movement. Commercially available sensors are used to
record these physiological signals and are communicated via wired connections with the crew
physiologic observation device (CPOD) data logger. The obtained physiological information can be
continuously recorded for 9 hours on a memory card or transmitted to a base station using
Bluetooth connection. Experimental works demonstrated that biosignals (SpO, and heart rate) were
measured in real-time satellite data streaming while CPOD was connected to the serial port of a
tablet PC. Paradiso et al [61] proposed a wearable healthcare system by integrating fabric sensors,
conducting and piezoresistive materials on vest-like garment to measure and monitor ECG,
electromyogram (EMG), abdominal respiration rate, skin and core temperature, and body position
and movements. The proposed system, called “‘WEALTHY”, is targeted for clinical patients such as
elderly people and individuals with chronic diseases. The developed miniaturized system is
integrated into shirt-garment and used to transmit the biosignals wirelessly to PCs, PDAs and
mobile phones. The proposed algorithm is capable of generating alert messages to deliver

appropriate health information to the doctors and patients.

In another project, Shnayder et al [62] developed a platform, called ‘CodeBlue’, to address issues of
reliable communication between medical sensors and multiple receivers achieved by health
professionals at Harvard University. The researchers have developed several medical sensors for
multiple-patient-monitoring systems based on the ZigBee-compliant MicaZ [63] and Telos [64]
motes, including pulse oximeter, three lead ECG, and motion activity sensor. A software algorithm
also has been implemented to enable requests for specific biological data from a specified network
node. Additionally, CodeBlue incorporated a decentralized RF-based localization system to be able
to accurately locate patients, doctors or other caregivers for remotely medical purposes. Likewise,
Pandian et al [65] presented a wearable physiological monitoring system which, is a washable shirt,
called SmartVest, that consists of a vest and a variety of sensors integrated into the garment’s fabric
to continuously monitor physiological signals, such as ECG, PPG, heart rate, blood pressure (BP),

body temperature and galvanic skin response (GSR). The proposed wearable system was
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implemented using microcontroller and wireless communication within global positioning system
(GPS) modules. The collected biosignals are sampled at 250 samples/s, digitized at 12-bit
resolution and transmitted wireless to a remote monitoring server along with the geo-location of the
subject. Figure 2.27 shows schematic of the proposed wearable multi-parameter remote monitoring
system including proposed device. SmartVest is designed by high-pass, low-pass, and notch filters
to enable recording ECG signals without the use of gel and free of baseline noise and also motion
artifacts. BP is extracted using a detection algorithm that individually calibrates based on the
subject’s ECG.
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Figure 2.27: (a) Integration of sensors at specific locations in the proposed SmartVest; (b) Prototype of
the developed wearable data acquisition hardware [65]

As an example of mobile wearable monitoring system, Kwon et al [66] developed a smartphone-
integrated ECG recording platform, called ‘Sinabro’, which monitors the user’s ECG
opportunistically during daily smartphone use. Based on this opportunistic ECG sensing theory, the
ECG sensor is designed in the form of a phone case that can be integrated with a smartphone for
unobtrusive sensing. The multiple electrodes are placed mostly at the corners, front, and back of the
smartphone, which could allow maximal opportunities for ECG measurement when a user touches
the phone with two body limbs during daily use, such as two hands when sending a text message or
an ear and a hand when making a phone call. Sinabro is a collaborative system that includes the
phone-case sensor and the smartphone middleware. The sensor reliably measures ECG data and
transfers it to the middleware. The middleware delivers diverse ECG-derived contexts to multiple
apps with Sinabro APIs. A similar mobile-based healthcare monitoring platform is carried out by
Yap et al [67] using multiple body-worn sensors. As can be seen in Figure 2.28, the ECG sensor is
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attached to user’s chest area to record ECG signal, on the other hand, the ear pulse oximeter sensor
is clipped to user’s ear lobe, and finger pulse oximeter is clipped to user’s thumb to obtain PPG
signal. Due to the integration of Kmote technology for ear and finger pulse oximeter sensors, both
of the PPG signals are sampled and transmitted to portable base station via Zigbee transmission.
After that, collected and processed ECG, ear PPG, and finger PPG signals are sent to user’s mobile
device in real-time and simultaneously to display on an application. Furthermore, smartphone
uploads the physiological signals to a server via Bluetooth connection. In the server side, a
healthcare-monitoring algorithm is developed to display vital signals graphically for analyzing them

to prevent any further serious medical issues.

ECG sensor +
Portablebase station

Figure 2.28: Demonstration of Mobile healthcare monitoring system using portable base station, including
ear PPG, finger PPG, and chest ECG sensors [67]

Lin et al [68] studied a wearable PPG sensor module for a driver’s physiological monitoring system
based on a Programmable System on Chip (PSoC). A couple of sensors are used for this work: (a)
an optical sensor within magnetic rings for PPG measurement; and (b) a three-axis accelerometer
(G-sensor) is used to detect head status. The sensor module is placed on the earlobe, and signal
acquisition and analog circuits are designed in PSoC. Furthermore, a heart rate (HR) detection
method is implemented derived from the Peak-Peak interval of PPG waveforms. The PPG data
along with HR and head status are then transmitted to the smartphone for displaying health data via
Bluetooth. According to their work, when the abnormal HR is detected, the smartphone will trigger
the sound and vibration unit to alert the driver. This project is expected to reduce the traffic
accidents due to the drivers’ physiological movements or health problems. Sanches et al [69]

proposed a headset Bluetooth device for continuously monitoring core body temperature (CBT) at
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the ear in the characterization and diagnosis of sleep disorders. An electronic temperature sensor
(LM334) is fixed into the microphone of commercially available auricular Bluetooth device that
continuously transmits the measured CBT at the inner ear to a paired mobile phone. Afterwards, the
stored temperature data can be transferred periodically to a medical server for further analysis by
email or SMS service. The proposed device is tested on a subject for 24 hours and results revealed
that the ability of the system to record even small temperature changes along the circadian cycle.
Another outcome from the tests also is that the maximum current consumption of the electronic
thermometer was about 3 mA, which allowed reading around 500 samples in total test. Song et al
[70] also developed a body monitoring system, which is a combination of measuring CBT, EEG
and ECG, based on a smartphone via Bluetooth. They used infrared thermopile sensor [71] for
monitoring CBT and the collected health data are stored in an SD card which is inserted in the

Android based smartphone.

New studies have illustrated that ear-worn devices will bring high attention into the wearable
technology due to ability of unobtrusive and comfortable design. Furthermore, as proven by hearing
aids and headsets, the ear is a location for anchoring the devices. This could advance to device
attachment without the need of adhesives [72]. Poh et al [73] proposed an ear-worn PPG monitoring
system, called ‘HeartPhones’, that involves a reflective photo sensor which is integrated into each
earbud on a pair of regular earphones. To obtain PPG measurements, a PPG peak detection
algorithm is developed, thus the data can be monitored in 90 ms segments and can be extracted
from the threshold values to avoid false peak detections. After sending raw PPG waveforms,
average HR is also derived from algorithm and sent to the mobile device via serial communication
for visualization and further processing. Alternatively, the measured PPG data can be transmitted
wirelessly using a pair of wireless 2.4 GHz radio transceiver module. Figure 2.29 shows the
proposed Heartphones system including wireless receiver unit. The proposed PPG sensor earphones
have been tested on 31 healthy subjects, and obtained HR measurements. Furthermore, participants
have been asked to attach adhesive Ag/AgCI electrode to their chests to record ECG signals as
reference HR measurements. Experimental results exhibited that the recorded HR measurements
using the proposed Heartphones system have agreed with 95 percent to those obtained via ECG

adhesive electrodes.
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Figure 2.29: Prototype of the Heartphones system which is either can be connected to smartphone via

serial connection, or to PC via wireless link [73]

Similarly, Da He et al [74] developed a compact multi-parameter monitoring device that measures
ECQG, ballistocardiogram (BSC), which is a measure of the body’s reaction force to the blood
expelled by the heart [75], and PPG at the ear. Furthermore, a heart rate (HR) algorithm is
developed using all measured three signals and the proposed monitoring device has been tested on
13 healthy subjects in a clinic to verify recorded data. Experimental studies showed that periodic
head movements, as a type of BCG, have been identified and also HR can be extracted using cross
correlation with all measured BCG, ECG, and PPG signals. Figure 2.30 indicates the proposed ear-
worn wearable device along with measured ECG and PPG signals from behind the left ear. It can
clearly be seen in Figure 2.30b that the obtained ECG signal only shows R peaks and other critical
waves such as P-wave, QRS complex, and T-wave are not visible due to lack of DRL electrode in
ECG measurement setup. However, the proposed design is consisted of multiple physiological
sensors that practically achieved to acquire ECG, BSC, and PPG from the ear within a design

perspective of hearing aid.
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Figure 2.30: (a) Prototype ear-lead wearable system that includes ECG, PPG, BCG circuits; (b) ECG
measured from mastoid area behind the left ear; (¢) PPG taken from the mastoid area [74]

Lochner et al [76] presented all-organic optoelectronic pulse oximetry probe composed of solution-
based OLEDs and a printed organic photodiodes. The proposed organic optoelectronic devices were
implemented using flexible plastic substrates that enable a conformal way for fitting to human
body. In the developed pulse oximeter, an OLED emits in the red spectrum with 626 nm peak
wavelength, and other OLED emits in the green spectrum with 532 nm peak wavelength. The
organic optoelectronic pulse oximeter is integrated with the traditional electronics at 1 kHz and
monitored HR and SpO, are calibrated and compared to those recorded by commercially available
pulse oximeter. Experimental results revealed that low error rate (1%) is observed for pulse rate,
and 2% error rate is observed for SpO, when comparing the organic optoelectronic sensor with the
commercial one. The calculated HR is derived from PPG signals from organic optoelectronic sensor
probes are around 65-70 beats per minute (BPM). Xu et al [77] developed a thin, conformable band

aid form the device softly attached onto the skin to monitor physiological signals, including ECG,



71

EMG, and EEG. The proposed multi-sensory device (~1.7 x 1.8 cm?) was consisted of electrodes,
electronic circuits, and radios for wireless communication in a soft microfluidic assembly. Figure
2.31 a-b shows the proposed sensor system attached onto the skin, Figure 2.31 c-d shows the
obtained ECG signal, respectively, using the proposed flexible sensory system. The total power
consumption of the proposed system is ~35 mW. Results clarified that recorded ECG signals
included visible all waveforms, P waves, QRS complex, and T waves. Due to ECG signal being

periodic, the HR also can be obtained from the R-R intervals of the ECG signal.
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Figure 2.31: (a) Optical image of the proposed device on the forearm; (b) Optical image of the proposed
device with labels for different parts and modules in the circuit; (c) ECG acquired by using the proposed

device mounted on the sternum; (d) a detailed view of P-QRS-T complex acquired from the ECG signal

[77]
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Kakria et al [78] demonstrated a real-time monitoring system that consists of a wearable sensor,
mobile device, and a web interface to carry out recording of HR, BP, and body temperature. The
commercially available wearable sensors have been used to acquire these physiological signals,
which are then transmitted to an Android based mobile device wirelessly using Bluetooth.
Afterwards, the gathered multiple health data on the smartphone is transferred to a web interface via
WiFi or 3G system. Furthermore, the proposed remote wearable system generates the emergency
alerts to the doctor or health assistant in case of abnormalities such as arrhythmia, hypotension,
fever, and hypothermia. The proposed system has been tested on 40 cardiac patients in order to
evaluate the practical implementation. The results exhibited that the proposed real-time monitoring
system is validated and was sending alerts if recorded HR was higher than threshold value for
tachycardia patients (~ HR > 100 BPM). However, false alarms have also been observed due to the
battery issues of sensors during the tests in the proposed system. Another multi-parameter
physiological acquisition module is developed by Kim and Ko [79] for low power wearable
systems. They have presented a low noise reconfigurable analog-front-end (AFE) system which can
be used in ECG, bioimpedance, EMG, EEG, and PPG sensory systems. The power consumption of
the AFE in one readout channel is less than 52 uW. Regarding experiments, a lead | ECG signals
were acquired along with blood glucose levels to validate the proposed system. The results showed
that the proposed multimodal reconfigurable system for several biosignal monitoring applications

can reduce the required number of electronic chips.

Recently, Konijnenburg et al [80] developed a multi-parameter biosignal acquisition system with
five dedicated channels: (a) ECG, (b) bioimpedance, (c) galvanic skin response, (d) 2 x PPG. The
proposed system also includes a power management integrated circuit (PMIC), which is used for
optimizing the power efficiency for multiple readout streams. The whole system is powered by a
Li-ion rechargeable battery at 3.7 V. Figure 2.32a illustrates the proposed multiple sensory system
in a wristband. When all five channels are enabled, the total power consumption is 1073 uW for
data collection and management in the system. Figure 2.32b shows recordings of both ECG and
PPG data streams simultaneously, and they pointed that blood pressure (BP) can be derived from
these two signal modalities using the pulse arrival time (PAT) [81]. PAT is defined as the interval
time between the successive R-peaks of the ECG signal, and variable point on the rising part of the
PPG signal. The figure 2.32b also shows large variations of BP due to asynchronized multiple data

measurements.
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Figure 2.32: (a) Optical image of the proposed device for the wristband use applicable in wearable health
applications; (b) Synchronous ECG and PPG data streams, and BP measurement from these bio-signals
[80]

Prawiro et al [82] proposed a wearable monitoring system that integrates HR measurement with the
proposed step counter algorithm during physical activities. The developed wearable system
comprises of a wireless wearable device, a mobile device and a remote server. Furthermore, a
smartphone application has been developed for the display of data related to HR, step count,
exercise intensity, speed, distance, and calories burned, included with ECG waveforms and step
cycle. Two-electrode circuits are used for ECG measurements, and a 3-axis accelerometer is used
for the measurement of step signals. Data transmission is carried out by Bluetooth low energy
between the wearable device and smartphone. Moreover, the collected information of HR, step
count and GPS location are transferred to a remote server via 3G mobile network to locate the
subject and monitor the activity status of the user by clinical staff of remote health care centre. In
order to observe the performance of ECG peak detection, MIT-BIH ST Change Database [83] was
used as open source input ECG data. Experimental results showed that the accuracy of ECG peak

detection was around 99.7%.
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New technologies revealed that vital biopotentials (especially BP and HR) can be derived by
investigating only recorded ECG, and PPG signals [84]. Jain et al [85] demonstrated a portable
multi-parameter signal acquisition system that monitors, stores and transmits ECG, PPG, SpO,, and
Phonocardiogram (PCG), which is the graphic representation of sound generated by the heart, for a
tele-monitoring application. The proposed device also provides BP, HR, QRS width, pulse transmit
time (PTT), pre-ejection period (PEP) derived from acquired four biomedical signals mentioned
above (ECG, PPG, SpO,, PCG). The research group has used ECG and finger PPG sensors to
exhibit BP and HR extraction in the proposed wearable device. Figure 2.33a shows the proposed
hardware unit for ECG and PPG acquisition. ECG sensors are attached on both the wrists and right
leg using commercial bands, and PPG sensors is clipped on the right hand index finger of the
subject. ECG and PPG signals are recorded simultaneously for 10 seconds followed by signal
processing and plotting the graph on a PC. BP is extracted from both recorded signals; however,
HR is derived only from ECG signal. Figure 2.33b shows the detected peak values for both ECG
and PPG signals and Table 2.3 gives the extracted parameters from this figure. Regarding the
evaluation of BP and HR, commercially available OMRON digital BP monitor is used for
comparing the performance of the proposed device. Experimental results showed that mean
absolute errors (MAE) were around 3.80 mmHg and 3.52 mmHg for systolic and diastolic BP
respectively when respected to OMRON device. Likewise, the recorded MAE was 2.26 BPM for

HR measurements when respected to commercial OMRON device.

Table 2.3: Parameters Used for Systolic and Diastolic BP Extraction [85]

Parameter source Parameter Short Description
Both ECG and PPG | Pulse Transit Time Pulse Arrival Time — Pulse Ejection Period
Pulse Ejection Period Duration between Q-peak and Point B
ECG R-Peak Amplitude Amplitude of R-peak
QRS Duration Duration between Q and S peak
PPG Foot Distance Duration between two consecutive foots
PPG Pulse Height Amplitude of peak in PPG signal
PPG
Crest Time Duration between Foot and Peak
Delta Time Duration between Peak and Dicrotic notch
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Figure 2.33: (a) Developed hardware for ECG and PPG acquisition: Chest ECG and Finger PPG; (b)
Parameter extraction from synchronized ECG and PPG signals [85]
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Although reviewed research studies can be classified according to several characteristics (wireless
communication technology, purpose and hardware equipment), the reviewed articles so far (only
second section of this chapter) are grouped according to their measured signals characteristics listed
in Table 2.4.

Table 2.4: A summary of the recent wearable monitoring systems presented in the literature review

Measured Purpose Hardware Wireless Ref. Critics
Signals Comm.
Technology
ECG, HR, Medical Custom Bluetooth [60] | Real-time
SpO,, Skin monitoring in microcontroller- Demonstrations
temperature, space and based devices and are carried out
BP, and terrestarial commercial only in serial
activity (extreme) biosensors port of
environments connection (not
in wireless)
ECG, EMG, | Rehabilitation, Textile/electronic | Bluetooth [61] | Vitals are
body elderly patients, | sensors on jacket obtained with an
temperature, and chronic integrated
and activity disease device. In an
monitoring activity motion

artefact happens

and SNR s
decreasing
ECG, SpO,, | Real-time Sensor modes | ZigBee [62] | Accuracy is not
and activity physiological with custom good enough for
monitoring using | processing boards activity
wearable sensors purposes
ECG, BP, | General remote | Vest woven with | 2.4-GHz [65] | Wireless
PPG, galvanic | health monitoring | sensors and | radio/ISM transmission
skin  response microcontroller RF link range of medical
(GSR), and data to remote

body station needs to
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temperature be improved
ECG, HR Unobtrusive Dry  electrodes | Bluetooth [66] | Lack of
smartphone- attached on the continuous
integrated ECG | outer frame of the monitoring  of
monitoring smartphone case ECG signals
ECG, PPG Mobile healthcare | Sensor modes | ZigBee, [67] | The system
monitoring with custom | Bluetooth needs to be
microcontroller upgraded to get
boards reliable data
PPG, HR, | Remote Ear-lobe worn | Bluetooth, | [68] | More Real-time
activity, physiological sensor module on | 3G mobile demonstrations
location monitoring  for | programmable network need to be done
drivers system on chip for accuracy
Core body | Continuous CBT | Temperature Bluetooth [69] | The  proposed
temperature monitoring  for | sensor is coupled CBT sensor
(CBT) sleep  disorders | to the microphone needs to be
diagnosis of a commercial compared to
Bluetooth device other sensors to
validate itself
ECG, EEG, | Real-time body | Multiple Bluetooth [70] | System needs to
body monitoring commercial be tested on
temperature system on mobile | sensors on a several subjects
devices single chip to be classified
microcontroller
PPG, HR Non-invasive Reflective 2.4-GHz [73] | The wireless
Cardiovascular photosensors radio/ISM communication
monitoring using | embedded RF link needs to be
earphones and | earphones and a updated to send
mobile devices microcontroller higher data rate
ECG, BCG, | Ear-worn multiple | A customized | 2.4-GHz [74] | Obtained ECG
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PPG, HR physiological earbud design | wireless signal is not
monitoring integrated  with | transceiver satisfactory, it
microcontroller needs to be
improved
PPG, HR, | Enabling medical | Organic NA/(UART | [76] | Wireless
SpO; professionals  to | optoelectronic ) communication
better monitor | oximeter sensor is channel needs to
patients’ care interfaced  with be added to the
electronics on system
finger
ECG, EMG, |Soft and tiny | Costumized tiny | 2.4-GHz [77] | System needs to
EEG, EOG circuits for | device  (1.7x1.8 | radio/ISM be tested on
multiple cm?)  includes | RF link more subjects to
physiological microcontroller compare
monitoring and sensors accuracy
HR, BP, body | General remote | Commercial Bluetooth [78] | Battery issues
temperature health wearable sensors need to be
monitoring, solved to reduce
cardiac patients false alarms
ECG, EMG, |To advance | Reconfigurable NA [79] | Wireless
Body healthcare analog front-end, communication
temperature, services with | multiple readout channel needs to
PPG, BP proposed channels, and be added to the
reconfigurable fully system to
sensing channel programmable provide a better
microcontroller integration
ECG, bio- | Efficient  power | Power NA/(UART | [80] | Wireless
impedance, management for | management ) communication
GSR, PPG, | multiple integrated circuit channel needs to
SpO,, BP, HR | physiological optimized for low be added to the
monitoring power sensor system to

readout. (64 LED

provide a better
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systems Drivers) integration
ECG, HR, step | Advancing Accelerometer Bluetooth [82] | The system
count, exercise | general healthcare | and ECG circuits needs to be
intensity, mobile integrated  with tested on real
speed, monitoring microcontroller patients to
distance, systems observe SNR
calorie burn
ECG, PCG, | Multi-signal Finger PPG and | NA/(UART | [85] | Wireless
PPG, SpO, acquisition ECG sensors on |) communication
system for | the wrist are channel needs to
preventive integrated  with be added to the
cardiology, early | the system to
diagnosis  from | microcontroller provide a better
BP integration

2.3. Summary

First of all, this chapter extensively reviewed the recent studies of ECG monitoring applications
using different types of electrodes. Various methods such as gel, dry, and textile electrode types,
were examined for ECG recording and the obtained results in terms of signal quality and skin-
electrode impedance values have been compared with the traditional method of ECG monitoring
which is the type of adhesive Ag/AgCI electrode. Furthermore, ECG acquisition systems have been
reported using different types of materials such as Ag, Au, CNT, graphite and graphene with
various flexible substrates such as PDMS. The recent technologies with different materials have
improved the design and reduced the test requirements such as eliminating the need of gel, and skin
preparation. However, the signal quality of the demonstrated results in the recent studies was not
good as much as the conventional Ag/AgCl electrodes. Due to high electrical conductivity values of
Graphene, as it is investigated in this research, it can improve the signal quality of acquired ECG
signals by lowering the skin-electrode contact impedance. Subsequently, a critical review of
multiple smart sensor systems was provided for personalized healthcare monitoring and

management, in particular ECG, CBT, and PPG monitoring systems.
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CHAPTER 3: THEORETICAL BACKGROUND TO MULTIPLE
PHYSIOLOGICAL MONITORING SYSTEMS

In this chapter, the theoretical background of electrocardiogram (ECG), core body temperature
(CBT) and photoplethysmography (PPG) measurements will be given, respectively. It comprises
three sections, with the first focusing on the electrical activity of the heart, ECG physiology,
including lead positions and the electrical model of ECG measurement. CBT measurement analysis
is covered in the second section by considering the mathematical functions and calculations on how
CBT is measured from the ear. Finally, the analytical background of PPG is provided including the

algorithm of taken measurements for calculating the heartbeat and SpO, data from the finger.
3.1. Analysis of Electrocardiogram (ECG) Measurement

Since the development and evaluation of the proposed smart sensor system throughout the thesis is
focused on the ECG, this section also gives a brief background of the anatomy of the heart and
physiology to understand better how the concept of ECG works. Moreover, ECG waves and lead
positions, the electrical model of ECG measurement and skin-electrode interface are explained in
the following subsections. The importance of ECG electrode interfaces and how they interact with
electrolyte gel and skin are also discussed in this chapter. Finally, signal processing research of

ECG data is briefly covered together with a method of heartbeat detection.
3.1.1. The Anatomy of the Heart

The heart is a muscular tissue, the size of a fist size, consisting of four chambers: left and right atria,
and left and right ventricles. It functions as the distributor of molecules, hormones, and body
temperature to the billions of cells by pumping the blood throughout the body. As can be seen in
Figure 3.1, each atrium is placed above a ventricle, with the right one being filled with blood via the
superior and inferior vena cava. Then, the blood moves passively into the right ventricle under
simple pressure, which is pumped into the pulmonary artery by contraction of the right ventricle
and into the nearby pulmonary circulation of the lung. In the lung, the blood is exposed to air in the
alveoli, releasing CO, and binding with O,. In return, the pulmonary veins receive this oxygenated
blood and return it to the left atrium via the pulmonary veins. In the same way, the blood passes
down passively through the left ventricle. Here, the left ventricle pumps oxygenated blood into the
aorta to complete systematic circulation for the body. After delivering blood within molecules with
high levels of O, molecules and hormones to the cells, CO,, metabolic waste products, and

metabolites are transmitted back to the right atrium via the vena cava. Another interesting point is
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that the heart muscle is different from skeleton muscles. First of all, cardiac muscle cells are
triggered by its own autorhythmical cells and thus, activated without any required action. Moreover,
cardiac muscle fibres are bonded to one another by intercalated disks, which include gap junctions.
These gap junctional proteins allow for very low resistance conduction from cell to cell in the
cardiac muscle. Simultaneous contraction is essential, if a coordinated force is to be established to
pump blood out of the heart on each beat. Moreover, the heart is the first organ to function in a
human embryo and continues to work throughout its life. In order to maintain this continual muscle
effort, heart cells are fueled with very rich mitochondria, which provide the ATP required for
contraction [86]. Figure 3.1 illustrates the basic structure of the heart and the path of the blood flow
through it.
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Figure 3.1: Heart structure and the path of the blood flow [86]

3.1.2. Electrical Activity in the Heart

All cardiac muscle contraction is stimulated by the operation of an electrical signal; an action
potential that is continuously provided by the heart itself. The cellular mechanism in a cardiac
muscle tissue begins the cardiac action potential by triggering a sinoatrial node (SA node). The
reason for the commencement of the action potential is activity of the ion channels in the cardiac
cell membrane. That is, the cell membrane has ion channels that arrange the diffusion of ions along
their electrochemical gradient. There are three types of voltage-gated ion channels to initiate
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pacemaker action potential (triggering SA node). The first is a the Na® channel, which opens at
approximately -60 mV. As Na* ions enter the cells of the SA node, the membranes are depolarised
and gradually the membrane potential reaches the voltage capacity of a Ca** channel, which opens
at around -50 mV. As Ca®" ions enter the cells, the membrane depolarises further, unless the voltage
range of the channel reaches 0 mV, in which case the last K* channels open. In the SA node, only
the calcium channels play a role in the final depolarisation of the action potential. The
depolarisation process stops at 0 mV and by opening the K* channels, K" ions leave the cells and
repolarisation starts. This is the difference between the SA node and any other process, whereby K*
ions repolarise the cell and the membrane potential returns back to -60 mV to begin the next action
potential (see Figure 3.2). Another interesting point of this mechanism is that there is no resting

membrane potential in the SA node [87].
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Figure 3.2: Electrical activity in a pacemaker cell (SA node) [87]

Regarding the conducting system of the heart, five major structures can be described within its
network. Figure 3.3 shows these main structures in terms of their locations in the heart. The
sinoatrial node (SA node) is located in the right atrium wall and contains pacemaker cells from
which action potentials are formed at regular intervals by the changing ions in these cells. As a
result, the electrical impulse arises in this node for heart contraction (the sinus rhythm), and hence,
is often referred as “natural pacemaker of the heart” [88]. Subsequently, this SA nodal electrical
impulse propagates in several directions: to the left atrium (Bachman’s bundle) [89], and to the
intermodal pathways, which lead into the atrioventricular node (AV node). This is located in the
medial wall of the right atrium, near its junction with the right ventricle. The pacemaker cells in the

AV node have very low conduction values, thus the speed of depolarisation in the AV node is very
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slow and this causes a delay from when action potentials form in an AV node cell for 0.1 sec. From
the AV node, the action potential is transferred to a structure called the atrioventricular bundle (AV
bundle) or Bundle of His, which conducts the impulse through the interventricular septum. Soon
after, the interventricular septum is bifurcated into two separated branches, called the AV bundle
branches. Once the signal has travelled down to the apex of the heart, the action potential is
conducted up both the left and right walls of the ventricle through branched tracts of pacemaker
cells, referred to as the Purkinje fibres, which run up the electrical signal to the ventricular walls.
Finally, the action potential moves between the ventricular cells, until and both right and left
ventricular are depolarised. These electrical changes occurring throughout the cardiac cycle can be
monitored and recorded using the electrocardiogram technique, which is explained in depth in the

next section [86].
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Figure 3.3: The conduction system of the heart and the path of cardiac excitation [87]

3.1.3. ECG Wave and Lead Positions

Electrocardiogram (ECG) analysis is referred as a non-invasive measurement of the sum of all
electrical activity in the heart [90]. An ECG does not give the action potential, but rather, the total
electrical changes throughout the cardiac cycle provided while the action potentials travel in the
heart from the SA node to the AV node, bundles, and Purkinje fibres via the interventricular septum
for the depolarisation and repolarisation process. Figure 3.4 illustrates a typical ECG signal in terms

of its basic components.
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Figure 3.4: Major components of a typical electrocardiogram (ECG) waveform [87]

According to the picture, there are three main wave parts in a basic ECG diagram and several
baseline segments. The P wave represents atrial depolarisation, which initiates at the SA node. The
PR segment demonstrates AV nodal delay, which is the time taken for the cardiac impulse to be
distributed from the atrium to the AV node and bundle system. The QRS complex (wave) pertains
to the ventricular depolarisation with simultaneous atrium repolarisation. The T wave
corresponding to the ventricular repolarisation and the TP interval, represents the time of

ventricular relaxing as well as preparing for the next depolarisation.

Figure 3.5 shows the events in the heart in depth during cardiac conduction. Before setting an action
potential, there is still a small electrical signal in the SA node and then the impulse is generated in
this node (a-P wave). Once it is depolarised and atrium contraction has happened (b-P wave), the
electrical signal slowly reaches the AV node and travels down through the AV bundle branches (c-
beginning of QRS complex). After this, the signal expands to the ventricular wall via the Purkinje
fibres for ventricle depolarisation (d-QRS complex). Finally, during the T wave, the ventricle
repolarises and the heart makes itself ready for the next depolarization, which will be initiated from
the SA node. The baseline segments in an ECG signal reflect when there is no ongoing

depolarisation or repolarisation process during the cardiac cycle.
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Figure 3.5: ECG Genesis while the cardiac cycle is coordinating the activity [87]

A number of intervals can be measured and analysed from an ECG recording, with a normal signal
giving very important information regarding the heart status during a cardiac cycle. The time
between the beginning of a particular point in a cycle and the beginning of another particular point
in the next cycle is the interval between the commencing of the electrical response of those points in

the heart. For example, Figure 3.6 demonstrates a normal ECG for two beats of the heart.
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Figure 3.6: A normal electrocardiogram (ECG), including particular intervals [91]

Regarding the diagram, the P-R interval, which means the duration between the beginning point of
a P wave and the peak of an R wave, illustrates the depolarisation of the atrium. In addition, this
interval gives the information of how long an electrical impulse will pass through the ventricle from
the atrium, including AV delay. Generally, the P-R interval takes between 0.14 and 0.16 seconds.
During the Q-T interval, which refers to the duration between the Q point and the starting point of a
T wave, the ventricles become in a depolarised state. The Q-T interval reveals the amount of time
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that blood is being pumped out of the heart and into the arteries, which ordinarily lasts about 0.35
seconds. The most known interval is the R-R (beat-to-beat) interval, which indicates the time
between two consecutive QRS complexes in an ECG recording. Looking at this interval, the heart
rate can be measured by a simple calculation, as explained later in this chapter. Lastly, the S-T
segment, which endures from the S point until the beginning of the T wave, is a crucial interval for
diagnosing heart-related problems, such as a heart attack or depression in individuals with coronary

problems.

In general, ECG recording provide essential information for assessing cardiac anomalies [92]. For
instance, long Q-T or S-T intervals might help in diagnosing serious health problems, such as
hypothermia, or ischemia. A typical ECG lasts between 720 and 780 milliseconds. Table 3.1 shows

a summary of ECG waves and intervals including durations.

Table 3.1: Summary of ECG Waves, Intervals and Duration [92]

ECG Definitions Duration (s)
Component
P Wave Atrial depolarisation 0.08-0.10
QRS Complex Ventricular depolarisation 0.06-0.10
T Wave Ventricular repolarisation ~ 0.20 (usually not measured)
P-R Interval Atrial depolarisation including AV | 0.12-0.20
delay
S-T Interval Isoelectric  period of depolarised | 0.07-0.08
ventricles
Q-T Interval Length of depolarisation 0.20-0.40

A conventional ECG signal comprises tracing from 12 viewpoints for recording cardiac electrical
activity [93]. Each point is obtained by recording the electrical potential between a pair of
electrodes (positive and negative electrode), called a ‘lead’. Twelve viewpoints correspond to 12
leads, which can be separated into two parts: six limb leads (bipolar and unipolar leads, as can be
seen in Figures 3.7a and 3.7b); and six chest leads. The ECG is normally recorded using three
electrodes, one on each arm, and another one placed on the left leg (Einthoven’s triangle) [94].
Furthermore, recordings are commonly made using six chest electrodes (unipolar precordial leads).
According to Einthoven’s theorem, the three limb electrodes can be connected across a voltmeter

and an ECG signal can be recorded in three different combinations, called three bipolar limb leads,
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which are denoted as I, 11, and 111 [94]. In recording limb lead I, the negative electrode is connected
to the right arm and the positive terminal to the left. For lead Il, the negative terminal of the ECG is
connected to the right arm and positive electrode will be placed on the left leg. Finally, in lead IlI,
the negative electrode will be on the left arm and the positive will be connected to the left leg.
Consequently, when the negative side is measured negatively with respect to the positive side, then
the ECG will be recorded positively. According to Einthoven’s law, bipolar limb leads are

calculated as:

lead | = V_a(Voltage of Left Arm) — Vgra (Voltage of Right Arm) (3.1)
lead Il = Vg (Voltage of Left Leg) — Vra (Voltage of Right Arm) (3.2)
lead Il = Vg (Voltage of Left Leg) — Va (Voltage of Left Arm) (3.3)
lead I Lead I Lead Il Lead aVR Lead aVL Lead aVF
A~ L 4 T i "g ‘ ;A m
(a) Bipolar limb leads (b) Unipolar limb (augmented) leads
Lo
)
(c) Chest electrode (d) Chest leads placement (e) Horizontal plane

Figure 3.7: 12-Lead System: (a) Bipolar limb leads; (b) Unipolar limb leads; (c), (d), (e) Chest leads [93]

Figure 3.7b illustrates unipolar limb leads (aVR, aVL, and aVF), which measure the exact electrical
potential at the place of the positive electrode (placed on the right arm, left arm, and left leg,
respectively). The signals are augmented, because the results are too small to be used, thus they are
also called augmented leads. In Figures 3.7c, 3.7d, and 3.7e the chest lead placement and horizontal
plane are shown. There are six chest leads (V1, V2, V3, V4, V5, and V6) in order to record the
electrical signal of the heart using chest-type electrodes. By combining all the described leads
together, a conventional 12-lead system is formed as the basis of a modern clinical ECG

measurement system.
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3.1.4. ECG Measurement and Electrode Properties

In order to obtain a reliable ECG, the electrodes are commonly used to carry out the measurement
chain. As mentioned and reviewed earlier, there are different types of electrodes made using several
techniques, including gel, dry, non-contact, capacitive, textile, nanomaterial-based electrodes for
ECG monitoring systems. If they are used incorrectly, there will be unwanted distortion of order of
magnitude larger than the ECG itself. Figure 3.8 introduces the typical measurement system for
ECG recording consisting of two or more metal-lead (generally Ag/AgCl electrodes) electrodes

attached to the skin and connected to a differential amplifier.
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Figure 3.8: Schematic circuit of a typical ECG measurement system with a DRL connection [95]

The goal of the right leg drive circuit is to reduce interference from the amplifier. When an ECG
signal is amplified by an instrumentation amplifier, it is possible to create a DC common mode
interference. The drive right leg (DRL) connection inverts and amplifies the common mode signal
back into the right leg of the person as shown in the figure. As a consequence, the 60-Hz common
mode bias from AC power is avoided, thus leading to a better ECG signal. In order to get a clearer
ECG signal at the output of the instrumentation amplifier, this is filtered to reduce the noise and
then the denoised signal is sent to an operational amplifier that conditions the signal to better levels
for the microcontroller for further signal processing algorithms of the ECG signal. After filtering

and converting signals to the appropriate levels, the obtained ECG signal is transmitted to a



89

monitoring device, as shown in Figure 3.9. In the proposed system [96] shown in the figure, there is
an insulation layer between the electrodes and body so that there will be a high input impedance of
the measurement system due to the capacitively coupled electrodes and the interacting extra
impedance of capacitance. The equivalent circuits of typical ECG measurement systems and their

impedance calculations for the various types of electrodes are discussed in the next subsection.
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Figure 3.9: Block diagram of an ECG measurement system including DRL plane and capacitively coupled
electrodes [96]

3.1.5. Electrical Model of the Skin-Electrode Interface

The term of “electrode” comes from the study of electrochemical cells, where electrical transport is
conducted via oxidation and reduction (redox) reactions taking role between the metallic layer and
electrolyte gel [97]. In accordance with several studies, the wet type of conventional Ag/AgCl
electrodes are fitted to this description due to their metallic layer being bathed in an electrolyte gel
that shields the electrical composition through the outer and inner layers of the body surface. It is
worth noting that the impedance, Z, includes elements (resistance or capacitance) sourced from

body tissue (epidermis, dermis, stratum corneum), the skin-electrolyte interface, the electrolyte, the
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electrolyte-electrode interface and the electrode leads. Accordingly, the wet type conventional
electrode is well-characterised by double layer capacitance and parallel series resistors for coupling
electrical signal through the skin. In contrast, dry and non-contact types of electrodes are more
complex due to additional input impedances that cause difficulties for skin-electrode coupling.
Figure 3.10a shows an equivalent electrical circuit of a model from the body to the electrode, and

Figure 3.10b illustrates the electrical coupling of skin-electrode interfaces for various electrode
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Figure 3.10: (a) Electrical model of the interface from the body to the electrode; (b) Electrical coupling of
skin-electrode interface for various electrode topologies, including wet-contact gel-based Ag/AgCl, dry
contact MEMS and metal plate, thin-film insulated metal plate, and noncontact metal plate coupling
through hair or clothing, made of such as cotton [97]
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It is important to realise that low resistance (impedance) is essential for good electrode
performance, thus effecting ECG signals in a better way. To this end, the wet type conventional
Ag/AgCI electrodes are used in clinical applications today as they provide better ECG signals than
other types of electrodes due to lower skin-electrode impedance values. Table 3.2 gives the

descriptions of parameters depicted in Figure 3.10a.

Table 3.2: Descriptions of the parameters given in Figure 3.10a

Parameter Description

Rsub Internal body resistance, approximately constant (~ 1002)

Rs Resistance of skin, which depends on skin preparations, electrode gel and
time after application

Cs Capacitance of skin, which depends on skin preparation, electrolyte
concentration and contact area

Ejj Liquid junction potential due to the concentration gradient of ions
between body fluids and the electrolyte

R Resistance of the electrolyte

Ret Charge transfer resistance of the oxidation/reduction at the
electrode/electrolyte interface

Zepa Constant phase angle impedance due to the double layer between
electrolyte and electrode

E Half cell potential of the reaction at the electrode and electrolyte
interface

3.1.6. ECG Signal Processing and Heartbeat Detection

ECG signals have been controlled for signal processing to enhance the signal quality by filtering
techniques. Another benefit from signal processing that it facilitates detection and quantification of
signal properties. For instance, an ECG waveform is indicated in Figure 3.6 with the parameters of
ECG morphology when interpreting its diagnostic information. Cardiac pathologies are extracted
using these parameters (P wave, QRS complex and T waves) and cardiac diseases are monitored as
changes from normal values of these parameters. For example, as mentioned earlier, a small change
in the S-T segment, which starts at the S point and lasts until the beginning of the T wave, can be a
vital deviation for diagnosing heart-related problems, such as a heart attack or depression in
individuals with a coronary problem. Similarly, R peaks play a key role in detecting heartbeats
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using their peak points and the R-R interval time series is the first information to evaluate heart rate
variability (HRV).

Normally, ECG information is investigated under the frequency content of 100 Hz with a
significant frequency range of 10 Hz for the QRS complex, as can be seen in Figure 3.11. Signal
processing within ECG applications is carried out generally in three steps: (a) pre-processing; (b)
heartbeat detection; and (c) post-processing. Firstly, the influence of some disturbances, such as
power line interference or motion artifacts, needs to be reduced in the pre-processing stage using an
infinite impulse response (1IR) notch filter or Butterworth digital filter (band-pass filter). After this,
R waves, which are the mostly used to represent the occurrence of a heartbeat, are formed thus
facilitating heartbeat detection. Lastly, in the post-processing stage, the acquired and filtered ECG
signals are compared and classified according to the total segmentation of the different waves

associated with analysis of the heart rate time series.
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Figure 3.11: The ECG signal spectrum [98]

Regarding heartbeat detection, several algorithms are applied to identify heartbeats correctly. The
most common method is to determine the peaks of R waves and to calculate the time series between
these peak points. Friesen et al [99] compared nine different types of non-adaptive QRS detectors
with noisy ECG signals and the best result was shown for algorithms using the first derivative only.
A widely used method for heartbeat detection is known as the Pan-Tompkins method, which was
mentioned earlier [46]. As can be seen in Figure 3.12, the proposed method involves the steps of
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pre-filtering, differentiating, squaring, moving average integration and finally, decision rule after
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Figure 3.12: Schematic overview of the Pan-Tompkins heartbeat detection method [46]

To sum up the heart rate calculation, a typical ECG signal of a person heartbeat can be sectioned
into three parts, as shown in Figure 3.6 [91]: the P wave, which illustrates the beginning and
completion of the atrial depolarisation of the heart; the QRS complex, which conducts the
ventricular depolarisation; and lastly, the T wave which manages the ventricular repolarisation. The
R-peak in the ECG signal is the most important parameter for calculating heart rate and is easy to
distinguish from noisy components and other parameters due to its large amplitude. Lee et al. [100]
developed a variable threshold method to detect the R-peak further, the formula for which is given

below.
V1y = [X(n) — x(n-1)] * 70% (3.4)

Here, the R-peak can be differentiated from the baseline, which corresponds to 70% of recorded
ECG peak signal detection. In addition, the formula for determining HR from R-R intervals
provided by Lee et al. [100] is given below. In clinical environments, heart rate is generally
measured as beats per minute (BPM).

Heart Rate (HR) in BPM = 60,000 / RR Interval (ms) (3.5)
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3.2. Analysis of the Core Body Temperature (CBT) Measurement

The measurement of core body temperature (CBT) is essential for diagnosing and preventing
serious climatic injuries, such as hypothermia, hyperthermia, and heat stroke, especially during
exercise, sport activities and infectious diseases. Here, a brief background of core body temperature
measurement is given and this is followed by analysis of the non-invasive measurements of CBT.
The anatomy of the ear is described and the process of measuring CBT using an infrared thermopile

sensor, which is applied for this purpose throughout this section.
3.2.1. Background of Core Body Temperature (CBT) and Thermal Imaging

Core body temperature (CBT) measurement is one of the oldest methods for diagnosing diseases
and a significant indicator of health in both personal life monitoring and medical care [101]. Human
CBT can vary from day to day, but these variations have small margins, being generally no more
than 1.0°C. CBT is kept in the normal range (between 36.1°C and 37.2°C) by the thermoregulatory
centre in the hypothalamus [102]. The aim of monitoring CBT is to capture any signs of systemic
infection in the presence of fever or to discover whether it is too high above normal temperature,
I.e. there is hyperthermia or very low, in the case of hypothermia. It is invariably clinically
important to observe the trend in a patient’s temperature on a daily basis. Figure 3.13 shows the

thermal imaging of a human body as the temperature of the internal body varies through its surface.
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Figure 3.13: Distribution of temperatures within the body and division of the body into the core and shell
during exposure to (a) cold and (b) warm environments [103]
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There can be different factors can affecting the human thermoregulation system. When assessing

the core temperature of the body, it is worth noting that the CBT should be in the optimum range,

which is between 36.1°C and 37.2°C for adults, but it can vary depending on gender, age and the

site of measurement [101]. Table 3.3 gives some CBT values corresponding to related diseases or

body system infection, whilst Table 3.4 shows the human body temperature range according to

ageing status.

Table 3.3: CBT variations corresponding to an individual’s health status [102]

Temperature Health status

44°C Near death

43°C Normally death or brain/cardiorespiratory collapse

41-42°C Fainting, confusion, very fast heart rate (HR), low/high blood pressure

38-40°C Severe sweating, dehydration, weakness, vomiting, headache, fast HR

37°C Normal temperature

36°C Mild shivering and normal status

34-35°C Numbness and bluish/greyness of the skin. Heart irritability. Confusion
and loss of movement of fingers

29-33°C Severe confusion, sleepiness, slow heartbeat, shallow breathing,
unresponsive to stimuli

24-28°C Breathing may stop. Close to death.

Table 3.4: Human body temperature range [102]

Body Temperature Hypothermia (low Normal range Hyperthermia
Range temperature) (high temperature)
Baby (0-2 years) 36°C 36°C-37°C 37°C-38°C
Child (3-12 years) 36°C 36°C-36.77°C 38°C
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Adult (13-40 years) 36.1°C 36.1°C-37.2°C 37.5°C

Elder (above 40) 35°C 35.77°C-36.94°C 37.44°C-37.94°C

3.2.2. Measurements of Core Body Temperature (CBT)

CBT measurements can be carried out using invasive and non-invasive methods. Regarding the

former, temperature readings can be taken from the following locations.

(@)

(b)

(©)

Rectal: This location is commonly used for measuring CBT with accurate readings and
generally, recorded temperatures from here are higher than from the other areas. The rectum
site is mostly used in scientific research for heat exhaustion and stroke occurrences,
particularly for babies. Moreover, this method has a long response time compared to other
methods for CBT measurement [104].

Oesophagus: This site is preferred for recording CBT due to its deep body location close to
the left ventricle, the aorta and to the blood flow to the hypothalamus [105]. Furthermore,
this method is chosen for its quick response readings. Nevertheless, it is difficult to insert a
thermistor to read CBT via this method.

Pulmonary Artery: The readings for this method are acquired through a catheter. This
measurement is the most accurate method, because the artery brings blood directly from the

core body surroundings [106].

However, invasive methods are undesirable for measuring CBT due to the difficulties of inserting

medical devices into specific locations of the body. Hence, non-invasive methods are generally

preferred for recording it owing to their rapid response and the easy to use equipment. The non-

invasive measurements for CBT monitoring are as follows.

(@)

(b)

(©)

Oral: This method is the most popular method, especially during clinical experiments.
Whilst this measurement has the advantages of easy accessibility and giving very quick
response times, it can be problematic for babies and small children because of the required
behaviour.

Axilla: It can take longer to read CBT than oral measurement and researchers have found
that measuring it here is less accurate than in the rectum or at the tympanic membrane [107].
Tympanic Membrane: This type of measurement is ideal, because the tympanic membrane
and thermoregulation centre in the hypothalamus are fed by the same arterial blood supply

flowing from the carotid artery and thus, it is considered that the it reflects the core
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temperature [108]. This method of measurement and analysis of the tympanic membrane is
explained in detail in the next subsection.

3.2.3. Anatomy of Ear in CBT Measurement

Tympanic membrane measurement for CBT, which can be defined infrared ear thermometry,
became a popular alternative with several advantages compared to that of traditional measurements
[109]. First of all, infrared ear thermometry measurements provide rapid response and secondly,
they are easy to use and convenient both for patients and health clinicians. Moreover, the risk of
exposure to infectious diseases is reduced for clinical staff throughout the CBT measurement [110].
On the other hand, the accuracy of tympanic membrane measurement for CBT is still of concern,
when comparing the results to those of rectal temperature measurement for which studies have

revealed contradictory results [111].

The tympanic membrane site takes the blood from the internal carotid artery, which also supplies
blood to the hypothalamus in the brain for the thermoregulation centre and the ear thermometer has
been developed for this specific area to measure CBT. Furthermore, the ear canal is accessible for
reading CBT from the tympanic membrane, as can be seen in Figure 3.14. When the temperature of
the tympanic membrane is 37.3°C, it stands at between 34.5°C and 36.6°C in the ear canal (see
Figure 3.24).

Probe tip

37.3 oY &6 =
e ;?'
A \,;:“e.'g -
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membrane

Figure 3.14: Obtaining the tympanic temperature by aiming the probe towards the inferior third of the ear
canal [112]
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3.2.4. CBT Measurement using an Infrared Thermopile Sensor

The most popular non-invasive method for measuring CBT is from the ear canal. Using infrared
waves, it is possible to do so with a rapid response by just attaching the probe inside the ear canal.
There are two locations in the ear where CBT can be measured, namely the ear canal and tympanic
membrane, which gets blood from a branch of aorta that also supplies it to the hypothalamus in the
brain for the thermoregulation centre [104]. Hence, the tympanic membrane is very important

location in the body for measuring CBT.

When an infrared thermopile sensor within a probe is placed in the ear canal, the waveguide takes
infrared radiation from part of the ear canal, or tympanic membrane depends on the viewing angle
and distance from the target object. Figure 3.15 shows a drawing of how a thermopile sensor
transmits the infrared radiation to an object in principle. The targeted objects emit infrared radiation
proportionally, depending on the viewing angle, for reading current temperature. Subsequently, the
absorbed infrared radiation by the thermopile sensor leads to a temperature difference compared to
the original temperature of the sensor. This difference in temperature is proportional to the amount
of infrared radiation absorbed and thus, the temperature of the tympanic membrane can be retrieved
from this difference [113].

detector

object to measure
the temperature at

e
A

IR-radiation lens / filter

thermometer for measuring
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Figure 3.15: Principle inner working of an infrared thermopile sensor [113]

In theory, the thermopile sensor radiates electromagnetic waves into the surroundings including IR
radiation [114]. According to Peng et al., the correlation between the radiation energy density and

temperature of a targeted object is in accordance with Planck’s law when using a tympanic
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membrane thermometer [114]. Since the radiated energy is related to an object’s temperature, the

following equation (3.6) is deployed to obtain E (radiant exitance):
E =8e(T* - T%) (3.6)

In the equation (3.6), E corresponds to the radiant exitance, W.m™; & is the Stefan-Boltzmann
constant, 5.67x10% W.m?.K™; ¢ is object radiation rate; T is the temperature of an object, K; and T
corresponds to the ambient temperature around the object, K. In the proposed system, a Melexis
MLX90614 infrared thermopile sensor [115] is employed to measure CBT from the ear. This type
of tympanic membrane thermometer has high accuracy, particularly for a human body temperature
monitoring system and the principle of this thermopile sensor will be explained in depth in a later

chapter (Chapter 6) through experimental studies and subsequent discussion.
3.3. Analysis of Photoplethysmography (PPG) Measurement

This section describes what photoplethysmography (PPG) is and how it can be measured as well as
from which sites of the body. It is also explained how heart rate (HR) and oxygen saturation (SpO,)
can be determined from PPG waves. Furthermore, a basic correlation is illustrated between PPG

and ECG waves.
3.3.1. Background to Photoplethysmography (PPG)

PPG is a non-invasive optical measurement technique for the detection of cardiovascular pulse
waves produced around the human body [116]. The principle of PPG sensors is optical detection of
blood volume changes in the appropriate sites or tissues of the body by deploying light intensity
technologies. Blood flow differs during cardiac cycle activities. For example, blood volume can be
higher in the arteries during the systolic phase of the cardiac cycle than during the diastolic phase.
The aim of PPG sensors is to detect changes in the blood flow volume during these cardiac cycle
events. After analysing the changes in the blood flow, PPG can provide information about vital
body signs, such as heart rate (HR), arterial blood oxygen saturation (SpO,), blood pressure and

cardiac output, thus making important for wearable sensing technology [117].

The basic principle of the PPG method is that it requires a couple of opto-electronic components: a
light source (e.g. infrared LED) to illuminate the tissue (e.g. finger); and a photo detector (PD) to
measure the variations in light intensity related to the changes in the blood volume. These variations
at the PD are amplified, filtered and finally recorded as a voltage signal, which is called a PPG
signal. There are two components in a PPG signal. Figure 3.16 illustrates an example of a PPG

waveform, including direct current (DC), and alternating current (AC) components. The DC
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component of the PPG signal corresponds to the detected reflected optical signal from the tissue,
depending on the nature of the tissue and also the average blood volume of both venous and arterial
blood. It is worth noting that the DC component of the PPG signal changes slowly with respiration
and thus, it is a relatively constant voltage according to the AC component of the PPG signal. On
the other hand, the AC component of the PPG waveform indicates the changes in the blood volume
during cardiac cycle events (e.g. the systolic and diastolic phases). The pulsatile component of a
PPG signal, the AC component, has its fundamental frequency typically around 1 Hz depending on
HR. It is the most significant part of the PPG signal, because it gives the information on HR and

other cardiac outputs, whilst also being superimposed onto the DC component [118].
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Figure 3.16: Variations in blood volume in light attenuation by tissue [118]

A PPG signal is operated by a red and near infrared (IR) wavelength from a light source. Anderson
et al. studied the optical characteristics of light for human skin [119]. According to their analysis,
the dominant absorption peak is observed within the blue region of the spectrum, followed by the
green-yellow region (between 500 and 600 nm wavelengths), which corresponds to red blood cells.
Consequently, this shows that PPG signals can be observed using IR wavelengths as light sources,
such as IR LEDs (at around 600 - 800 nm near-IR wavelengths). There are two main modes of PPG
signal detection: (a) transmission mode, where the tissue sample (e.g. fingertip or ear lobe) is placed
between the light source and PD, so that the light is transmitted through the medium and is detected
by the PD; (b) reflection mode, where the IR LED and PD are placed side-by side, so that the PD
detects the reflected light from the tissue or blood vessels. Figure 3.17 shows both types of modes

for detecting PPG signals.



101

FD LED FD

Figure 3.17: Light-emitting-diode (LED) and photo detector (PD) placement for transmission mode (left);
and reflection mode (right) for PPG signal detection [118]

3.3.2. Measurements of Photoplethysmography (PPG) Signals

In order to measure good PPG signals, it is important to choose suitable sites on the body. Several
studies have elicited that PPG measurements can be made at different locations on the body,
including the finger [120], wrist [121], earlobe [122], toes [123]. Commercially, PPG sensors are
also available to get signals mostly from the ear, finger, and forehead [124]. According to Tur et al.,
the earlobe offers a higher perfusion value when compared to those with other measurement sites,
when a PPG signal transmitted [125]. Furthermore, earlobe PPG sensors have become popular as
fabricating the sensor is easier than for other locations. However, it is not desirable to apply PPG
sensors onto the earlobe for long-term monitoring of HR. Whilst there is the potential to design a

wearable PPG sensor using the earlobe, it not a user-friendly monitoring method.

The most ideal and common commercially available PPG sensor is based on finger measurements.
One of the key elements for obtaining a clear PPG signal pertains to the method of probe
attachment to tissue. The finger is quite a suitable site as it has tissue that enables effective probe-
tissue interface pressure, such that a good PPG signal can be obtained [126]. In order to characterise
PPG signals associated with the measurement sites, multi-body site measurements have been
proposed by Allen et al. [127]. Figure 3.18 shows the proposed method of multi-bilateral site PPG
measurement and also gives the results from their experiments. As can be seen from the figure,
Allen and his colleagues wanted to track PPG records for both right and left body sites to see the
differences for healthy and patient subjects. According to their results, there is a similarity in the
pulse characteristics between the left and right body sides, but, it is clear from Figure 3.18b that
there are differences on the signals’ amplitudes at the sites where the body measurements are taken.
In particular, finger sites give higher amplitudes than those of ears and toes. The same authors also
investigated the PPG measurements for patient subjects and it is seen that the PPG signals are
varied on toes sites for vascular patient due to have diseases on the affected leg, thus the amplitude
of the PPG pulse is reduced [127].
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Figure 3.18: (a) The structure of the proposed six-channel PPG measurement and analysis system; (b)
an example of recorded PPG signals from the right and left earlobes, right and left index fingers, and the
right and left toes of a healthy subject [127]
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PPG pulse analysis is quite important for clinical aspects and applications including clinical
physiological monitoring (SpO,, heart rate (HR), blood pressure) as for determining several disease
assessments (arterial disease, vascular assessment, ageing health problems, venous assessment) by
considering its wave characteristics analysis. Pulse wave analysis was studied many years ago to
assess several diseases by Hertzman and Dillon in 1940 [9]. They estimated a crest time
measurement from the rising point from the pulse and correlated this to HR. Some years after this
investigation, Murray and Foster [128] extracted diagnostic information from the PPG pulse and
Figure 3.19 provides a description of the PPG pulse timing measurements, including beat-to-beat
PPG rise time, PTT and the main artifacts of PTT information. As can be seen from the figure, the

key elements are:

(@) (PTTH): beat-to-beat pulse transmit time to the foot of the pulse;
(b) (PTTp): pulse transmit time to the peak of the pulse;
(c) (AMP): foot-to-peak amplitude.

e R Wave . ™

ECG ‘l — ‘l - ’l

PTTp
Pulse peak

PTTf
PPG \-‘- =

Pulse foot

Figure 3.19: Definition of the PPG timing measures, including PPT, PPTy, PPT,, AMP [9]

These key landmarks are used to assess various health diseases and the inter-relationship between
these characteristics was considered by Allen et al. [129]. According to this study, during the
gasping period of a subject, the inter-relations between PTT, and AMP can be analysed for skin
temperature variations. Figure 3.20 shows the variations of skin temperature on the finger of the
patient against gasping occurrences. Gasp-induced degradations in PTT and AMP can occur along
with the respiratory-related changes during the gasping period, or just after or before recovery from

the gasp. It can from the figure, that the finger skin temperature (Tf) decreases just after gasp-
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induced reductions in PTT and AMP, thus indicating that there is a clear relationship between these

characteristics.
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Figure 3.20: PPG pulse wave analysis with its characteristics during a deep gasp inspiratory occurrence [9]

3.3.3. Heartbeat Detection from PPG Signals

PPG waveform is a very important for estimating HR and SpO, using various clinical applications.
Pulse oximetry is one of the efficient tools for detecting and diagnosing cardiac arrhythmias,

especially through finger-clip applications [130].

HR can be ascertained from the AC component of the PPG waveform by two different methods.
The first involves identifying the peaks of each heartbeat and determining the time interval between
the identified peak values of each heartbeat, referred to as the Peak-Peak Interval (PPI). The
equations for detecting HR from a PPI calculation are as follows:

B Pn—l

PPl = ~2n=t (3.7)

_ 60
~ PPI,

HR., (3.8)
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As can be seen in equation (3.7), the n™ peak-peak interval time (PPI) is defined as PPI, by the n™
peak value (P,), and n-1™" peak value (P.1), and sampling rate of the system (S). After this, HR can
be calculated by equation (3.8) in beats per minute (BPM).

In order to derive HR, the peak values of the indexes (P,) and PPI variables need to be identified
from the PPG waveform, which involves using several signal processing functions. Figure 3.21 sets

out the process of signal conditioning for detection of PPG peak detection and heartbeat.

Signal Process

PPG Data L Bandpass ‘ Squaring L-DilTeren(ialur—w- PPG Peak ;(Tnlculnle
: Filter ‘ Process ‘ Detection | HR

Figure 3.21: Signal processing steps for PPG peak and HR detection [68]

The second method for the detection of HR from the PPG waveform is based on the identification
of the frequency response of cardiac outputs. Since the frequency of the power spectrum correlates
with HR, energy variations can be identified in the frequency domain by transforming the signals
via a Fourier transform. Regarding this method, Stojanovic and Karadaglic have developed an
LED-LED based PPG sensor and analysed the acquired PPG signal in frequency domain to obtain
HR [131]. Figure 3.22a-c shows, respectively, the original PPG signal obtained by the IR LED-IR
LED combination, the filtered AC component of the PPG signal obtained by a third-order low-pass
Butterworth filter and the Fourier spectrum of the AC component of the PPG signal along with the
frequencies corresponding to HR (dominant). The x-axis of the Fourier spectrum is scaled in beats
per minute (BPM), as can be seen in Figure 3.22d, thus HR can be identified in the graph as the

dominant index in the frequency domain.
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Figure 3.22: (a) Original PPG signal obtained from an LED-LED sensor before filtering; (b) filtered AC
component of a PPG signal using low-pass Butterworth filter; (c) Fast Fourier Transform (FFT) spectrum
of the AC component of the PPG signal; (d) HR detection in the FFT spectrum of the AC component
[131]

3.3.4. Oxygen Saturation (SpO,) Detection from PPG Signals

One of the most useful parameters from the PPG waveform is blood oxygen saturation (SpO.).
According to Rusch et al. [132], SpO, measurements were made by comparing red and infrared (IR)
diode signals using the equations (3.9) and (3.10). Furthermore, the AC and DC components of the

pulse signal are needed in order to calculate the SpO, information. As mentioned earlier, an
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obtained PPG signal involves both AC and DC components of the red and IR LED signals, an
example of which is given in Figure 3.23, showing the AC and DC components of the PPG signal.

Photoplethysmogram Time Signal

59350-
59300 - ACComp
% 59250 -
= —_—
g 59200 -
59150 -
DC Component
59100 + ' ' “
L 8 2 8 8§ 8 & =
= - [ -] - — — — o
=
0 Time [second) 0 %

Figure 3.23: PPG signal with AC and DC components [132]

The first stage for expressing SpO; is to calculate the R-value by identifying the red and IR signals.
The R-value is referred to as the normalised ratio of the red signal to IR transmitted light density.
The oximeter ratio R-value is determined by measuring the AC component of the signal and

dividing by DC component of the signal, as given by the following equation:

_ Acred/D Cred

3.9
ACir/DCir (3.9)

When the calculated R-value is plotted against measured arterial oxygen saturation (SaO), there
will be a linear approximation between them and then SpO, can be determined from the following
equation [132]:

SpO, =110 - 25R (3.10)
3.4. Summary

The theoretical backgrounds of electrocardiogram (ECG), core body temperature (CBT) and
photoplethysmography (PPG) measurements have been presented in this chapter along with the
mathematical expressions of HR, CBT, SpO, measurements. Firstly, ECG physiology has been
explained in this chapter including ECG waves and lead positions, the electrical model of ECG
measurement, and the skin-electrode interface. It was also elucidated how heart beat detection is
derived from an ECG signal. Secondly, CBT measurement was explained through the deployment

mathematical functions and calculations, in particular, how this can be achieved from the ear canal.
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Lastly, the analytical background of a PPG signal was investigated including the algorithm for
obtaining measurements to calculate HR and SpO, from the finger. In addition, a comparison of the

PPG signals obtained from the ear and toe has been made in this chapter.
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CHAPTER 4: THEORETICAL BACKGROUND OF GRAPHENE
AND DEVELOPMENT OF THE PROPOSED GRAPHENE
BASED ECG ELECTRODE

In this chapter, to begin with, graphene (GN) theory explained in terms of its electrical, mechanical,
and thermal characteristics and subsequently, the production methods of GN will be explored
categorically. Furthermore, the proposed GN-coated ECG electrode is demonstrated step-by-step
using the chemical vapour deposition (CVD) method. Moreover, after covering the theory
underpinning Raman spectroscopy, its relation with GN is explained. Scanning electron microscopy
(SEM) analysis of GN-coated electrodes is presented. At the end of this chapter, a theoretical

background is considered in regard the effect of GN on skin-electrode interface.
4.1. General Properties of Graphene (GN)

It has been clearly elicited that nanomaterials improve the physiochemical characteristics of bulk
materials, such as conductivity, strength and reactivity, due to their high volume surface ratio, high
tensile strength and high electron mobility attributes [133]. Among other nanomaterials, graphene
(GN) has received worldwide attention owing to its extraordinary physical, electronic, thermal,
optical, chemical, and mechanical properties [134, 135]. GN is composed of a two-dimensional
(2D) single-atom-thick layer of sp?-bonded carbon atoms arranged in a honeycomb lattice [136].
Due to the unique structure, it is examined as main carbon allotropy to carry out other related
carbon nanomaterials, such as carbon nanotubes (CNT), graphite, and fullerenes, as can be seen in
Figure 4.1. Geim and Novoselov [135] discovered GN, the thinnest known material with a
thickness of 0.35 nm, in 2004 and received the Nobel Prize in Physics for inventing this
extraordinary material by a simple mechanical exfoliation. They were studying graphite flakes at
the beginning, and after applying several thinner process into the graphite, the monolayer and

bilayer of GN were produced.
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Figure 4.1: Graphene as a “building material” of fullerene, graphite, single wall nanotubes (SWNTSs), multi
wall nanotubes (MWNTS) [137]

Since then, GN and its related derivatives have attracted the interest of various scientific fields, such
as nanoelectronics [138], energy applications (e.g. supercapacitor, solar panels) [139, 140],
biosensing applications [141], gas sensing applications [142], transparent flexible electronics [143]
due to their physiochemical and electric-electronic properties. A summary of the key properties of

GN can be classified as follows:

e It has the highest tensile strength of any material (is the strongest material) — Young’s
modulus of 1 TPa is approximately 200 times stronger than steel;

e |t is the thinnest material ever tested, only 0.34 nm thick — a single atomic layer of carbon;

e ltis entirely transparent - ~97.7%;

e Even though it is the thinnest material in the world, it absorbs a very high amount of light
per layer - ~2.3%;

e ltis the lightest continuous film (per unit area) — 0.38 mg/m?;

e It has the highest surface to volume ratio of any material — 2,630 m%g (for this reason, GN
is an eminently suitable material for bio-sensing applications);

e It is the best conductor of electricity — it has resistivity of 10® Qm (better values than any

other metal, such as Au or Cu);
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e It has the fastest moving electrons of any material = 10° m/s (quite close to speed of light
and thus, these are referred to as relativistic particles);

e It has the highest electron mobility of any material — more than 200,000 cm?V*s™;

e Itis the best conductor of heat — thermal conductivity of 5,300 Wm™*K™;

e It is one of the most elastic and flexible materials, because of its thin and strong

characteristics.

Furthermore, Table 4.1 compares the key properties of GN with its related carbon materials and

good conductive metals.

Table 4.1: Comparison of the relevant electronic, physical and thermal properties of GN with other related
carbonic and metallic materials (Si, Cu, single wall carbon nanotube — SWCNT) [141]

Key Parameters Si Cu SWCNT GN
DC max current density, A/lcm? - 10’ >10° >10°
Melting point, K 1,687 1,357 3,800 3,800
Electron mobility, cm*/V s 1,400 - >10,000 >10,000
Thermal conductivity, (x10° W/m 0.15 0.385 1.75-5.8 3-5
K)
Mean free path (nm) at room 30 40 >10° 1x10°
temperature

4.2. Graphene Production Methods
4.2.1. Micro Mechanical Cleavage Method

A number of different algorithms to synthesise GN sheets have been demonstrated since it was first
obtained in 2004. Geim and Novoselov [135] followed the route in which a typical Scotch tape was
used to extract thin layers of graphite from highly ordered pyrolitic graphite and then transferred
these layers onto a silicon (Si) substrate several times. This method is called ‘mechanical
exfoliation or micro-mechanical cleavage’, which is one of the procedures for synthesising GN
sheets. When the cleaving process is repeated enough times, the remainder produced on the Scotch
tape is then transferred to the Si substrate with either a 100 or 300 nm silicon oxide (SiO) layer.

These two layer thicknesses can be differentiated from other thicknesses of multi-layer graphene or



112

bulk graphite via the difference in light absorption. This method of production is the best quality
GN synthesis so far, in terms of structural integrity and it is also relatively cheaper than other
production methods [144]. Figure 4.2a-d shows the production of GN using the micro-mechanical
cleavage technique with ‘scotch tape’, and Figure 4.2e-f shows atomic force microscopy (AFM)

images of GN layers on SiO substrate.

()
Figure 4.2: (a) Attaching a piece of graphite to sticky-tape; (b) Using the sticky tape to thin out the

graphite; (c) Placing the thin graphite on a silicon wafer, with a surface layer of silicon dioxide; (d)
Removing most of the layers of graphite leaving behind a single layer, two-layer or multilayer graphene
(GN); (e) AFM image of low magnification; and (f) a higher magnification optical micrograph just after

micromechanical cleavage
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As can be seen in the Figure 4.2, different colours refer to different layers of GN in the AFM
images. While a lighter purple means a monolayer GN, a darker layer of purple can be a bilayer,

and a one-step darker area can refer to a tri-layer or multiple layer of GN.
4.2.2. Epitaxial Method

Around the same time of the discovery of GN layers from the thin graphite via the micro-
mechanical cleavage method, in 2004, researchers at the Georgia Institute of Technology presented
an ultra-thin large-scale graphite deposit on a silicon carbide (SiC) wafer [145], providing another
method for production of high-quality mono or multiple layer of GN. . This method is referred as
‘epitaxial growth’ and GN is produced by converting this ultra-thin graphite deposited SiC via
sublimation of Si atoms at a very high temperature (generally at ~1300°C) [146]. Figure 4.3

illustrates the process of GN grown by Si sublimation from the SiC surface.
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Figure 4.3: Epitaxial synthesis of GN on a SiC wafer [147]

Benefiting from the relatively large yield and fine quality, GN from the epitaxial growth
methodology can be good potential for large-scale integration of nano-electronic devices [148].
Nevertheless, it has been noticed that because temperatures up to around 1300°C are required, an

ultra-high level of vacuum is needed for this methodology.
4.2.3. Chemical Vapour Deposition (CVD) Method

The chemical vapour deposition (CVD) method can also be applied to the GN grown by epitaxial
methodology due to the similar technology needed for high temperature synthesis, but not only on
Si substrates, for it can also be employed with Ni and Cu substrates. Among all other strategies for
producing GN, CVD on metal substrates has become the most promising approach that has
excellent advantages, including the best quality for large-scale applications (with areas larger than
1cm?), allowing transfer of GN to other metallic substrates (including Au, Ag, SiO-), which makes
it appropriate for different kinds of applications and delivers inexpensive production methods [149].
The first GN grown by the CVD method was applied in 2008 and 2009, using Ni and Cu substrates

[150, 151], which was followed by many research applications and publications in transition metal



114

substrates [152]. CVD operation for GN growth on metallic substrates can be performed in a
vacuum with atmospheric pressure (Ar, H,, CH, gasses) and at high temperatures of around
1000°C. One of the most innovative processes for producing single layer GN using CVD is GN
growth on copper (Cu). Figure 4.4 shows a schematic of an experimental setup of the CVD
operation, which is a commonly used method in order to produce high quality single layer GN by
Cu. This method consists of a tube furnace for high temperature heating (at around 1000°C), a
quartz vacuum chamber, a vacuum and pressure control system for the growth condition adjustment
and several mass flow controllers to provide enough carbon source (CH,) and reactant gases (Ar or
H>) with the necessary flow rate [153].
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Figure 4.4: CVD method of GN on copper foil [153]

Another advantage of using CVD for GN growth is to enable GN to be grown on transition metals,
such as Ag, Au and glass. This method of transferring GN onto another metallic substrate is done
through the Cu substrate and subsequently, through chemically etching processes the GN membrane
will be free for transferring onto the targeted metallic substrate. Figure 4.5 demonstrates the process
of transferring GN from a Cu, Ni, or Si substrate to another targeted metallic substrate. According
to this process, first of all, carbon atoms are deposited on the surface of a metal. This carbon-coated
metal is heated to a very high temperature (1,000°C), and a gas of C mixed in the metal, thus GN is
formed onto the metal (CVD). As in the scotch-tape method, a thin layer of polymer (PMMA or
PDMS) is then deposited on top of the GN to start the transferring process. After this, the thin
polymer layer is removed with GN from the metallic substrate (mostly Cu or Ni). This polymer-GN
layer is then placed on a suitable substrate, which is targeted for device fabrication. Finally, the
polymer layer is dissolved away with acetone, leaving GN behind on the arbitrary metallic

substrate.
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Figure 4.5: (a) Carbon atoms are deposited on the surface of metal (Cu, Si, or Ni); (b) At
high temperature this forms GN; (c) A layer of polymer is deposited on top of the GN; (d)
The polymer is removed and the GN with it; (€) The polymer is placed on a suitable
substrate; (f) The polymer is dissolved away leaving the GN behind

4.2.4. Other Graphene (GN) Production Methods

Up to this point, the main production methods for GN have been explained and several other
methods are briefly mentioned here. Another synthesis of GN is liquid-phase exfoliation that
involves solution-based exfoliation of GN oxide (GNO) via a dispersion technique [154], which can
then be used for producing composite materials [155]. In liquid-phase exfoliation, GNO is mostly
formed from graphite by ultrasonic bath sonication with chemically functionalised GN [156]. In
terms of applications in particular electrochemical biosensors, GN synthesised by solution
suspension of GNO followed by chemical reduction, usually referred to as the reduced GN oxide
(RGO) process, and is used most extensively. However, the GN produced by the RGO process
offers smaller sizes, more structural defects, and more functional groups than that produced by
other synthesis techniques [157]. Overall, the RGO is a better fit for large-scale applications of
small GN sheets, while the CVD technique is more efficient for large-scale applications of high
quality GN. Accordingly, the application for which GN is being produced should first be

ascertained before the most appropriate GN synthesis can be selected, as can also be seen in Figure
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4.6. Another alternative method for GN production is through the unzipping of carbon nanotubes
(CNTSs) via transition metal nanoparticles to form GN nanoribbons [158].
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Figure 4.6: Methods for GN synthesis. There are various methods to be chosen depending on the specific
application; each one differs from the others in terms of quality and price [159]

There have been many production methods for GN suggested and for an overview, the current GN

synthesis techniques are listed in Table 4.2.
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Table 4.2: A brief summary of GN production techniques [141]

Synthesis method Brief description
Mechanical e Atomic layer of GN can be seen on ~300 nm SiO, substrates
exfoliation e Pristine GN with the highest quality of electrical properties
e The size and thickness are uncontrollable, thus limited practical applications
Liquid-based e Graphite powders are initially oxidized by chemical modification to be
exfoliation dispersed in solutloq o . _ _
e Large-scale production for bulk applications, i.e. supercapacitors, composite
materials
e  Serious structural defects
Epitaxial growth e A conversion of SiC substrate to GN via sublimation of Si atoms on the
surface

e Performed at a very high temperature (~1300°C)
o  Accessibility is limited due to high-end equipment

CVD growth GN e Most promising, inexpensive and feasible method for single-layer GN
synthesis

e Uses transition metal (Ni, Cu, Si) substrates

e Can be scaled up for large area GN production for practical applications

4.3. Raman Spectroscopy of Graphene (GN)
4.3.1. Basic Raman Theory

Raman microscopy has been proven to be a very powerful tool in the analysis of carbon based
materials, including carbon nanotubes, bulk graphite, and graphene (GN) [160]. Within the Raman
spectroscopy technique, the geometric structure and bonding properties of the materials can be
visualised. Even small differences in geometric structure can lead to significant variations in the
observed Raman spectrum of a carbonic molecule. This sensitivity to geometric structure is
important for analysis of the different carbon based materials (i.e. diamond, CNTSs, carbon
nanoribbons and graphite, etc.), where the different forms vary only in terms of the relative position
of their carbon atoms and their type of bonding to one another [161]. Consequently, the shapes,
intensities and positions of the peaks in the Raman spectrum give considerable information for
distinguishing between different types of carbon materials. The major features in the Raman
spectrum of carbon materials are the so-called G and D peaks, which are positioned at around 1,560
and 1,360 cm™, respectively, for visible excitation [162]. Figure 4.7 compares the Raman spectrums
of different types of carbon materials: graphite, metallic and semiconducting nanotubes as well as
high and low sp® amorphous carbons. As can be seen in the figure, the positions and shapes of

peaks are different for all types of carbon materials.
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Figure 4.7: Raman spectra of graphite, metallic and semiconducting carbon nanotubes as well as low and
high sp® amorphous carbons [162]

A simplified schematic of a typical Raman microscopy setup can be observed in Figure 4.8. In
principle, a monochromatic light source, a laser light in the range of near IR light to ultra violet
(UV) light (typically a 633 nm or 532 nm laser), is sent onto a sample via a series of mirrors and
microscopic lenses. This light is then scattered both inelastically and elastically by the sample. This
scattered light is then transmitted via a series of mirrors to a two-way mirror, where it is then split
away from the incident laser beam. The scattered light is then filtered via the use of a notch filter to
remove elastic scattered light. The inelastically scattered light is then split into its constituent
wavelengths using a diffraction grating and a charge coupled detector (CCD) is used to measure the
wavenumber shifts and intensity of the scattered light, with the Raman spectra of the sample finally
being obtained [163].
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Figure 4.8: Schematic image of Raman instrumentation for obtaining the Raman spectra of a sample

4.3.2. The Raman Spectrum of Graphene (GN)
In Graphene (GN), there are three key Raman bands:

e G Band (around 1,582 cm™) is a sharp band and corresponds to planar sp® bonded carbon in
GN, graphite and CNTs;

e D band (around 1,350 cm™) is a disorder band and corresponds to sp? carbon rings (i.e.
defects in sp® carbon) and is often regarded as an indicator for defects. It is worth noting that
the intensity of D band is proportional to the degree of defects in materials with sp® carbon
(graphite, CNTs, GN). This band is quite weak in both graphite and GN and if a D band is
observed in the Raman spectrum, then there are defects in the carbon materials;

e 2D (G’) band (around 2,685 cm™) is the final band and the second order of the D band,
being generally used to identify the number of GN layers.

A comparison of the Raman spectra of GN and graphite (composed of millions of layers of GN
stacked together) has been made in Figure 4.9a, and measured at 514.5 nm excitation [164]. As can
be seen, two major bands (G and 2D bands) are observed in both the GN and graphite samples.
While G peak is observed at 1,580 cm™, the 2D (G’) band is evident at ~2,700 cm™ for GN,
however, these peaks are observed differently for graphite. Regarding which, Figure 4.9b illustrates
the differences of 2D bands obtained from GN and graphite, where it can be seen there is a

significant variation in the shape and intensity of the 2D peak of GN compared to graphite.
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According to the results, the 2D peak in graphite consists of 2D; and 2D,, around ¥z and %2 the
height of the G peak, respectively. GN has a single, sharp 2D peak, about four times more intense
than the G peak [164].
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Figure 4.9: (a) Comparison of the Raman spectra of GN and graphite measured at 514.5 nm; (b) comparison
of the 2D peaks in GN and graphite [162]

It is observed that these Raman spectra demonstrate the ability to differentiate between single layer
GN and graphite. Moreover, the Raman spectrum can differentiate single, double, and triple layers

by looking into the positions and shapes of the G and 2D bands, which is explained in the next
subsection.

4.3.3. Using Raman Microscopy to Measure the Significant Parameters of Graphene (GN)

It is important to understand Raman spectroscopy in GN and so here, the layers, effects of edges,
defects and disorder of GN structure are discussed by considering the key features of Raman bands
(D, G, 2D bands). First of all, Raman spectroscopy is capable of determining the number of layers
of GN by positioning and shaping of the 2D band. Figure 4.10 shows the differences between
single, double, triple and multi-layer GN and also illustrates these bands from GN mapping.
According to the graphs, the single layer GN in the 2D band has a single, sharp, symmetric peak.
On the other hand, adding successive layers of GN (for bi-layer, triple layer and multiple layers)
causes the 2D band to be broken into various individual components. This band splitting and gap
behaviour of the 2D band increases, while going from a single layer to multilayer GN. Furthermore,

the shape of a 2D band varies when comparing single layer GN with multiple layers of GN samples.
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Figure 4.10: (a) The 2D band exhibits a sharp peak of single layer GN; (b) the 2D band of bi-layer GN;
(c) The 2D band of three layer GN; (d) 4 layer; (e) the 2D band of multiple layer GN (nearly graphite);
GN mapping of these different layers of GN is shown on the right side of the figure [165]

Another interesting aspect of 2D band characteristics is that single layer GN can be identified from
the peak intensity ratio of the 2D and G bands. That is, the intensity ratio of the 2D peak decreases
when moving from single layer GN to bilayer or multilayer GN. In Figure 4.11, it can be seen that
while single layer GN has a high peak ratio of 2D, graphite (composed of millions of layers of GN
stacked together) has a low one. In the literature the ratio is denoted as Ip/lg, as illustrated in
Figure 4.11, and this is equal to at least two or higher for single layer GN, depending on the quality
of that produced. The Raman spectra in the figure is obtained from a CVD-grown GN sample
transferred onto SiO, [166], and it is observed that a single layer GN was coated onto a SiO; layer
via the CVD process. Moreover, the D band is not observed in the high quality of GN.
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Figure 4.11: Raman spectrum of a single layer CVD-grown graphene sample transferred onto SiO, [166]

Another interesting feature can be derived from the Raman spectrum is the edges of different layers
of GN samples. Figure 4.12a shows zigzag and armchair edges schematically that are considered
ideal edges in single layer GN. Notably, a perfect zigzag edge (it is supposed in pristine single layer
GN) cannot produce a D peak [167]. However, for a disordered edge, the sample edges can be seen
as defects and the D peak will appear in a Raman spectra. Figure 4.12b compares the D peaks in the
Raman spectra of GN and graphite at 514.5 nm excitation. As can be seen in the figure, a single D
peak is observed at the sample edge for single layer GN, however, the D peak at the edge of
graphite is composed of two peaks (D; and Dy), as the behaviour of 2D band. In addition, the ratio
I(D)min/1(D)max can be used to measure edge imperfection [168].

It is important to notice that the G band intensity is roughly uniform along the graphene surface. On
the other hand, the D band can be detected only near the graphene edges. It has been considered that
the D band intensity ratios in Raman spectra vary differently in armchair and zigzag graphene
edges. Obtained Raman spectra measurements revealed that the D band measured at edges with

zigzag orientation is less intense than at edges with armchair orientation.
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Figure 4.12: (a) (i) Zigzag edge of GN structure and (ii) armchair edge of GN structure; (b) Raman spectra
of graphite and graphene edges [169]

Likewise, when analysing edges, the D band is also investigated to display disorders or defects in
the sample material. The intensity ratio of the D band is the proportion of the level of defects in the
structure of the sample [161]. The main effects in the evolution of the Raman spectrum are D band
appearance and the increase in the intensity ratio of the D band with respect to the G band, namely

I(D)/1(G), to determine whether there is a disorder or defect in the material.

Furthermore, the Raman spectrum of GN is quite sensitive to changes in the interaction between
graphene and a substrate that is important for the development of potential applications of GN and
device fabrication. A systematic Raman study of single layer graphene (SLG) produced by
mechanical cleavage on different substrates is presented in Figure 4.13. The kind of substrate can be

identified unambiguously by Raman spectroscopy from its characteristic 2D band feature [169].
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Figure 4.13: The Raman spectra of single layer GN on different substrates via the mechanical cleavage
method [169]

4.4. Scanning Electron Microscopy (SEM)

Another characterisation tool for displaying the geometric structure of GN is the scanning electron
microscopy (SEM) technique which scans a focused electron beam onto a sample to exhibit its
topography and composition information [170]. The incident electron beam interacts with the atom
structure in the test sample, which then releases a range of signals that can be detected, analysed
and pictured. Figure 4.14 illustrates the typical principle of SEM on a test sample.

Electron beam

Cathadoluminescence
X-Rays Backscattered
electrons
Auger Secondary
electrons
electrons
A 4
Sample

Figure 4.14: Output signals in SEM [170]
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SEM plays a significant role in characterising GN, particularly direct imaging of CVD grown GN
on copper without transfer. As can be seen in Figure 4.15, GN is observed in darker contrast in the

SEM images due to the blockage effect of secondary electrons (SE) [171].
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Figure 4.15: (a) Schematic of emitted secondary electrons (SE) blocked by graphene (GN); (b) typical

SEM image of CVD grown GN on copper foil. The areas 1,2,3, and 4 with increasing darkness can be
attributed to single layer, bilayer, three layer and four layer GN samples, respectively [171]

4.5. Development of Graphene (GN) — An Enabled ECG Electrode Using the CVD Method

The unique structures and superior electronic and electrical characteristics of GN and the
amenability of nanomaterial functioning in ECG sensing, hence, to this end, the two are merged
here via a simple and feasible fabrication process, whereby an Ag substrate in a typical ECG
electrode is patterned by Graphene (GN) as a cladding layer. Based on this technique, it has been
presented for the first time here that GN was coated on Ag layer of conventional Ag/AgCl type
ECG electrode. It has been demonstrated here also that GN-coated electrodes provided better
performances than conventional Ag/AgCl electrodes in ECG measurements, which will be
discussed in the next chapter.

Here, the development of GN grown on Ag/AgCl typical ECG electrode is explored using the CVD
technique. The GN synthesis, transfer of GN onto the Ag substrate via copper and also the quality
of a GN-coated electrode are investigated in this section. Moreover, the obtained images via Raman
spectroscopy and SEM are also exhibited here. At the end of this section, the electrical



126

characteristics of the GN-coated ECG electrode are revealed with regard to the electrical

conductivity measurements using a two-probe technique.
4.5.1. Details of the CVD Process Implemented in this Work

In order to fabricate a GN-coated Ag/AgCl ECG electrode, the CVD technique is chosen to grow
GN on Ag substrates of the electrode from a copper layer. This has advantages over transition into
different metals, such as Ni, Cu, and Si substrates, such as being easier to transfer GN onto different
substrates and also CVD-grown GN is an inexpensive and feasible method for single layer GN

synthesis when compared to other production methods.

In this project, GN growth is on Ag substrates by transferring from a Cu substrate via the CVD
process, which was carried out by a specialist graphene company [172] based in Manchester. The
GN was produced utilising hydrogen (H;) to remove oxygen from the pump system and methane
(CH,) gas to grow single layer GN on copper substrates based on the CVD procedure at a very high
temperature (around 1000°C), similar to those used in the literature [173]. Figure 4.16 shows the
whole procedure of CVD for synthesising a GN-coated Ag ECG electrode. As can be seen from the
figure, first of all, GN is grown on Cu foil via the CVD process and then a graphene-copper (GN-
Cu) substrate is placed on a spin coater to cover the top side of the substrate with a PMMA layer.
After fitting the PMMA/GN/Cu substrate together, this triple layer is then placed into a bath of
ammonium persulfate ((NH,4).S20g) to etch away the copper (Cu) from the bottom side of triple
layer (PMMA/GN/Cu) until it has been completely removed. After this has happened, the
PMMAV/GN layer is cleaned and the (NH,4),S,Og residues are removed by placing it into a deionised
(DI) water bath several times. After the PMMA/GN layer is dried, this double layer is placed onto
the target substrate (Ag based electrode). Finally, the PMMAJ/GN/Ag electrode substrate is placed
into an acetone solution to remove the PMMA from the sample. Afterwards, the GN/Ag electrode
substrate is removed from the solution and dried. However, even with the acetone treatment, the
PMMA residues can be still on the substrate. At the end of the CVD process, a very thin layer GN
(around 3.7 A = 0.37 nm) is coated on top of the Ag layer of the ECG electrode.
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Figure 4.16: Schematic diagram showing the CVD coating process for synthesising a GN-coated Ag
electrode

4.5.2. Characterisation of Graphene (GN) - Coated Silver (Ag) Electrode Using Raman

Microscopy

Synthesised GN coated ECG electrodes are characterised by Raman spectroscopy, SEM, and two-
probe electrical measurement. All the GN sample transfers to the Ag substrate via the CVD process
and the Raman spectroscopy (via a confocal Raman microscope) measurements presented in this
thesis were carried out in collaboration with 2-DTech, a GN specialising company [172]. Scanning
electron microscopy (SEM) images in the thesis were taken with the Zeiss Supra field emission
electron gun (FEG)-SEM at Brunel University London.

Regarding the experiments on Raman spectroscopy, the Raman spectra of GN-grown Cu, a bare Ag
electrode and a GN-grown Ag electrode were analysed by taking a 10 point measurement across the
whole sample surface at 488 nm excitation. Additionally, these 10-point measurements were
subsequently obtained using a 514 nm laser in order to get clearer Raman data and rule out any
fluorescence signals from the underlying substrate. First of all, the Raman spectrum of the GN-
grown Cu was measured (Figure 4.17a) to differentiate the GN on Cu and then the Raman spectra
of the GN-grown Ag electrode was analysed to compare it to that of the bare Ag electrode, using
488 nm laser excitation, as can be seen in Figure 4.17b. The results revealed that all three important
bands (G, D, and 2D) were observed in the Raman spectrum and thus, the GN-grown processes can

be characterised.

According to Figure 4.17a, only G and 2D peaks were observed from the Raman spectra of the GN-
coated on Cu sample. Furthermore, it can be seen that a single layer GN was identified for the

sample of GN-grown Cu after the CVD process, which was due to the high intensity ratio of I,p/lg
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(around 5-7). In addition, a shift in the 2D-peak position of single layer GN has been observed in
the range of 2711 - 2723 cm™. The value of the full width at half maximum varies in the range of 25
— 31 cm™, which represents the single layer GN [162]. Figure 4.17b shows the comparison of the
Raman spectrum for the GN-coated Ag electrode and the conventional bare Ag/AgCl electrode. It is
apparent that the presence of the 2D-peak in the GN-coated electrode differentiates the presence of

GN from the bare electrode; the comparison of 2D peak presence was focused in red and black

squares.
(@) J—= mm_
104 CVD graphens o0 C G (FWHM) 1643 cm*
s G (position) 15873 cm?
&y 20 (FWHM) 2843 cm?
£ o 2D (position) 2717 26 emt
§ D:G ratio neg (D band too small to fit)
8 oad 2D:G ratio 621
o
E
o
= 024
0.0 BN T T
Ll Ll 1] T T L ' L2 T T 1 r l
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 I
Raman shift (wavenumbers cm'') l
| § . A |
{ W= '-':?
l ’ - -"_\“’ 2 '_‘ Ly, l
(b) —— graphene covered I Wl NN
221 bare electrode TP | '
20 - pon il el
—~ 18- G B T T R
‘g — m— — — — S— — S—
B r ,
 —
8 14 | I
§ I [
2 1.0 {
g 2 8 - [
0.8+ 275 ] 9 ..'.u -~ *‘ “. ;,,"-'
B I I &‘h’h X et [
08
5 = s Ay e g g s i
04 - Navan &? tuavervrrdens Om | I
02 NN SEEE IR RN A R A . .

—r—t——T— T 11— Positive 2D presence in 7/10 spectra
1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

Raman shift (wavenumbers cm™')

Figure 4.17: Raman analysis of graphene (GN) and a bare Ag/AgCI electrode. (a) Raman spectrum of GN-
grown on Cu is shown after chemical vapour deposition (CVD); and (b) Raman spectrum of a GN-coated Ag
electrode and a conventional dry Ag/AgCl electrode, which is shown for comparison
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4.5.3. Scanning Electron Microscopy (SEM) Characterisation

Figure 4.18 shows four typical different SEM images of bare conventional Ag/AgCl and GN-coated
electrodes with different magnification scales (10 um and 1um). As can be seen from the images,
GN has expanded through almost the entire cross-section of the electrode and that it was designed
to increase the contact area between the electrode and the skin. These porous structure layers were
observed under the scanning electron microscopy (SEM), just after the GN coating process via
CVD. SEM images of the GN-coated electrode were taken after several experimental studies.
Accordingly, several patterns of residual points were detected just above GN layer on the surface of
the electrode (these can be seen in the figure as white areas). In addition, these residual points may
occur during the wet transfer process of GN on the Ag substrate and PMMA residues could vary on
the surface of the electrode. This can lead the appearance of a defect on the GN-coated sample, as a
D band is seen in the Raman analysis in Figure 4.17b. However, because of the high proportional
GN effect on the Ag substrate, these images further show that the GN coating has smoothed the
surface and hence, can improve the skin-to-electrode contact, with better ECG signals being
detected.
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Figure 4.18: Scanning electron micrographs (SEMs) showing: (a) and (b) typical SEM images of a
dry electrode before coating; (c) and (d) a graphene-coated dry ECG electrode

4.5.4. Electrical Characteristics of a GN-coated Electrode

To determine the electrical property (resistance through the samples) of synthesised graphene, a
two-probe measurement is conducted on the samples before and after GN coating to compare the
electrical conductivity values. Figure 4.19 indicates a typical two-probe measurement using a
Keithley 2000 multi-meter to read resistances of the bare Ag/AgCl and GN-coated electrodes.
Electrical conductivities are calculated from the resistances and dimensions of the electrodes by the
following the equation:

H

H
Xz—c—ﬁ (4.1)

R =

Q|lr

where, electrical conductivity (o) is proportional to the length (H) of the electrode, and it is
inversely proportional to the resistances (R) and area-thickness (A) of the electrodes. In the
experiments, both electrodes are of the same length and area, which are 12mm and 1mm,
respectively (the thickness of GN is negligible ~ 0.37nm). The electrical properties of the bare and
GN-coated Ag electrodes were measured at room temperature using a digital multi-meter and the
resistance values were obtained as 212 Q and 28 Q for the bare and GN-coated Ag electrodes,
respectively. After the calculation, the electrical conductivity (o) of the Ag electrodes before and
after GN coating was measured from the derivation of the above equation as 393 S/m and 2,976

S/m, respectively.
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Figure 4.19: Schematic of two-point probe configuration for the resistance measurement of samples [170]
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4.5.5. Theoretical Comparison of Skin-Electrode Interface and Its Equivalent Circuit Model
Using Ag/AgCl and GN-based ECG Electrodes

Electrical model of the skin-electrode interface was described in previous chapter, Section 3.1.5.
According to the information, which is mentioned in that chapter, impedance of the skin-electrode
interface (Z) affects the proportion of electrical composition which will be conducted by the
electrode. In order to acquire high quality ECG data, the impedance of the skin-electrode interface
should be minimized, and the capacitance of the skin-electrode interface should be increased. In this
section, the effect of GN will be analyzed in the regard of skin-electrode interface, and the
impedance effect of GN will be compared with the conventional Ag/AgCl electrodes. This is
because it is important to realize that low impedance is essential for efficient electrode performance,
thus effecting ECG signals proportionally. In order to better understand the electrical behavior of
the skin-electrode interface and bioimpedance measurements, a simplified equivalent circuit model
is shown in Figure 4.20. This equivalent circuit was modelled by analyzing Figure 3.10a, which is

exist in the previous chapter, and only interested with components between the skin and electrode.

Body FElectrode-SKkin Interface
(Arm) Rai

Figure 4.20: The simplified equivalent circuit for the electrodes system in bio-impedance measurements

The impedance analysis of skin-electrode interface was performed by applying two electrodes, as
can be seen in Figure 4.20, thus total impedance value is divided by two [183]. In this approach, the
applied two electrodes of each electrode type (GN-coated and conventional Ag/AgCl) are assumed
to the same (e.g., identical size, identical material, produced from the same manufacture). The
electrode circuit components values for the first electrode are also assumed to be identical with the
second electrode (Cyq = Cq1 = Cq2, Rg = Rg1 = Rgz, and Rs = Rg1 = Ryp). Here, the capacitance Cqy
represents the electrical charge between the electrode and skin. Ry corresponds to the resistance that

occurs between the skin and electrode during charge transfer, and R represents the resistance of the
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electrolyte gel and skin tissue [184]. Riissues 1S the resistance which is sourced by tissues. Riissues
value is small relative to the impedance of the electrode-skin interface. For a health human arm’s
tissue is known be almost 150 Q [184], while the impedance of the skin electrode interface is larger
than 1 MQ. Hence, Ryssues Can be negligible for the calculation of skin-electrode impedance and its

contribution is considered in Rs.

Equation (4.2) describes the total impedance of the skin-electrode interface for a single electrode as

a function of frequency.

Z(CU)=RS+%= R, + #&Rd,wzsz (4.2)

Where f is the frequency (Hz). This formula can be used to compare the impedance of skin-
electrode interface using GN-coated electrode to that of conventional Ag/AgCI electrode. Z,4
represents the impedance of skin-electrode interface using GN-coated electrode, while Z; represents
the impedance of skin-electrode interface for conventional Ag/AgCl electrode. Due to high
electrical conductivity of GN, Ry for GN-based electrode was taken less than that of obtained from
Ag/AgCl electrode. Liu et al [185] demonstrated higher capacitance values when GN was coated on
an electrode in supercapacitor study. Hence, it is assumed here that C4 can be assigned higher
capacitance values for GN-based electrode compared to that of Ag/AgCI electrode. Rs values are
assumed here nearly same, however lower resistance is estimated in GN-based electrodes. The
estimated values for the electrode circuit model components (Ry, Cqy, and Rs) for GN-coated and
Ag/AgCI electrodes are given in Table 4.3. The electrode-skin interface model components were

estimated by applying near values of which were published in the study of [186].

Table 4.3: Estimated values for electrode circuit model components (Rq, Cq4, and Ry)

Electrode type Rq (kQ) Cq (NF) Rs (Q)
GN-coated 150 19 247
Ag/AgCI 214 15 280

Because of the high electrical conductivity characteristics of graphene (GN), GN-coated electrode
would produce lower Ry and Rs values than pre-gelled Ag/AgCI electrodes. Furthermore, the effect
of high electron mobility properties in GN sheets would increase electrical charge potential.

Recording biological signals at high Cq values is translated to better biological signal quality [187].
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Using the formula (4.2), the impedance measurement is performed for each type of electrode using
the values in Table 4.3. According to these values, the impedance for electrode-skin interface for

GN-coated electrode is determined as:

Zy=Rs+ Hm’:ﬁ (4.3)

When the circuit model components values of GN-coated were applied as in Table 4.3, Z; is
founded as 438 kQ. Similarly, when the values of pre-gelled Ag/AgCl electrodes were assigned as
in Table 4.3, the impedance for electrode-skin interface for Ag/AgCl electrodes (Zs) is founded as
555 kQ using the formula of 4.3. It is worth to mention here that less skin-electrode impedance
results better ECG signal quality with high amplitude of QRS complex. In this theoretical study, it
is clearly seen that GN-coated electrodes demonstrated less impedance values than that of Ag/AgCl
electrodes which means GN-coated electrodes would demonstrate to obtain better ECG signal in
experimental study. These values can be varied in the practical work which will be demonstrated in

the next chapter.
4.6. Summary

In this chapter, the general background information of graphene (GN) has been provided, including
its electromechanical and thermal characteristics as well as the production methods. Moreover, the
characterisation tools of GN have been investigated using Raman spectroscopy and SEM.
Regarding the GN-coating procedure, the CVD process has been explained step-by-step in relation
to the fabrication of the proposed GN-based ECG electrode. Subsequently, this electrode was
characterised by Raman spectroscopy, SEM, and electrical conductivity measurements. Lastly, the
skin-electrode contact impedance was theoretically analyzed using GN-based and conventional
Ag/AgCI electrodes. In this theoretical study, lower skin-electrode contact impedance values were

considered with GN-based electrodes than that of Ag/AgCl electrodes.
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CHAPTER 5: EXPERIMENTAL SETUP, RESULTS AND
DISCUSSION ON GRAPHENE-BASED ECG ELECTRODES

In this chapter, first of all, a series of simulations of a 2D structure of human skin model are
presented using COMSOL software to compare the electrical field evaluation using a GN and Ag
layer on top of the electrode. Furthermore, an experimental setup of a 3-lead electrode system is
explored using different sizes of Ag/AgCl and GN based electrodes for ECG monitoring. Moreover,
experimental analysis of ECG signals is carried out using these four types of ECG electrodes.
Subsequently, the effect of electrode placement is selected by attaching the electrodes on the ear
and chest. After this, a comparison of skin-electrode contact impedance and signal-to-noise ratio

(SNR) values is made for conventional Ag/AgCl and the proposed GN-based ECG electrodes.
5.1. COMSOL Simulation of a Graphene-Enabled ECG Electrode

As the effect of different materials (Graphene versus Ag/AgCIl) on skin-electrode contact
impedance was explained theoretically in the previous chapter (Subsection 4.5.5), it is important to
validate this theoretical analysis of a skin-electrode interface by a simulation of a simplified human-
skin model and to investigate the electrical characteristics of the proposed simulation. Finite
element software, “COMSOL”, was used to analyse the electrical field variations on the surface of a
simplified human skin model by applying two types of electrodes, and to examine the variations in
the electrical field on the surface of skin model according to size and inner distances of the

electrodes.

A simplified human skin model was considered reflecting the depth of a simulated artery. Two
electrodes were used to stimulate the artery and hence, the electrical potential, which is generated
by the heart, comes to the surface of the skin and electrical conduction could be carried out by the
proposed electrodes in this simulation. Two types of electrodes (conventional Ag/AgCl and GN-
coated) were used in the simulation to observe the differentiations in the electrical field and surface
charge density perspectives. Furthermore, the electrical field was evaluated by changing the inter-

distance between the electrodes and also by increasing their size.

COMSOL Multiphysics software allows the steps in the design modelling, defining the geometry,
specifying the physics, meshing the prototype and observing the results on the electrical field
surface. Figure 5.1a shows the layers of typical human skin, as drawn by Van de Water [174],
consisting of four main layers, referred to as the stratum corneum, epidermis, dermis and layers of

sub cutaneous fat and muscles. By utilising this information, a simplified human skin model was
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designed with each layer in the COMSOL software, as can be seen in Figure 5.1b. The skin-
electrode contact impedance is dependent on the electrical conductivity or resistivity of each layer.
In order to activate the skin model in COMSOL electrically, two main characteristics, namely,
electrical conductivity and relative permittivity, must be assigned in the regard to the electrical
characteristics of each layer. Since the relative permittivity of each layer is constant (~1), the
electrical conductivity of each of these differs. Here, electrical conductivity values of the stratum
corneum, epidermis, dermis, and artery were assigned as 0.0005 S/m, 0.95 S/m, 0.2 S/m, and 0.8
S/m (see in Table 5.1), respectively, in the simulation mode, these values being obtained from
[175].

Table 5.1: Electrical conductivity and relative permittivity values of each layer in COMSOL modelling

Layers of Modelling Electrical Conductivity (S/m) Relative
Permittivity
Graphene (GN) 1.18 x 10° 115
Silver (Ag) 61.6 x 10° 3.4
Stratum corneum 0.0005 1
Epidermis 0.95 1
Dermis 0.2 1
Artery 0.8 1

As can be seen from the figure, there is a bottom layer of the electrode, termed referenced graphene.
This bottom layer was filled by Ag first and then GN, in order to compare the electrical
characteristics of the two-types of electrode. Accordingly, the simulations were performed for these
two types of electrode: conventional Ag/AgCIl and GN-coated. The values of electrical conductivity
were applied as 6 x 10’ S/m and 1 x 10° S/m for Ag and GN, respectively.
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Figure 5.1: (a) The layers of the human skin [174]; (b) simplified skin model with two electrodes

constructed in COMSOL software. Upper layer of both electrodes is filled by Cu, and bottom layer of the
electrodes is applied by Ag and GN, respectively

After GN depositing in the bottom layer of the electrode, the concentration distribution of the
electrical potential was depicted in Figure 5.2. The electrical field effect shows the electrical
composition of an artery, which can be seen in the figure and the capture effect of the electrode on
top of the skin layer within the current density lines. This was also analysed in COMSOL and it is
apparent in the scale bars (highlighted) that the surface charge density of the GN-coated bottom
layer was higher than (two times) the Ag filled electrode, thus capturing more electrical potential
from the surface (see Figures 5.2a and 5.2b). It is clear that the GN deposition at the bottom of the
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electrodes is capturing more electrical potential due to higher current density. The measurement of
electrical field also doubled when using the GN-filled electrode as compared the Ag-filled one.
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Figure 5.2: Comparison of the electric field effect and surface charge density of the electrodes using
(a) GN-based; and (b) conventional Ag/AgCl based electrodes

After all the electrical fields and surface charge density characteristics were simulated, the type of
mesh to be used in the construction of the skin-electrode model was provided by COMSOL. Figure
5.3 illustrates the type of mesh selected, where the distribution of the electrical potential through the
mesh topography can be observed.

Figure 5.3: Mesh construction of the skin model in COMSOL
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In addition, the effect of the inter-electrode distance was examined and the electrical field
distribution evaluated through COMSOL software. The inter-distance between the electrodes was
adjusted initially as 4mm, and then increased to 6, 8, 10, 12, and 17 mm, successively. It is
observed that the electrical field distribution is inversely proportional to the inter-electrode distance
and the optimum electrical field was measured as 1.16 VV/m at 4 mm. Figure 5.4 shows the electrical

field response to the inter-distance between the electrodes.
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Figure 5.4: The relationship between the inter-distance of the electrodes and the electrical field

The last investigation here, the performance of electrical field, was also evaluated against the
change in electrode sizes. In COMSOL modelling, the area of the electrodes was increased from
4mm? to 10, 12, and 14mm?, consecutively. It is observed that the electrical field magnitude is
directly proportional to the size of the electrode and the best performance is evaluated at an area of
14mm?* with 1.14 V/m. Figure 5.5 illustrates the electrical field ratio against to the change in the

size of the electrodes.
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Figure 5.5: The relationship between the width of the electrodes and the electrical field magnitude
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5.2. Experimental Setup and Results with Discussion on the ECG Monitoring Using Adhesive
Ag/AgCl and Graphene-Coated Electrodes

ECG signals were initially investigated using a patient monitoring system manufactured by Braun
International [176]. This instrument was used to compare ECG signals acquired from the
conventional Ag/AgCl and proposed GN-coated electrodes. This patient monitoring system has
several capabilities of real-time monitoring of ECG, PPG, SpO,, and respiration rate. The aim of
this performance evaluation using Braun patient monitoring was to simplify the measurements and
conduct robust performance of GN-coated electrodes over conventional Ag/AgCl electrodes. In the
next section, the effect of the electrode placement for optimal ECG monitoring using the proposed
GN-based electrodes is examined, with comparison of the results where the electrodes are placed in
different positions on the body using both Ag/AgCIl and GN-based electrodes in relation to their
performances. Figure 5.6a illustrates the Braun patient monitoring system, which was used for
performance evaluation here and Figure 5.6b indicates how the electrodes are placed on the chest
with lead-1 configuration, which has been explained earlier in Chapter 3, Subsection 3.1.3.

(@ (b)
Figure 5.6: (a) Braun patient monitoring system [176]; and (b) the schematic of electrode placement with

a 3-lead configuration ECG system

Graphene (GN) was coated on two types of electrodes, which are slightly bigger, known as the
Ambu type electrode and a smaller one known as the Covidien type, with a thickness of 0.37 nm.
Figures 5.7a and 5.7b show the former just before and after the GN coating process, respectively.
This type of electrode has a diameter of 38 mm and a thickness of 1mm. Likewise, Covidien type of
electrode is shown in Figures 5.7c and 5.7d, just before and after the GN coating respectively and

this type of electrode has a diameter of 24 mm and a thickness of 1 mm. Table 5.2 lists the
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properties of the five different tested electrodes, each being identified with a specific name to refer

to them later in the figures, as can be seen in Table 5.2.

(a) (b) (e)
Adhesive g
Foam pad =
(c) | (d)
trolyte gel

Figure 5.7: Ambu-type bigger size of elctrode: (a) Befre coating; and (b) after GN coating; (c)
Covidien-type smaller size of electrode before coating; (d) after GN is coated on top of the Ag layer of
the electrode; and (e) dry Ag/AgCl electrode (even smaller in size than 1 British pound coin)

Table 5.2: The properties of electrodes used for the experiments in ECG monitoring

Name of the electrode Electrode type Size — diameter x thickness (mm)
El Gel Ag/AgCl Ambu 38x1
E2 Gel Ag/AgClI Covidien 24x1
E3 Graphene-coated Ambu 38x1
E4 Graphene-coated Covidien 24x1
E5 Dry Ag/AgCI 10x2

Furthermore, these electrodes were tested on 10 volunteers to evaluate the performances of the
electrodes and to demonstrate the ECG signals obtained from conventional Ag/AgCIl and GN-
coated electrodes. Figure 5.8 illustrates the test environment in the laboratory and electrode

placement on a subject during ECG recording.



141

& <—— Yellow lead (-)

Green lead (N)

(@ | S

Figure 5.8: (a) ECG Measurement setup including 3-lead wire-connections; (b) a typical image of ECG

measurement using chest-lead (3-lead) configuration

The obtained ECG signals from 10 people (the age of the participants ranged between 24 and 32
years old) are given in Table 5.3, where one ECG waveform is shown per person, including the P
wave, QRS complex and T waves. The related personal information is also included in the Table
5.3, such as age, heart rate (HR) and chest type (hairy, slightly-hairy or non-hairy). As can be seen,
there is a significant improvement in terms of signal quality for obtained ECG signals using GN-
coated electrodes when compared to conventional Ag/AgCl ones. It is also worth mentioning that
acquired ECG signals vary depending on the chest-type. For instance, when subject 1 and subject 3
are compared, more noise can be seen in the ECG wave of the former compared to the latter due to

the hairy chest.

Table 5.3: Obtained ECG signals from 10 volunteers using conventional Ag/AgCl, GN-coated Ambu and
GN-coated Covidien types of electrodes

Subject Age ECG Wave ECG Wave ECG Wave HR Chest type
(Ag/AgClI) (GN-Ambu) (GN-
Covidien)
1 24 72 Slightly-

Hairy
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2 29
3 28
4 29
5 27

6(%) 29
7 28
8 27
9 27

74 Non-hairy

76 Non-Hairy

89 Slightly-
Hairy

74 Non-hairy

78 Slightly-hairy

72 Hairy

74 Slightly-hairy

76 Hairy
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10 32 78 Non-hairy

It can be seen clearly in Table 5.3 that GN-coated electrodes improve the ECG signal quality by
minimising noise and each P wave, QRS complex and T wave are clearly identified in the obtained
ECG. On the other hand, there is signal degradation in the ECG signals when using conventional
Ag/AgCI electrodes in some case, due to imperfections in the skin-to-electrode contact. That is, as
can be seen in Table 5.3, in hairy-chest type subjects, the obtained ECG signals include noisy data
and the main points (P and T waves and QRS complex) in an ECG waveform cannot be identified
during the measurements. For example, the signal behaviours of subject 7 and subject 9 are
significantly comparable to the other obtained signals, because of the higher contact impedance and
lower signal quality. However, the ECG signals were perfectly acquired from the same subjects
using the proposed GN-coated electrodes including the critical waves in ECG data, such as the P
and T waves, and QRS complex. Figure 5.9 briefly compares the three obtained ECG signals that
were acquired using the conventional Ag/AgCIl, GN-coated Covidien (smaller size), and GN-coated
Ambu (bigger) types of electrodes, respectively. It can be seen clearly that the ECG signal quality
was improved using GN, which has the high electrical conductivity and this provides better skin-
electrode contact. The electrode size is also another factor that contributes to the signal quality and
this has been shown in Figure 5.9. That is, the GN-coated Ambu type of electrode provides better
signal-to-noise ratio (SNR) than the GN-coated Covidien type. It is also easy to identify the critical
points (P-wave, QRS complex, and T-wave) in the signal obtained using the GN-based bigger size

of electrode.
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Figure 5.9: ECG recording with (a) a conventional Ag/AgCI electrode; (b) a GN-coated

Covidien (smaller size); and (c) a GN-coated Ambu type (bigger size) of electrode
5.3. Performance Evaluation of ECG Signals for Various Electrode Placement Models

5.3.1. Measurements and Comparisons of ECG Signals Obtained by Different Types of
Electrodes and Different Placements

Here, ECG signals acquired from five different types of electrodes (adhesive Ag/AgCI Covidien,
Ag/AgCl Ambu, GN-coated Covidien, GN-coated Ambu, and dry electrodes) were compared in
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terms of signal quality and SNR by placing them at different locations on the body using a wearable
e-health module [177]. In this case, the chest- and ear-leads were examined as positions of the 3-
electrode system. In addition, the effect of the reference (DRL) electrode position during the ECG

measurement was measured.

ECG signals were separately measured from the proposed GN-based electrodes and conventional
pre-gelled Ag/AgCI electrodes (Ambu and Covidien types) as well as from the dry electrode via an
ECG acquisition system (e-Health and Arduino) using a 3-lead electrode system. Figure 5.10a
indicates the integrated e-Health and Arduino ECG measurement system with 3-lead wires, whilst
Figure 5.10b shows a block diagram of the ECG measurement system proposed in this work,
including the Bluetooth module for transmitting signals to the smartphone for further processing.
Initially, a USB protocol is used for UART communication to observe and analyse ECG signals on
a PC. Subsequently, the obtained ECG signals were transmitted to the smartphone to display the
signals on a developed app, which will be explained in more detail and shown in the next chapter.

‘ Bluetooth module

i

Data acquisition
platform incompatible
Arduino UNO

. . \
Lithium battery

E-health
ECG Electrodes Bandpass & i

Amplifier |~ . ADC | SJUART | ardyino |
Filter Module

Smartphone <<< P>>UART

Bluetooth Mt:uiulgE

(b)
Figure 5.10: (a) ECG data acquisition system with Arduino; (b) block diagram of the ECG measurement

system including a wireless communication module

In order to obtain the ECG signal, lead | configuration (Chapter 3, Section 3.1.3) was conducted
throughout the experimental testing of ECG electrodes on a 29-year-old male subject; where two
active electrodes were attached onto either his chest or near his ear. The other driven-right-leg

(DRL) electrode was attached either onto his left side waist or left arm as a reference electrode in
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order to reduce the common-mode power line interference. Nevertheless, ECG signals throughout
the experiments were mainly obtained by attaching the reference electrode to the waist. The details
of the electrode placement and related ECG signals are examined in depth with figures later in this
section. ECG signals were filtered by a bandpass filter between 0.5 and 100 Hz to avoid aliasing
due to signals above 100 Hz, as shown in Figure 5.10b. An additional notch filter was applied at 50
Hz to eliminate powerline frequency during the sampling and amplifying ECG signals at the signal
acquisition system. All of the ECG signals were measured in lead I according to Einthoven’s
triangle, as described earlier [94 using an ECG sampling module (integrated e-Health and Arduino)
and observed initially within a software tool called KST [178] which monitors obtained ECG
signals in real-time in a PC environment. Furthermore, ECG signals were rebuilt and analysed in
Matlab in order to compare the acquired ECG signals of the proposed work with other studies.
Power consumption is critical for such an application as this. The system runs from a lithium
battery (see Figure 5.10a), which has a 500mAh capacity and lasts approximately 30 hours, which
depends on the use of the Bluetooth module as it consumes a significant proportion of the available

power.

In the proposed system, as pointed out earlier, there are five different types of electrodes (see in
Table 5.2) used for ECG measurements, and each type was tested for two different scenarios: chest-
based and ear-based ECG monitoring systems. Hence, there are 10 different scenarios in total,
which were displayed on KST software. Regarding the chest-based ECG monitoring system, two
active electrodes were placed at the right and left chest, and one was deployed as a reference
electrode. In the ear-based ECG monitoring system, the first active electrode was placed just behind
the ear and the second was attached to the upper neck. Similarly, the last electrode in the ear-based

system was used as a reference.

Electrocardiogram (ECG) signals were recorded using these electrodes in different placements and
monitored on a PC using the KST software. The electrode placement was carried out in different
scenarios, totaling ten, each being based either on a chest- or ear-based ECG monitoring system.
Figure 5.11 shows the electrode placement of the first scenario (S1), which was carried out with the
conventional Ambu type Ag/AgCI electrode (E1) on a chest-based system and it obtained ECG

signals.



147

T T T
4L . ]
E1 electrodes L P-wave RJpeak
3 | | .
o o i i | T-wave | f | \
o [ | \‘ M | | ‘
3 2k I | H ‘ i =
DRL (reference) ‘—g L ”\ ¥ \ | / Al J|
electrode <.t ' ‘ f \
Q-point S-point
N o i
-1 £ I 1 1 i 1 1 e
519000000 520000000 521000000 522000000 523000000 524000000
Sample
(@) (b)

Figure 5.11: Scenario 1 (S1): (a) Electrode placement with E1 type electrodes on the chest; (b) obtained
ECG signals while the subject was in a sitting position

As can be seen from the Figure 5.11, a clear ECG signal was obtained through the E1 type (defined
in Table 5.2) of electrode, which provides high SNR (21.21 dB) due to a pre-gelled approach that
improves skin-to-electrode conductivity. Another important observation from the figure is that all
critical signs (P wave, QRS complex, and T wave) were clearly identified on the obtained ECG
signal. The next experiment evaluated the effect of electrode placement by attaching the electrodes
near-the-ear region using the same type E1 electrodes. Here, one active electrode was placed just
behind-the-ear, and another was attached on the upper neck area, as can be seen in Figure 5.12. It is
should be noted that the distance between these active electrodes has to be such that a high QRS
amplitude can be detected [179]. Nedios et al. [179] investigated the correlation between the
distance of applied electrodes and QRS-amplitude. It was observed in their experiments that there
was a strong positive correlation between inter-electrode distance and ECG signal amplitude. The
best shortest distance was around 8 cm in order to obtain the highest signal amplitude (max value
was 1.82 mV). Hence, it was determined that the distance between the two active electrodes would
be around 8 cm in the current experiments. Nedios et al. [179] also observed that a comparable
ECG signal can be obtained in the shortest distance of 3.5 cm. However, the QRS signal amplitude
(max value was 0.7 mV) was significantly less than that for 8 cm. Figure 5.12 illustrates the

electrode placement on the ear-based system using the same E1 type of electrode.
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Figure 5.12: Scenario 2 (S2): (a) Electrode placement with E1 type electrodes near-the-ear; (b) obtained

ECG signals while the subject was in a sitting position

Figure 5.12 clarifies that ECG signals still can be obtained from the ear-based system using the
same E1 type of electrode. This difference from the previous figure (Figure 5.11) is that the P-wave
and T-wave could not have been identified at some point during the experiments due to the distance
to the heart. However, the proposed system still provides high signal amplitude and clearly visible
R-peaks. In the scenario 3 (S3), another electrode type (E2) was used to evaluate the performance
of the system. Figure 5.13 illustrates the electrode placement of the E2 type of electrode, and
obtained ECG signals through the chest-based system.
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Figure 5.13: Scenario 3 (S3): (a) Electrode placement with E2 type electrodes on the chest; (b) obtained

ECG signals while the subject was in a sitting position

It can be seen that the amplitude of the QRS complex in the obtained ECG signal (in Figure 5.13) is
lowered due to the use of the E2 type of electrode, which has a smaller size and thus, the recorded
signal can be degraded, for as described earlier, there is a correlation between the size of the
electrode and the obtained ECG signal (see Figure 5.5). Nevertheless, the ECG recording process
was successfully carried out and, similarly, all critical waves were observed including the P-wave,
QRS complex, and T waves. In the next step, which is scenario 4, these E2 types of electrodes were
attached behind-the-ear to record ECG signals. Figure 5.14 shows the placement of the tested
electrodes and also, the recorded ECG signals.
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Figure 5.14: Scenario 4 (S4): (a) Electrode placement with E2 type electrodes on the ear; (b) obtained ECG

signals while the subject was in a sitting position

It is observed that E2 types of electrodes provide less signal amplitude (amplitude < 3mV) and
(SNR) (15.34 dB) than that of the E1 types (amplitude > 3 mV in some cases), when Figure 5.14 is
compared with Figure 5.12. Another evaluation from this figure (Figure 5.14) is that the signal
amplitude was also degraded based on the near-the-ear proposed system compared to that of chest-
based system (Figure 5.13). In addition, some critical signs cannot be identified in the obtained
ECG signal, such as P and T waves at certain points, as can be seen in Figure 5.14. In order to
increase the signal amplitude of the QRS complex and to eliminate the noise of the obtained signals,
the impedance between the skin and electrode should be lowered. In scenario 5, graphene (GN)
based Ambu types of electrodes (E3) were applied to obtain ECG signals with improved SNR
(27.03 dB). Figure 5.15 demonstrates the placement of GN-coated electrodes on the chest and the
acquired ECG signals.
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Figure 5.15: Scenario 5 (S5): (a) Electrode placement with E3 type electrodes on the chest; (b) obtained

ECG signals while the subject was in a sitting position
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Due to the high electrical conductivity values of GN, the highest signal amplitude (> 3.5 mV) was
achieved during the scenario 5 (S5) experiments using the E3 type of electrodes. Figure 5.15
illustrates that almost all the amplitude of the QRS complex was higher than 3 mV and all the
critical signs in an ECG waveform were observed with better accuracy, including the P-wave, QRS
complex and T waves. With the promising electrical characteristics of GN, lowering the impedance
between the electrode and skin and hence, the signal amplitude leads to further on obtaining high
quality ECG signals from the ear. In scenario 6 (S6), the performance of the ear-based system was
examined using the E3 type of electrodes. Figure 5.16 shows the electrode placement and the

acquired ECG signals through just behind the ear.

L T T T ]
/ E3 electrodes 351 ‘ ‘ ]
o \ \. t
3 5 ‘ “ ﬂ | ‘ ]
L | | ‘ “ ]
> 25 ‘ | ‘ ‘ ‘ |
DRL (reference) E I ‘ ‘ | | ]
| |
electrode g 2F “- : | J‘ |l 113
5 MU \ |

[ ’ \ s

n £ F i
1F ]
05| 1
0f i e i B W T | e o i iy
[0 +[1.0x10%] +[2.0x10%] +[3.0x10%] +[4.0x10%] +[5.0x10%]

sample

(@) (b)

Figure 5.16: Scenario 6 (S6): (a) Electrode placement with E3 type electrodes on the ear; (b) obtained ECG

signals while the subject was in a sitting position

As can be seen from Figure 5.16, whilst there were several signal fluctuations on the obtained
signal, the signal amplitude of the QRS complex was still of a high value (nearly 3.5 mV) and the
P-wave was visible throughout this experiment. It can clearly be seen that the obtained ECG signal
using GN-coated electrodes (E3) has higher SNR than that of the conventional Ag/AgCl electrodes
(E2), when Figure 5.16 is compared to Figure 5.14 under the same condition, which was based on
the ear-lead ECG recording system. Furthermore, GN was applied to the smaller sized Covidien
type of electrode (E4) and tested on the subject to evaluate the performance in scenario 7 (S7).
Figure 5.17 illustrates the placement of this type of electrode (E4), and the obtained ECG signals
via the chest-based system.
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Figure 5.17: Scenario 7 (S7): (a) Electrode placement with E4 type electrodes on the chest; (b) obtained

ECG signals while the subject was in a sitting position

The GN-based Covidien type of electrode (E4) was tested in this scenario and the recorded ECG
signal clearly shows all the critical waves were observed. However, the signal amplitude of the
QRS complex was lower than that of the recorded ECG signals with the E3 type of electrode due to
the small size compared to the E4 type. On the other hand, a comparable and high value ECG signal
was acquired using the E4 type of electrode, which brings to attention in the development of ear-
based device due to being small in size. Consequently, in scenario 8, these GN-coated Covidien
based electrodes (E4) were tested near-the-ear region to observe the performance of the proposed
system. Figure 5.18 shows the placement of E4 electrodes based on the ear-lead system and

recorded ECG signals.
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Figure 5.18: Scenario 8 (S8): (a) Electrode placement with E4 type electrodes on the ear; (b) obtained ECG

signals while the subject was in a sitting position
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As can be seen from Figure 5.18, the obtained ECG signal from near-the-ear using the E4 type of
electrode was comparable to the obtained chest-based ECG signal. Whilst it is difficult to identify
the T-wave in the obtained signal, the P wave and QRS complex were both identified with high
signal amplitude (> 3mV). This demonstrates that GN plays a significant role in reducing skin-
contact impedance and thus, improves the signal amplitude of the acquired ECG signal. This can be
seen in Figure 5.18 and Figure 5.16 (GN-coated electrodes) when comparing the outcomes to those
of Figure 5.14 and Figure 5.12 (electrodes without GN coating). Another experiment was carried
out to analyse the effect of dry type electrodes (E5) rather than pre-gelled ones in regards to ECG
recording systems in scenario 9. First of all, this type of electrode (E5) was applied on the chest and
Figure 5.19 illustrates both the placement of the electrodes and the acquired ECG signals via this

chest-based system.
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Figure 5.19: Scenario 9 (S9): (a) Electrode placement with E5 type electrodes on the chest; (b) obtained

ECG signals while the subject was in a sitting position

In this scenario, it is observed that fluctuations can be seen throughout the experiments regarding
the ECG recording using the E5 type of electrode. Despite the signal amplitude being comparable
and the QRS complex visible, the T-wave is not clear at some points in the obtained ECG
waveform and a skin contact noise has occurred that is interfering with the signals. The reason for
this, is due to the high impedance between the skin and electrode owing to lack of gel. These types
of electrodes (E5) were also tested on the ear-based recording system in scenario 10 in order to
evaluate the performance. Figure 5.20 shows the placement of the dry type of electrodes and the

obtained ECG signals.
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Figure 5.20: Scenario 10 (S10): (a) Electrode placement with E5 type electrodes on the ear; (b) obtained

ECG signals while the subject was in a sitting position

As can be seen from figure 5.20, the obtained ECG signal involves fluctuations as well as a lack of
a high standard of an ECG waveform. Only R peaks are observed successfully after a high response
time (16 seconds) of applying electrodes to the ear. Moreover, the P waves and T-waves are not
identified perfectly and weak signal amplitude is detected throughout the experiment of this
scenario. Finally, an investigation focused on the effect of the position of the reference electrode on
the obtained ECG signals was performed (S11). This was to elicit the acquired ECG signal when
two active GN-coated electrodes (E3 type electrodes) were mounted on the ear area and the DRL

(reference) electrode was placed on the left arm, as can be seen in Figure 5.21.
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Figure 5.21: Scenario 11 (S11): (a) Electrode placement with E3 type electrodes on the ear and the reference

electrode being placed on the left arm; (b) obtained ECG signals while the subject was in a sitting position

It can be clearly seen that the obtained ECG signal by attaching the reference electrode on the arm
has lower signal amplitude (> 2.5 mV) than that when attaching it to the waist, when Figure 5.21 is
compared to Figure 5.16. Only the R-peaks are visible in this scenario, for the other critical signs

are not clarified accurately, including the P-wave, and T-wave. The outcomes of this scenario also
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support work by Nedios et al. [179], who elicited that inter-electrode distance affects the signal
amplitude proportionally. Here, it is clearly observed that when the reference electrode is mounted
on the arm, which is closer than the waist electrode, the inter-electrode distance is shortened and
thus, the signal amplitude of the QRS complex in the obtained ECG signal is degraded with high
fluctuations, as can be seen in Figure 5.21.

To further evaluate the performance of the electrodes, ECG signals were analysed to calculate the

signal-to-noise ratio (SNR) using the following equation [180]:
SNR = 20log(S/(S’-S)) (5.1)

where, S is the filtered ECG signal with a frequency ranging from 0.5 Hz to 100 Hz, and S’ is
defined as the ECG signal without filtering. Before calculation, the power line interference (50 Hz)
was removed from both signals. Furthermore, the mean standard deviation is considered in the
calculations and it is varied in each scenario. For instance, the standard deviation of Scenario 1 is
defined as 0.28 (o; = 0.28). The overall system performance is analysed in Table 5.4, which
summarises the SNR of the 10 different scenarios represented in Figure 5.11 — Figure 5.21,

respectively and the table also presents the response times for these scenarios.

Table 5.4: Calculated SNRs and the response times of the ECG signals obtained with different electrodes
and placements

Experimental Scenarios Standard SNR (dB) Response Time (s)
(see the Figures from 5.11 to Figure Deviation (o)
5.21)

Scenario 1 0.28 21.21 0.85
Scenario 2 0.37 17.27 1.17
Scenario 3 0.31 21.23 0.90
Scenario 4 0.39 15.34 1.25
Scenario 5 0.23 27.03 0.55
Scenario 6 0.27 22.96 0.78
Scenario 7 0.24 25.32 0.6
Scenario 8 0.29 21.74 0.8
Scenario 9 0.43 12.58 ~8
Scenario 10 0.48 10.92 ~15
Scenario 11 0.45 14.08 1.8
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To conclude from the results from Figure 5.11 to Figure 5.21 along with Table 5.4, there is a strong
correlation between the figures and the table such that it is clear that the ECG signals obtained from
the chest using GN-coated Ambu type electrodes (Scenario 5) are the best, in terms of the
detections of various signs of the ECG waveform, including the P-wave, QRS complex and the T-
wave, whilst these signals were also less noisy. Moreover, the results clearly reveal that the
proposed GN-based electrode for the both Ambu and Covidien type provide better signal quality
and performance than the traditional Ag/AgCl one. Another salient result is that a GN-based
electrode presents comparable SNR and ECG signals even from behind-the-ear, which is quite a
useful location for patients and would be a suitable one for future developments in wearable
technology.

Furthermore, the recorded ECG signals were further interrogated using Matlab software such that
the experimental results using proposed electrodes could be compared to other proposed ECG
recording systems. The typical obtained ECG signals from each electrode are shown in Figure 5.22
in the Matlab environment. Similar to the KST software, the acquired ECG signals with the GN-
based electrode were compared to those ECG signals obtained by the conventional Ag/AgCI
electrodes. It is observed that there is no significant difference in the obtained ECG signals using
the two proposed techniques. However, the waveforms of the ECG signal from GN-coated
electrode were much more stable than with the conventional electrodes and the obtained ECG
signals with the adhesive Ag/AgCI electrodes exhibited fluctuations during the experiments. The P-
wave, QRS complex, and T-wave were clearly visible in both waveforms as well as both the Ambu
and Covidien types of electrodes. It has also been elicited that electrodes of a larger size provide
less noise due to a larger skin-electrode contact area. The experimental results have demonstrated

the potential effective use of both types of GN-coated electrodes in clinical settings.



—~~
Q
=

Amplitude (mV)

©

Amplitude (mV)

156

Amplitude (mV)

—— GN-based electrode
——AgCl electrode

- - P-QRS-T morphology

1 ! L
9.302 9303 9.304

L
9.307

I L L
9308 9.309 931

9 3:05 79 3‘06 9311
7 Time (s) X 103
' s 1
e ,’
e /
Ag/AgCl Electrode - Ambu , ~ / b Ag/AgCl Electrode - Covidien
. - ; (b)
in L 3k
II
! S
25|- ‘ P l’, é r
| h o
' ks
A II B 25
s "\ / " ) / -
fl /’ ',/ ‘.\\/ J {/ \/}' M yl) //;g-:
A A ' : |" WA A J f o \ NS T
2 \»,- \ | ’,l \/ j ,I | k i |
e ’ / f II ] V 15
, |
/I
i 1 | L. | 1 I 1 1
15 151 152 153, 154 102 784 785 786 787 7.88
) /I 102
Time (s) / Time (s)
szl GN-Based Electrode - Almbu (d)3 g GN-Based Electrode - Covidien
II
4
3 3
S
g
251 5 25H
£
3
2H < 2H
\ Al )
151 151
’ L 1 | ! 1 | ! ! 1
9.28 9.29 9.3 931 932 10>  4.268 4269 427 42N 4272 10°
Time (s) Time (s)

Figure 5.22: Chest-based ECG Signals from an Ag/AgCl electrode and from a GN-based electrode using the

Ambu (larger size) and Covidien (smaller size) types of electrodes (a) — (d)

Similarly to the work carried out with the KST software, to evaluate further and compare the

performance of the GN-coated and conventional Ag/AgCI electrodes, as ear-lead electrode position

was suggested again here to observe whether the signals were still stable. Figure 5.23 shows the

recorded ECG signals from the ear-lead system with both traditional Ag/AgCl and GN-coated

electrodes using Matlab software.
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Figure 5.23: Ear-lead based ECG Signals from an Ag/AgCl electrode and from a GN-based electrode using
the Ambu (larger size) and Covidien (smaller size) types of electrodes (a) — (d)

As can be seen from Figure 5.23, there are no significant changes to the ECG signals using the
Ambu type of electrodes, but on the other hand, the acquired ECG signals are distorted in the case
of the Covidien type, for which it is difficult to identify the P and T waves (see Figure 5.23c).
However, it is possible to observe the P-wave, QRS complex and the T wave within the Covidien
type GN-based electrode, as shown in Figure 5.23d. Moreover, due to the increasing contact area by
using the larger size of electrode (Ambu type of electrode), the quality of the ECG waveforms is
better than with that of the Covidien type of electrode, as can be seen when comparing Figure 5.23

a-c compared to Figure 5.23 b-d.

In addition to performance evaluation, the acquired ear-lead ECG signals with the proposed GN-
based electrode was compared with the recently published work by Da He et al. [74], who reported

ECG signals obtained by conventional Ag/AgClI gel electrodes using a behind-the-ear device. In the
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results reported, only the R-peaks appeared clearly and various noisy data were also included. By
contrast, the results obtained in this study have clearly identified the P-waves, QRS complex and T-
waves with less noise, a comparison that can be seen in Figure 5.24. The critical point here is that
Da He et al. [74] used two active electrodes owing to the limited skin area near the ear and thus, the

DRL (reference) electrode was omitted in their experiments.

(a) Oie R-wave
0.15! | -:
= 04 ( \ * | ‘ «}
oo [f I |
u " i | ‘l I
g \l \f& ’Il :. i uy, m W w F’ !
0.05 h\' ! I M
15 16 17 18 19 20 21 22 23 24 25
Time [s]
DaHeetal., 2013
4
(b)
35}
OR-peak
S
E 7
Py
o
a 25
g_ T-wave
€ Ll
<
i
P-wave EE
11709 1 I71 1 7‘11 1 7‘12 1 7‘13 1 7‘14 1 7‘15 3
Time (s) 10

Figure 5.24: Comparison of ECG signals recorded using different electrodes. () ECG signals recorded by
the Ag/AgCI electrode in Da He et al.’s report using an ear-lead position (only R peaks are visible); (b)
ECG signals recorded by a GN-based electrode using an ear-lead position (all P-QRS-T morphology is
identified)

In addition, the performance of the GN-based and Ag/AgCl electrodes was evaluated and compared
by giving the power spectrum of the recorded ECG signals using the KST software tool [178] with
a Hamming window. Figure 5.25a and b show the power spectral density (PSD) of the ECG signals
from both the Ag/AgCI and GN-based electrodes, respectively. It is clearly seen that the frequency
response curves for the latter deliver a better power spectrum than Ag/AgClI electrodes, where the
critical P-QRS-T morphology of the ECG in the 0-40 Hz frequency range is accurately captured
[188]. Analysis of the PSD also confirms that low frequency fluctuations occur for the Ag/AgCl
electrodes in the 2-5 Hz range. However, a noisy signal is observed after 40 Hz frequency range for
the GN-based electrode. Nevertheless, this is acceptable being caused by very low fluctuations

during the ECG recording. The trend of PSD with varying frequencies is similar to that of Yapici et
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al.’s PSD results [59]. According to which, the PSD of ECG signals showed that the noise signal
was minimised using the Welch periodogram filtering method, which was built-in Matlab. Yapici
[59] et al. investigated the effect of GN for fabricating a textile electrode for ECG recording system
and they analysed the characterisation of electrode frequency response for further evaluation. When
a comparison is made with Yapici et al.’s results in regard to frequency response of the ECG
signals, it is observed that the PSD of the ECG signal was around 10x10° V?/Hz at 10 Hz in the
current work (see Figure 5.25b), while for the former’s work it was around 3x10° V?/Hz at the
same frequency (10 Hz). This demonstrates that the proposed work obtained higher amplitude of P-
QRS-T morphology of the ECG signal than Yapici et al.’s study on a GN-based textile electrode for

an ECG recording system.
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Figure 5.25: Comparison of the frequency response of filtered ECG signals from Ag/AgCl and GN-

based electrodes up to 75 Hz: (a) Power spectral density (PSD) of ECG recordings (from Figure 8a)
for an Ag/AgCl electrode; (b) PSD of ECG recordings (from Figure 8c) for a GN-based electrode

5.3.2. Measurements and Comparisons of Skin-Electrode Contact Impedances

Skin-electrode contact impedance measurement has always been of interest due to it providing the
reliability of the collected physiological signal. Skin conductivity varies according to different the
conditions of either the stratum corneum (whether hairy skin or not) or sweat proportions. In order
to get a high quality signal acquisition with minimal noise, the impedance measurement of the skin-
electrode should be small and stable. To characterise the impedance of a graphene-coated electrode,
a measurement setup was constructed based on earlier techniques reported in the literature [12, 31].

Here, measurements were taken with the electrode-skin contact impedance of three GN-coated
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electrodes with different sizes, and compared with that of the conventional Ag/AgCl electrodes
using a Wayne Kerr 6500B impedance analyser. Both the conventional Ag/AgCl electrodes and the
proposed GN-coated ones were placed adjacent to each other on a person’s forearm (between the
wrist and the elbow) and both electrodes were attached so as to maintatin the same distance (3 cm
between them). Each measurement was carried out just after attaching the electrodes (for a period
of 45 s) and after removal of skin moisture. The impedance measurements were recorded in the
frequency range of 20 Hz to 1 kHz. According to these measurements, the change in impedances
with varying frequencies was improved by graphene coating when compared to that of Baek [12]
and Meng’s [31] results. Figure 5.26 shows the impedance values of conventional Ag/AgCl
electrode ranges from 445.05 kQ (at 20 Hz) to 13.82 kQ (at 1 kHz), which are similar to those
reported in the literature [12, 31] and the impedance of the graphene-coated electrode varies from
65.82 kQ (at 20 Hz) to 5.10 kQ (at 1 kHz). The results show that a graphene-coated electrode has
lower skin-electrode contact impedance when compared to a conventional Ag/AgCl electrode,
resulting in less noise and a higher quality ECG signal, an example of which can be seen in Figure
5.22. Another interesting point from Figure 5.26 is that the contact impedance decreases as the size
of the electrode increases (as mentioned earlier, the Ambu type electrode is somewhat bigger than
the Covidien type (by 37%), which results in increasing of the contact area between the electrode
and the skin.
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Figure 5.26: The skin-electrode contact impedance of the Ambu (bigger) and Covidien (smaller) types of a
conventional Ag/AgCl electrode (shown as ImpedanceAmbu and ImpedanceCovidien) and Graphene-coated

electrodes (shown as ImpedanceGNAmbu and ImpedanceGNCovidien)
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5.4. Summary

Firstly in this chapter, a simplified human skin model was designed in COMSOL simulation to
analyse the electrical field distribution from the artery to the surface of the body and to investigate
the surface charge density of Ag/AgCl and GN-coated electrodes. It emerged that GN-based
electrodes doubled the electric field distribution and surface charge density compared to the values
obtained by the Ag/AgCl electrodes. Subsequently, an experimental setup of a 3-lead electrode
system was explored using different sizes of conventional Ag/AgCl and the proposed GN-based
electrodes. It was clearly demonstrated that the latter improved the ECG recording when compared
to the former regarding signal quality in terms of amplitude of the QRS complex, SNR, response
time, frequency response and the skin-electrode impedance values. Finally, experiments on skin-
electrode contact impedance have validated the theoretical effect of GN in this context, as put

forward in the previous chapter (Chapter 4, Section 4.5.5).
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CHAPTER 6: CONCEPT OF INTEGRATED MULTI-
FUNCTIONAL WIRELESS BODY MONITORING SYSTEM

Throughout this chapter, a wireless multiple smart sensor system (WMSSS) is presented in
conjunction with a smartphone to enable unobtrusive monitoring of an ear-lead ECG integrated
with a multiple sensor system, which includes core body temperature (CBT) and PPG sensors. First
of all, the design and setup of the ear-based multi-functional monitoring system is proposed.
Following this, the experimental results of ECG, CBT and PPG systems are presented respectively,
using the proposed ear-based multifunctional device. Subsequently, a developed Android based
application on a smartphone is introduced for continuously monitoring of ECG, CBT and PPG
using the proposed ear-based device. Lastly, an analysis of the proposed integrated multifunctional
wireless body monitoring system is provided and also, the wireless technologies for a telemedicine
system are described.

6.1. Design and Experimental Setup of an Integrated Ear-based Device for a Multiple Smart

Sensor System

As discussed earlier in Chapter 5, a high amplitude of the QRS complex for an ECG signal can be
obtained from behind-the-ear using graphene coated (GN-coated) electrodes. Furthermore, CBT
monitoring can be carried out from the tympanic membrane, which is the inner area of an ear, as
discussed in Chapter 3. Accordingly, an ear-based device was designed to combine the ECG and
CBT sensors together. Here, a continuous, wearable and wireless vital signs patient monitoring
system focused on integrating ECG sensors placed behind-the-ear is examined regarding a CBT
sensor placed in the ear and a PPG sensor clipped onto the finger. The reason for choosing the ear
as a location in this project is that it makes it possible to measure ECG and CBT together, without
any inconvenience or discomfort to the subject. Clearly, behind the ear region there is less hair than
on the chest, hence it is more suitable and robust for long term ECG monitoring due to the high
skin-electrode conductivity of non-hair regions. Additionally, preparation of the skin will not be a
necessity for the ear-based scenario and it will not be difficult to remove sensors when compared to

the chest area, which thus brings forth a user-friendly perspective to both patients and clinicians.

The smart sensor platform was developed to combine experimentally three different body sensors to
monitor physiological signals wirelessly on the smartphone. The three sensors of the proposed
system are an ECG with behind-the-ear electrodes, a tympanic sensor in the ear canal for CBT
monitoring and a clipped pulse oximeter sensor on the finger for PPG monitoring (heart rate and

SpOy), with the obtained multiple signals being transmitted to a mobile phone via Bluetooth
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technology. While the PPG sensor is attached to the finger, the ECG and CBT sensors are
integrated in the form of an earbud in order to communicate with a smartphone via a
microcontroller unit (MCU) placed on the arm with a small portable case. Figure 6.1 shows a block

diagram of the smart sensor system combining the three different physiological signals.

MCU Unit- E-health &Arduino ™,

ECG Sensors

A\ 4

Low pass,
CBT Sensor > Amplifiers — ighpass& ADC —> UART

Notch filters

PPG Sensor >

Smartphone (l) : UART

. Bluetooth Modult;:

Figure 6.1: System block diagram which including ECG and CBT sensors in an earbud form as well as

and PPG sensor attached to the finger

The design and proposed sensors were explored separately for each physiological signal (ECG,
CBT, and PPG). Herein the multiple physiological data is transmitted and monitored on a
smartphone. An interesting tool to connect smartphones to biosensors is the open-source platform
Arduino which is dedicated in this study. Bluetooth communication is the best wireless
communication channel in order to establish a link between the Arduino and the smartphone within
a highly enough data rate to transmit multiple (ECG, CBT, HR and SpO,) signals, and to be
integrated into a wearable hardware device.

6.1.1. ECG Sensing Unit

As can be seen from the block diagram (see Figure 6.1), ECG and CBT sensors were deployed
together, as they were both deployed in a near to the ear location, whilst the PPG sensor was
clipped onto the finger. Regarding the ECG measurements, five different electrodes were tested in
order to decide the best for ear-lead ECG monitoring with an optimum signal, as discussed earlier in
Chapter 5. The experimental results demonstrated that the GN-based Ambu type electrode exhibited
the best signal amplitude of the QRS complex and SNR. However, the GN-based Covidien type
electrode was chosen here for the ear-lead ECG monitoring due to its effective size when compared
to the GN-based Ambu type electrode and also owing to its comparable SNR to conventional wet
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Ag/AgCI type electrode. Consequently, the GN-based Covidien type electrode was deemed the
optimum sensor for obtaining ECG signals from behind-the-ear. One active ECG electrode was
attached just behind-the-ear, while the other was placed on the upper neck and the last driven-right-
leg (DRL) electrode was also placed on the arm to eliminate the unwanted distortions and noise.
Then, these sensors were integrated into the developed earbud to communicate with the MCU for
further analysis, such as the amplifying, filtering and sampling processes. Two stage amplification
units were used with gains of 10 and 100 to avoid the noise overriding the ECG signals, which was
achieved by an instrumentation amplifier and a micro-power operational amplifier, respectively.
The ECG signals were restricted in bandwidth of 0.5-100 Hz using high pass and low pass filters
after the first and second steps of amplification, respectively. The power line interference in the
ECG signal was filtered using a 50 Hz notch filter to avoid loss of the 50 Hz component of the ECG
signals. Figure 6.2a illustrates the electronic circuits, which include an e-Health ECG acquisition
system and Arduino UNO in order to adjust the obtained raw ECG signals to suitable ECG data for
a wireless link to a smartphone and a Bluetooth module, which is connected to the Arduino’s
receiver and transmitter pins to transfer physiological data from the Arduino to a smartphone. The

placement of the electrodes with the combination of proposed earbud is shown in Figure 6.2b.

Bluetooth
module

E-health sensor
platform incompatible
Arduino UNO

FCGpins Kl Lithium
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Figure 6.2: (a) ECG acquisition system using an e-Health and Arduino microcontroller platform

along with a Bluetooth module for communicating with a smartphone. The ECG monitoring process
was carried out by a Lithium Battery which has a capacity of 500mAh; (b) the behind-the-ear

proposal with the combination of earbud application.
6.1.2. CBT Sensing Unit

In the proposed smart sensor system, a thermopile sensor, which is non-contact sensor, was used for
measuring CBT. Owing to the tympanic membrane directly reflecting the core temperature from the
carotid artery, an earbud device was designed for an infrared tympanic sensor that can fix into the
device and so that continuous CBT monitoring can be carried out from the ear. The prototype
earbud device was designed in SolidWorks and produced using 3D printing technology. This

earbud device with an infrared temperature sensor was connected to the MCU, which is the core
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controller of the whole smart sensor system, in order to perform signal processing and data
transmission wirelessly. The thermopile sensor (MLX90614) [115] was employed for continuous
CBT measurement, which provides very sensitive information regarding the core temperature, with
17 bit ADC resolution, leading to an output resolution of 0.02 °C. Figure 6.3 shows the proposed
earbud device within the thermopile infrared sensor.

(@) (b)

Figure 6.3: (a) The proposed earbud device, which consists of a thermopile infrared sensor, for CBT
measurements; (b) MLX 90614 infrared thermometer was used for CBT monitoring experiments

As can be seen from Figure 6.3, the proposed infrared sensor has four pins for connection to

Arduino’s specific pins so that it can read analogue temperature data. These pins are:

e Vdd, connected to a 3.3V power supply in Arduino, to run the infrared sensor;
e SCL, going to Arduino’s analogue pin number 4 (A4);
e SDA, going to Arduino’s analogue pin number 5 (A5);

e Vss, connected to the ground pin, where it is placed on Arduino (GND).

Figure 6.4 illustrates the experimental setup for CBT measurements and also the pin connection to
the MCU.
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Figure 6.4: (a) The connection of MLX90614 to an MCU with 3.3V power supply; (b) initial
experimental setup of CBT measurement using Arduino UNO on a bread board

The thermopile sensor was initially tested on a bread board to observe continuous monitoring of the
ambient temperature using a Bluetooth module. The proposed earbud device, which was integrated
with a thermopile sensor, was tested for different scenarios to observe the subject’s core
temperature for the continuous monitoring of CBT, the obtained results are provided in Subsection
6.2.2.

6.1.3. PPG Sensing Unit

The finger-worn PPG sensor consists of a transductor, which initiates two LEDs and a photodiode
detector. One of the LEDs emits red light (with a wavelength of A = 660 nm) and other delivers an
infrared on (with a wavelength of A = 880 nm). This technique is known as PPG and the PPG sensor
is based on the theory that the colour of blood range depends on the oxygen it contains. Oxygen is
transported in the blood by haemoglobin (Hb), and depending on whether hemoglobin is
constrained with oxygen, oxyhaemoglobin (HbO,) or deoxyhaemoglobin (Hb) absorbs light at
different wavelengths. However, Hb absorbs more red light at a wavelength of 660 nm than HbO»,
whilst infrared light is absorbed nearly equally between the two at a wavelength of 880 nm [189], as
can be seen in Figure 6.5a. This effect is taken advantage of for pulse oximetry determination by
using two LEDs with different wavelengths (660 nm and 880 nm). That is, the ratio of absorption at
two wavelengths is utilised to determine blood oxygen saturation by the differentiating absorbance
of light. This calculation was examined in the theory chapter, Chapter 3, Subsection 3.3.4, by the
equations of 3.9 and 3.10.

In the proposed testbed application regarding the PPG sensor unit, both oxygen saturation in the
blood (SpO;) and heart rate (HR) were measured using an Amperor Bluetooth Finger PPG sensor
[181], which is shown in Figure 6.5b. The proposed integrated smart sensor system incorporates a

Bluetooth connection to transmit the obtained SpO, and HR data from the PPG sensor.
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Figure 6.5: (a) Haemoglobin absorption spectra [189]; and (b) the tested Amperor PPG monitoring

sensor, which shows SpO, and the heart rate (HR)

The PPG sensor probe has an infrared source at 880 nm and a photodetector giving current output,
which is converted to voltage by an instrumentation amplifier with gain 10, using high and low pass
filters between 0.5 and 20 Hz. After digitising and sampling the obtained PPG data, the integrated
physiological signals were transmitted to a smartphone for displaying SpO, and HR information in
an Android based application.

6.2. Experimental Results of an Integrated Ear-based Device for a Multiple Smart Sensor

System

In this section, the experimental tests and results are reported for the individual parameter: ECG,
CBT, and PPG sensors. Moreover, the integration of the ECG, CBT, and PPG sensors into wearable
hardware is exhibited with transmission of the physiological data on a smartphone using Bluetooth
technology. After digitising and conditioning the analogue signals from each sensor, the suitable
digital physiological data were collected at the data acquisition hardware unit in an appropriate way.
The complete data, after being acquired by Arduino, was converted into the form of packets and
wirelessly transmitted to an Android based mobile phone. Figure 6.6a illustrates the prototype of
the ear-based multisensory system and Figure 6.6b shows the electronic boards responsible for the
data acquisition included with all connections for acquiring ECG, CBT data and Bluetooth

communication.



168

E-health sensor

platform incompatible
Arduino UNO Bluetooth module

g

¢ ;
Battery

ECG connection [ n

CBT connection

N .

’ v ™
[ Ay
(@)

(b)

Figure 6.6: (a) The prototype of an ear-based multifunctional wireless monitoring system; (b) a data

acquisition hardware unit that consists of ECG, CBT sensor connections, Bluetooth module (HC-05 type
[182]) for wireless communication and a lithium-ion battery for powering the sensory system

The data acquisition hardware unit combines the ECG and CBT sensors together, whilst the PPG
sensor data are transmitted to the smartphone directly. A developed Android based smartphone
application then collects all ECG, CBT, and PPG data to monitor continuously. The prototype
earbud device contains a CBT sensor, which is subsequently conjugated with ECG sensors from the
upper neck area through the hardware unit. Figure 6.7 shows ECG electrodes placement and the
appearance of the general prototype of proposed body sensors, including a subject wearing a smart

sensor on the ear.
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Figure 6.7: Typical setup of the use of the proposed integrated wireless multiple sensors; a CBT sensor
was inserted into the proposed earbud device; and GN-coated ECG electrodes were placed on the behind-
the-ear and upper neck areas; and a PPG sensor was clipped onto the finger

As can be seen in Figure 6.7, the CBT sensor was placed in the proposed earbud device and ECG
sensors were attached the behind the ear and on the upper neck. The connections of these sensors
were then combined together in a wire to transmit the collected physiological data to the hardware
acquisition unit worn on the left arm. A PPG sensor was also clipped onto the finger and SpO, and
HR were transmitted to the smartphone in order to be visualised.

6.2.1. ECG based Experimental Results

The ECG based results were examined using the proposed ear-based integrated multifunctional
physiological monitoring system. These were demonstrated in depth in Chapter 5, where different
types of electrodes were analysed to obtained ECG signals through chest and ear based devices.
GN-based electrodes provided the best ECG signals and the highest amplitude of QRS complex
when compared to any other type of electrode. Hence, GN-based electrodes were selected for

integration with the proposed smart sensor system.

Figure 6.8a shows the obtained ECG signals on the oscilloscope for the proposed ear-based
multifunctional monitoring system and then, the acquired ECG signals were observed in Matlab

platform, as can be seen in Figure 6.8b.
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Figure 6.8: (a) Visualisation of the obtained ECG signals on an oscilloscope; and (b) ECG visualisation
using Matlab software via the proposed ear-based multisensory system

Both figures here demonstrate that the proposed ear-based device provides high quality ECG
signals, including the critical cardiac signs such as the P-wave, QRS complex, and the T-wave.
Furthermore, U-wave, which is a small wave immediately following the T-wave, representing
repolarisation of the Purkinje fibres [190], was also observed in some cases on the oscilloscope
when using the proposed ear-based GN-coated electrodes. It is worth noting that the ECG signals
can be acquired by attaching the electrodes behind-the-ear with a third reference electrode and that
the proposed ear-based device has demonstrated the purpose of ECG acquisition successfully within

the integrated system.
6.2.2. CBT Based Experimental Results

The experimental setup of CBT measurement and the proposed earbud device for CBT monitoring
are illustrated in Figure 6.4b and Figure 6.3a, respectively. Here, the CBT sensor was inserted into
the earbud was tested while a subject was wearing it and CBT monitoring was carried out
wirelessly through a PC. Several analyses were conducted on CBT whilst the subject was
exercising to observe the changes in different environments. Figure 6.9 shows obtained CBT
variations for 100 seconds from the earbud device with the integrated smart sensory system, while
subject was wearing it in different conditions: a) normal sitting; b) after exercising indoors; (c) after

walking outside in cold weather; and d) sitting down wearing a thick jacket.
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Figure 6.9: Continuous CBT measurements for 100 seconds: (a) Raw CBT data taken from the ear; (b) CBT
data just after exercise — five mins running; (c) CBT data after walking outside in cold weather; and (d) final
temperature data after sitting for five mins wearing a thick jacket

Figure 6.9 shows four different observations that were captured under different conditions and with
different ambient temperature values. It is noticed that due to adjustment of the thermopile sensor in
the ear, the temperature was seen at very high degrees at the beginning (t = 0). Hence, the
temperature measurements were ignored at the beginning, i.e. between t = 0 and t = 5 seconds, but
continuous CBT measurements were analysed after the first 5 seconds (t > 5 seconds). Figure 6.9a
illustrates typical raw data of CBT taken from the ear without any exercise, which varies between
36 °C and 36.7 °C, being normal for a healthy person. It is evidenced that CBT increases as the level
of exercise gets harder, which can be seen in Figure 6.9b. This temperature was raised to just over
37 °C after a five minute running exercise. Figure 6.9c illustrates the changes of core body
temperature against the change of ambient temperature. The subject was walking outside in cold
and windy weather, with approximately 14 °C ambient temperature. Owing to decreasing ambient
temperature, the CBT decreased to nearly 36 °C during this experiment. In Figure 6.9d, it can be
seen how the CBT was captured when the subject was wearing a thick jacket in the office and the

ambient temperature was around 23 °C. In this case, the CBT was elevated to almost 37.3 °C
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(Figure 6.9d).
6.2.3. PPG Based Experimental Results

Separate from the proposed ear-based integrated multifunctional system, a pulse oximeter was
clipped onto the finger to visualise PPG data as well as SpO, and HR. The obtained data through
the pulse oximeter were transmitted to a smartphone wirelessly to be observed in an Android based
application. Subsequently, the obtained PPG data were analysed under different conditions (normal
state and exercise), whilst the subject was wearing the pulse oximeter and the results were displayed
on a desktop PC. Figure 6.10 shows the subject’s PPG waveform, HR and blood oxygenation
together using the PPG sensor clipped onto the finger (Amperor pulse oximeter [181]) connected to

a desktop via Bluetooth to transmit the acquired PPG data.
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Figure 6.10: (a) Measuring HR and SpO, using an Amperor Bluetooth PPG sensor; (b) a PPG

measurement on a subject during exercise using the same device

It can be seen in Figure 6.10a, that the values of oxygen saturation in the blood (SpO;) were around
97% and 95%, and the HR measurements were 66 and 93 beats per minute (bpm) under the sitting
and running states, respectively. Figure 6.10b also demonstrates PPG measurement on a 29 year-old
subject with respect to SpO, and HR during the exercise. As can be seen from the figure, there were

variations regarding the PPG data during a 15-minute exercise that included sitting, standing and
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running. In particular, during the period of running, there was a sharp increase HR values, whilst
the blood oxygenation values were decreasing. These data were captured and displayed on a
desktop PC. The PPG data were then transmitted to a smartphone via a Bluetooth connection to

display the physiological signals, including SpO; and HR.
6.3. Android Based Smartphone Application for Visualising Continuous Health Monitoring

A smartphone application was developed initially to monitor ECG signals obtained from the
proposed ear-based multifunctional device using both GN-based and traditional adhesive Ag/AgCl
electrodes. The acquired ECG signals were observed in real-time wirelessly using Bluetooth
communication. The software, called as AndroECG, which has been developed by the researchers
of University of Applied Sciences Graz [194], has extra benefits over displaying ECG data
continuously such as when calculating HR and saving received data. The software was designed in
the Android Studio program using Java programming language, which is implemented on an
Android based Samsung smartphone. The flow diagram of the proposed continuous wireless ECG

monitoring system is shown in Figure 6.11.
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Figure 6.11: Software flow diagram of the proposed ECG continuous monitoring system for smartphone
application

AndroECG [194] is able to receive, display, save and transmit ECG data from a subject
continuously and wirelessly. The application flow starts with a Bluetooth pairing object to conduct

Bluetooth connection between the proposed ear-based ECG device and a smartphone. After pairing
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the devices, the user has the opportunity to display the received ECG data in real-time and a
background task takes care of calculating the current heart rate in beats-per-minute (BPM). Two
additional services are provided to store the received data simultaneously after transferring ECG
data from Arduino electronic circuit. Moreover, the subject has the opportunity to save the
symptoms occurring according to the currently stored data, the database structure of which can be
seen in Figure 6.12d. Furthermore, the stored ECG data can be transmitted to a server or remote
clinic by AndroECG, so that transmitted the ECG data can be analysed by a clinician at a distance.
Figure 6.12a shows the displayed ECG signals on the smartphone using a traditional Ag/AgCl
electrode, whilst Figure 6.12b indicates mobile ECG signals obtained by GN-coated electrodes.
Figure 6.12c and Figure 6.12d illustrate extra parameters for the developed ECG mobile
application.
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Figure 6.12: Monitoring of ECG signals on a smartphone by (a) Ag/AgCl electrodes; and (b) GN-coated
electrodes; (¢) HR calculation is shown; (d) a health condition match process: an obtained ECG sequence

is compared to the stored values of health issues such as Tachycardia

As can be seen in Figure 6.12, it is evident that the ECG signals were improved by GN-based
electrodes when compared to traditional Ag/AgCl. The proposed smartphone application also

calculates HR by deriving two consecutive R-peaks. Moreover, a stored ECG sequence can be
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analysed to identify specific health issues, which are defined in the software algorithm, such as
Tachycardia or Vertigo, as can be seen in figure 6.12d. When the mobile ECG data acquired by
Ag/AgCI electrodes are compared with those from GN-based electrodes, it is obvious that the ECG
signals using the latter have better signal quality and are able to display all critical cardiac signs,
such as the P-wave, QRS complex and the T-wave. In fact, only the QRS complex was identified in
mobile ECG signals obtained by the traditional Ag/AgCl electrodes. Hence, it has been
demonstrated that graphene (GN) based electrodes provide better experimental results than

Ag/AgCl electrodes even in a mobile application.

Subsequently, a smartphone application was developed for the continuous monitoring of CBT
measurements. In order to do so, a Bluetooth connection was established between the smartphone
and microcontroller unit, then measured CBT values were transmitted to the smartphone for
display. Regarding the smartphone application for PPG monitoring, due to Bluetooth connectivity
being an attribute of the pulse oximetry device, a smartphone application of the commercial device
available in the Android applications store could be used to obtain and display the PPG signal for
SpO; and the HR. Figure 6.13a shows the smartphone application obtained CBT continuously and
wirelessly, whilst Figure 6.13b illustrates the PPG application for both the SpO, and HR

measurements.
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Figure 6.13: Smartphone applications for CBT and PPG signals: (a) CBT measurement shows the body
temperature in this case as Celcius (31.18 °C) and Fahrenheit (88.1 °F); (b) PPG application on a
smartphone using a commercially available Amperor Bluetooth PPG sensor produced by Contec [181]
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6.4. Analysis of the Wireless Transmission of an ECG Mobile Application

Wireless transmission plays a critical role in enabling successful transfer of health data from an
integrated monitoring device to a smartphone. There have been several attempts using different
types of wireless infrastructures for communicating the collected health status. Table 6.1
summarises the most important parameters of these wireless infrastructures for wearable health

monitoring systems (WHMS).

The specifics of wireless infrastructures of WHMS have to be optimised according to the aim of
wearable device. The common desired features regarding WHMS have been low-power,
miniaturized, short-range and small antennas due to the operation of wearable devices being on the
human body. Consequently, the most popular wireless technologies for WHMS are ZigBee, which
operates with low-cost, low data-rate communication with a long battery life and Bluetooth, which
has low-cost fabrication and small antennae for communication. As can be seen in Table 6.1,
Bluetooth has several advantages over ZigBee, not least, larger bandwidth, whereby it can transfer
health information to a server simultaneously and hence, is quite efficient for healthcare
applications. Moreover, Bluetooth is used commonly in short-range applications, which are quite
feasible for WHMS, given the need for wearable devices for exchanging data from a short distance

using mobile devices.

Table 6.1: A summary of the wireless technologies for wearable wireless health monitoring systems

Potential Wireless Range Data Rate Number of Frequency Remarks
Technologies (Typical) Nodes Bands (MHz)

MedRadio 2m 200-800 kb/s | N/A 402-405 Large antenna and
limited bandwidth

RFID 0-100 m | Tens of Mb/s | Up to 1,000 433 Large antenna,
limited bandwidth,
and crowded
spectrum

WLAN 35-120 m | 54-150 Mb/s | 255 2,400-2,500 Small antennas,
large bandwidth

ZigBee 10-100 m | 250 kb/s Unlimited 2,400-2,500 Small antennas,
limited bandwidth
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Bluetooth 1-10 m 1-3 Mb/s 7+1 2,400-2,500 Small antenna,
large bandwidth

Given the advantages and useful features of Bluetooth technology, wireless body area networks are
implemented with it. Hence, the proposed ear-based wearable wireless monitoring system was
conducted with Bluetooth, using the HC-05 Bluetooth module consisting of different modes in its
processing system. Figure 6.14 shows the Bluetooth serial module deployed for the current
research, which is paired with a smartphone.

Figure 6.14: A view of the Bluetooth module while pairing it with a smartphone

In order to carry out the transmission of integrated health data to a smartphone via a Bluetooth
module, calculation of the bandwidth is needed. As mentioned earlier, there are three different
channels (ECG, CBT and PPG) that need to be transmitted through Bluetooth communication. The
communication module has the capability to transmit data over Bluetooth with a maximum baud
rate 115,200 bps. For the proposed system, CBT measurement operates at 20 Hz sampling
frequency (16-bit samples), whilst the ECG sensor works at 250 Hz frequency (16-bit samples)
with three electrodes and PPG operating at a 30 Hz (16-bit samples), with two photodiodes. Hence,
the total data rate will comprise the aggregation of each measured signal’s bit rates. The total
minimum bandwidth of the system will then be:

Baud Rate (BR) = bit rate of (CBT (kbps) + ECG (kbps) + PPG (kbps))

BR = (sampling frequency of CBT) * (Nyquist-criteria) * (sampling bit number) + (sampling
frequency of ECG) * (Nyquist-criteria) * (sampling bit number) * (number of electrodes) +

(sampling frequency of PPG) * (Nyquist-criteria) * (sampling bit number) * (number of electrodes)
BR =20 * 2 (Nyquist-criteria) * 16 + 250 *2* 16 *3+30*2* 16 *2=0.64 + 24 + 1.92

BR = 26.56 kbps.
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The above baud rate is much less than that for overall Bluetooth transmission, for which the
transmission capacity is 115.2 kbps. Hence, the residual bandwidth will be enough to perform two-

way handshaking and allow for sending the bio potentials successfully.
6.5. Summary

The process of designing the proposed wireless multiple smart sensor system (WMSSS) has been
described in this chapter. First, the design and setup of an ear-based multifunctional monitoring
system was explained. Subsequently, the experimental results and analysis of ECG, CBT, and PPG
systems were demonstrated, respectively. Then, an Android based smartphone application was
developed for continuous ECG signal monitoring. This ECG-based application has many
advantages, such as calculation of heart rate as well as saving the obtained ECG signals and sending
them to the server for the purpose of remote patient monitoring. Furthermore, a simple smartphone
application was implemented for continuous CBT monitoring and a commercial smartphone
application was utilised for PPG monitoring to display SpO, and HR. Lastly, wireless technologies
were presented for wireless body area networks (WBAN) and the advantages of Bluetooth and
ZigBee technologies over other wireless networks were evidenced. Also, in the last transmission

baud rate (bandwidth) of the proposed Bluetooth communication was determined.
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CHAPTER 7: CONCLUSION and FUTURE WORK

7.1. Conclusion

The key aims of this project were to investigate the effect of graphene (GN) on ECG acquisition
systems and to obtain GN-based ECG electrodes for providing higher quality ECG signals when
compared to those obtained by traditional Ag/AgCl methods. As a result of the unique structures
and superior characteristics of GN and its derivatives, GN-based nanomaterials are amenable to be
used in a wide range of applications, including biomedical and biosensor applications. Due to high
electrical conductivity, free electron movement on the surface and the availability of fabrication of
many GN-functionalised nanocomposites, it is favourable for the synthesising of high performance
electrode materials. These superior properties of GN make it possible to achieve the desired
sensitivity and measurability for several targets in bio-sensing applications. Several studies
concerning ECG sensing applications applied using different types of materials were critically
reviewed and the outcomes analysed. It was observed that there is a high demand for robust,
reliable, sensitive and accurate ECG monitoring devices in which different types of materials can be
used to fabricate new sensors for ECG applications.

In this work, a novel graphene (GN)-coated ECG electrode was developed and its performance was
tested in terms of quality-of-signal and durability. The electrodes were obtained by CVVD grown on
Cu and the structures were transferred to Ag substrates. The experimental results clearly showed
improved performance with graphene-coated electrodes. The signal-to-noise ratio has been
improved significantly by 12% to 23%, due to GN coating, whilst the quality of the ECG signal in
terms of the shape of its morphology is much better when compared to electrodes without GN
coating. It was also found that the quality of GN-coated electrodes was not significantly degraded
even after multiple uses (10 times). In sum, the experimental results revealed that the obtained ECG
signals from 10 different subjects were improved using GN-coated electrodes compared to those

when conventional adhesive Ag/AgCl electrodes were deployed.

The characteristics of graphene coating on the conventional electrode were also investigated
experimentally using SEM images, Raman spectroscopy, and impedance measurements. The
measurements/observations from these experiments have clearly an improvement due to graphene
coating. The SEM images show a smoother surface of GN coating, which would increase skin-to-
electrode contact. The Raman spectroscopy measurement confirms that there is no presence of the
2D-band before the GN coating process, however, however, Raman spectrum consists of a
pronounced 2D-peak of comparable intensity to the G-peak and a pronounced reduction in the full
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width at half maximum (FWHM) of the D- and G-bands (see Figure 4.17a and b). As mentioned
earlier, these Raman spectroscopy measurements fit with single-layer GN deposition onto a
substrate, thereby evidencing separation of itself from the case of graphite or multiple-layer GN
deposition. Impedance measurements of the proposed ECG electrodes have shown a lower level
being exhibited in GN-coated electrodes when compared those without coating, which increases the
sensitivity of the electrode (65 kQ versus 445 kQ at 20 Hz).

Finite element modelling (FEM) of a skin—electrode was also developed to understand the electrical
activities of such an interface model. The simulation results suggest that the GN coating improves
the current density and electric field in the region of interest by a factor two when compared those
obtained by Ag-coated electrodes. These results hold promise for further development of the new

nanomaterial-enabled dry electrodes for electrophysiological sensing in wearable technologies.

Furthermore, electrode placement investigations were carried out with different scenarios to find
out a measurable ECG signal from near the ear to develop an ear-based multi-functional wireless
wearable monitoring system. Subsequently, an ear-lead multiple smart sensor system was presented
in this project with a 3D printed earbud design, which integrates the ECG and CBT sensors
together. First of all, an ECG electrode set-up was demonstrated as obtaining ECG signals from
behind-the-ear in contrast to traditional chest-based measurements. The results acquired are very
promising, whereby detection of the components of an ECG signal (P-wave, QRS complex, and T-
wave) is highly achievable using graphene-based electrodes. The proposed ear-based
multifunctional device has a number of advantages: fixed electrode positions; user comfort;
robustness; user-friendliness; and it is a reduced motion artifact as well as being discreet. Due to
these advantages, an ear-based physiological monitoring system was modeled with continuous
monitoring on an Android based smartphone, providing real-time data control for the patients and
also clinicians. This device includes non-intrusive sensors for ECG, CBT, and PPG with high
accuracy. Moreover, an Android based app was developed and tested, in order to display ECG,
CBT, HR, and SpO, physiological data on a person’s smartphone. Moreover, observations were
made of the influence of sensor positioning on signal quality and skin-electrode contact impedance
using various types of ECG electrodes. Even though a chest-based sensor positioning provided the
best SNR (27.03 dB) and lowest contact impedance values (65 kQ at 20 Hz), an ear-based proposed
sensor system also demonstrated promising results (22.96 dB SNR with GN-coated electrode)
compared to other prototypes. Additionally, the proposed system ameliorates the difficulties of
wearable devices, giving patients significantly less restriction by eliminating the need for adapting
intrusive equipment or using a laptop to monitor the obtained physiological data. The design of the

proposed ear-based multiple smart sensor system also provides wireless transfer of data using
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Bluetooth technology to connect to a smartphone for further analysis. Experimental results and
analysis clearly exhibited the feasibility of the concept and interoperability of the biosensors as well

as providing solutions to key technological and scientific problems.
7.2. Future Works

First of all, the proposed GN based ECG sensor still has PMMA residues left from transferring
graphene grown by chemical vapour deposition (CVD), which remains a challenge for maximising
the effect of GN in regard to ECG monitoring. New approaches can be developed for a simple
cleaning method for removing PMMA residues that can reduce impairments to the electronic
properties of GN-coated electrodes. If a high-quality graphene coating process on Ag substrates can
be carried out, then skin-electrode impedance can be much reduced and the proposed ECG sensor’s

performance can be improved further.

Furthermore, the developed mobile healthcare platform could be extended by applying the
following suggestions in order to minimise the data acquisition module and to achieve even more

promising performance regarding physiological signals monitoring.

¢ In this study, adhesive gel was applied to GN-coated electrodes for acquiring ECG signals
from the body. Implementation of GN based dry type ECG sensors could help in
conforming to the skin without the need for adhesive gels, thereby improving the impedance
of the skin-electrode interface. To this end, another dry type ECG electrode could be
fabricated with GN coating using the CVD process in the future. Likewise, other GN-
production techniques can be utilised to synthesise dry type ECG electrodes, such as liquid-
based exfoliation and further comparisons could then be made.

e In this research, GN has demonstrated valuable electrical characteristics when coated with
Ag substrate in ECG monitoring, as exhibited in experimental results. Apart from ECG
acquisition, GN also can be grown on sensors for temperature and SpO, measurements.
Fabricating GN-based temperature sensors and photodetectors can result in better
performance for CBT and PPG monitoring due to sensitive temperature coefficient
resistivity and rapid responsivity characteristics.

e Implementing a PPG sensor on the ear lobe can minimise the multifunctional experimental
development and the proposed system will be capable of integrating with other ECG and
CBT sensors in an ear-based device.

e The designed system may be developed further within printed wearable electronics to
enhance the level of comfort, flexibility and wearability of multiple physiological sensors,

which can be combined into a single, unobtrusive and ease-of-use miniaturised package.
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Fabrication of a flexible and wearable hybrid electronics patch means that it can be worn
near the ear area, whereby the motion of the artefact can be minimised with a discreet
solution. The signals detected from these sensors can then be wirelessly transmitted to a
smartphone, in which a dedicated app will be installed for continuous monitoring and
obtaining further physiological measurements, such as blood pressure and heart rate
variability (HRV).
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