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Abstract

As wearable technologies are growing fast, there is emerging trend to increase functionality
of the devices. Antennas which are primarily component in communication systems can offer
attractive route forward to minimize the number of components functioning as a sensing
element for wearable and flexible electronics. Toward development of flexible antenna as
sensing element, this thesis investigates the development of the flexible and printed sensing
NFC RFID tag. In this approach, the sensor measurement is supported by the internal sensor
and analog-to-digital convertor (ADC) of the NFC transponder. Design optimisation,
fabrication and characterization of the printed antenna are described. Besides, the printed
antenna, NFC transponder and two simple resistive sensors are integrated to form a fully

flexible sensing RFID tag demonstrating applicability in food and health monitoring.

This thesis also presents development of two antenna sensors by using functional materials:
(1) An inductor-capacitor (LC) resonant tank based wireless pressure sensor on electrospun
Poly-L-lactide (PLLA) nanofibers-based substrate. The screen-printed resonant tank
(resonant frequency of ~13.56 MHz) consists of a planar inductor connected in parallel with
an interdigitated capacitor. Since the substrates is piezoelectric, the capacitance of the
interdigitated capacitor varies in response to the applied pressure. To demonstrate a potential
application of developed pressure sensor, it was integrated on a compression bandage to
monitor sub-bandage pressure. (ii) To investigate the realization of sensing antenna as
temperature sensor simple loop antenna is designed and in this study unlike the first study
that the sensing element was the substrate, the conductive body of the antenna itself is
considered as a functional material. In this case, a small part of a loop antenna which
originally was printed using silver paste is replaced by Poly(3,4-ethylenedioxythiophene):
polystyrene (PEDOT: PSS). The sensing mechanism is based on the resonant frequency shift

by varying temperature.

While using functional materials is useful for realization of antenna sensor, another approach
also is presented by developing stretchable textile-based microstrip antennas on deformable
substrate which can measure joint angles of a human limb. The EM characteristics of the
meshed patch antenna were compared with its metallic counterpart fabricated with
lithography technique. Moreover, the concept of stretchable UHF RFID-based strain sensor
is touched in the final part of this thesis.



Acknowledgements

First, I would like to express my sincere gratitude to my supervisor Prof. Ravinder Dahiya
for his continues support throughout this journey. Also, I would like to acknowledge
European Union’s INTERREG VA Programme (H2020- Intereg-IVAS5055) for their financial
support.

Furthermore, I would also like to thank all members of Bendable Electronics and Sensing
Technologies group. Special thanks to Dr Hatem El Matbouly, Dr Pablo Escobedo, Dr
Mitradip Bhattacharjee, who have provided valuable contribution to this research. A great
thanks to Dr Ensieh Hosseini, Dr Martina Aurora Costa Angeli, Dr Moupali Chakraborty, Dr
Saoirse Dervin, Markellos Ntagios, and Dr Dhayalan Shakthivel for their contribution to
shape this research. Thanks to Dr Afesomeh Ofiare for helping me with antenna
characterization in the anechoic chamber.

Further, I would like to thank the James Watt Nanofabrication Centre (JWNC) and electronic
workshop staffs for all the trainings and support.

I would like to thank my friend Dr Houra Haghpanahan for her advice and encouragement
during last four years.

Finally, I would like to thank my parents for their love and support throughout my life.
Special thanks to my husband, Jafar, for his amazing support. Without his support, I would
have stopped this study at early stage.



Author’s Declaration

I hereby declare that this thesis was composed and originated entirely by myself in the School
of Engineering at The University of Glasgow except where explicitly stated otherwise in the
text, and that this work has not been submitted for any other degree or professional

qualifications.

Fatemeh Nikbakhtnasrabadi



Abbreviation and Acronym

WSN wireless sensor networks
BSN body sensor networks

RFID Radiofrequency Identification
SRR split ring resonator

PVA polyvinyl alcohol

PEDOT: PSS poly-3,4-ethylene-dioxythiophene

PVC polyvinyl chloride

IC integrated circuit

UHF ultrahigh frequency

NFC near field communication

RSSI received signal strength indicator
EM electromagnetic

ISO International Organization for Standardization
PDMS Polydimethylsiloxane

PI polyimide

DoD drop-on-demand

UWB ultra-wide band

IoT Internet of Things

SMT surface-mount technology
VQFN Very thin Quad-Flat No-leads
ADC analog-to-digital converter

SFE Sensor Front End

PLLA Poly I-lactic acid

IDC interdigitated capacitive

PPC parallel plate capacitors



SEM

VSWR

VNA

TPU

HB

scanning electron microscope
Voltage Standing Wave Ratio
vector network analyser
Thermoplastic polyurethane

Harmonic-Balance



Publications

Journal Articles

1- Nikbakhtnasrabadi, F., El1 Matbouly, H., Ntagios, M. and Dahiya, R., 2021.
“Textile-Based Stretchable Microstrip Antenna with Intrinsic Strain Sensing.” ACS Applied
Electronic Materials, 3(5), pp.2233-2246. DOI: 10.1021/acsaelm.1c00179.

2- Nikbakhtnasrabadi, F., S. Hosseini, E., Dervin S., Shakthivel D. and Dahiya R.,
“Smart Bandage with Inductor-Capacitor Resonant Tank based Printed Wireless Pressure
Sensor on Electrospun Poly-L-lactide nanofibers.” Advanced Electronic Materials, 2101348,
2022. DOI: 10.1002/aelm.202101348.

3- Bhattacharjee, M., Nikbakhtnasrabadi F. and Dahiya R. “Printed Chipless Antenna

as Flexible Temperature Sensor”. I[EEE Internet of Things Journal, vol. §, no. 6, pp. 5101-
5110, 2021. DOI: 10.1109/J10T.2021.3051467.

4- Escobedo, P., Bhattacharjee M., Nikbakhtnasrabadi, F. and R. Dahiya. "Flexible
Strain and Temperature Sensing NFC Tag for Smart Food Packaging Applications." I[EEE
Sensors  Journal, vol. 21, mno. 23, pp. 26406-26414, 2021. DOI:
10.1109/JSEN.2021.3100876.

5- Escobedo, P., Bhattacharjee, M., Nikbakhtnasrabadi, F., and Dahiya, R. Smart
“Bandage with Wireless Strain and Temperature Sensors and Battery-less NFC Tag.” IEEE
Internet  of Things Journal,vol. 8, mno. 6, pp. 5093-5100, 2021. DOLI
10.1109/J10T.2020.3048282.

6- Nikbakhtnasrabadi, F.*, Chakraborty, M.*, and Dahiya, R. “Hybrid Integration of
Screen-Printed RFID Tags and Rigid Microchip on Paper.” IEEE Journal on Flexible
Electronics, 2022. DOI: 10.1109/JFLEX.2022.3165515.

Journal Articles under preparation

7- Nikbakhtnasrabadi, F., Panunzio N., Marrocco G., and Dahiya, R. Antenna Sensor:

Smart Materials, Mechanisms and Applications

Book Chapter

El Matbouly, H., Nikbakhtnasrabadi, F., and Dahiya, R. RFID Near-Field Communication
(NFC)-based sensing technology in food quality control (/n press- Springer Nature)


https://doi.org/10.1002/aelm.202101348

Conference Proceedings
1- Nikbakhtnasrabadi, F., Hosseini, E. S., & Dahiya, R. (2021, June). Flexible Strain
Sensor based on Printed LC Tank on Electrospun Piezoelectric Nanofibers. In 2021 IEEE

International Conference on Flexible and Printable Sensors and Systems (FLEPS) (pp. 1-4).
IEEE.

2- Bhattacharjee, M., Nikbakhtnasrabadi, F., & Dahiya, R. (2021). Chipless Sensing
Antenna and an NFC Smart-Tag for Temperature Measurement. In 2021 XXXIlIrd General
Assembly and Scientific Symposium of the International Union of Radio Science (pp. 1-4).
IEEE.

3- Bhattacharjee, M., Escobedo, P., Nikbakhtnasrabadi, F., & Dahiya, R. (2020,
August). Printed Flexible Temperature Sensor with NFC Interface. In 2020 IEEE
International Conference on Flexible and Printable Sensors and Systems (FLEPS) (pp. 1-4).
IEEE.

4- Escobedo, P., Bhattacharjee, M., Nikbakhtnasrabadi, F., & Dahiya, R. (2020,
August). Flexible strain sensor with NFC tag for food packaging. In 2020 IEEE International
Conference on Flexible and Printable Sensors and Systems (FLEPS) (pp. 1-4). IEEE.

5- Bhattacharjee, M., Escobedo, P., Nikbakhtnasrabadi, F., & Dahiya, R. (2020). NFC
based Polymer Strain Sensor for Smart Packaging. In 2020 XXXIIIrd General Assembly and
Scientific Symposium of the International Union of Radio Science (pp. 1-4). IEEE.

Conference Proceedings (not related to this thesis)

6- Angeli, M. A. C., Nikbakhtnasrabadi, F., Vena, P., & Dahiya, R. (2019, July).
Geometry dependent application of stretchable printed antenna. In 2019 IEEE International
Conference on Flexible and Printable Sensors and Systems (FLEPS) (pp. 1-3). IEEE.

7- Manjakkal, L., Nikbakhtnasrabadi, F., & Dahiya, R. (2018, October). Energy
Autonomous Sensors for Water Quality Monitoring. In 2018 IEEE SENSORS (pp. 1-4).
IEEE.



Table of Contents

ADSTIACE ...t e 1
ACKNOWIEAZEMENTS ...ttt e e 2
AUthor’s Declaration.............oiui i 3
AbDbreviation and ACTONYIT ......uutet et e e e e e e e e e e e e eeeeaeenneeanaenn 4
PUBLICAtIONS ..oouetitit e 6
Table Of CONENLS ....uintitie e 8
LSt OF FIQUIES ..o 11
List Of TaDIES ... 18
Chapter 1. INtrOAUCHION ....ocveiiiiiiiiiiec e 19
1.1 Background and MOtIVALION ..........coveiiiiiiiiieiieicseese e 19
1.2 Structure of the thesiS ... 22
Chapter 2. Literature REVIEW .......cccvviiiiiiiiiiiiii i 24
2.1 Transducing mechanisms for antennas as a smart sensing element ...........cc.ccocvennee. 24
2.1.1 Antenna sensing using material with intrinsic sensing capabilities .................... 25
2.1.2 Antenna sensing through geometry changes ............c.cccovvviiiiiiiniici, 32
2.1.3 Antenna sensing USING COMPONENLS........ccveriiiriiririiiiiiee e 34

2.2 Antenna sensor implementations using RFID technology ...........cccoeviiiiiiiiiinnn, 35
2.2.1 RFID ClasSTICatION. ....cuviiriiiieiirieiee e 35
2.2.2 Self-sensing RFID .........coooiiiiiii e 40

2.3 Antenna sensor implementations using Metasurfaces...........ccocvvvviiiiiiiiiniiciiiienn, 42
2.4 Materials and Fabrication: challenges and opportunities.............cccoovevvirieeiiniiiinnnn, 45
2.4.1 Dielectric Materials ..........covoiieiiiiiieiie e 45
2.4.2 ConductiVe MAteTIalS ......cccvviiiiiriieieeiie et 46
2.4.3 Fabrication teChNIQUES. .........ccviiiiiiiiiiiciie e 47

2.5 SUMIMATY ..oviiiiiiiii e bbb ree s 48



Chapter 3. Near-Field Communication (NFC)-based sensing tag ...........cccovvvviiveeniineennnn. 50

3.1 INtrOAUCHION ... 50
3.2 NFC antenna design, simulation and fabrication .............cccceviiiieiiniiiiciinic, 50
3.2.1 Challenges in electrical bonding and mechanical stability ...........c.cccovviiiiennnne 54

3.3 Antenna CharaCteriZation ..........occuiiiiiiiiiiiiei e 57
3.4 NFC tag for sensing appliCatiONS .......c.ceeiuviiiiieiiiiesiiiessiiiessieessieeessiees e s ssinessnieees 59
3.1.1  Sensing NFC tag as smart bandage ...........ccccoeevviriiiieiinieniseneese e 59
3.1.2  Sensing NFC tag for qualitive food monitoring...........ccocvevvvviviriiernninseennnnn, 64

3.2 SUMIMATY teiiitiiieeiiiti ettt s e e s st e e st e e e e ettt e e s asbe et e s asbe e e e s ans b e e e e s anbe e e e e s nnneeesannneeas 68
Chapter 4. Antenna sensing using functional materials .............ccooiiiiiiiiic i, 70

4.1 Inductor-Capacitor Resonant Tank based Printed Wireless Pressure Sensor on

Electrospun Poly-L-lactide nanofibers..........ccoveiiiiiiiiiiiiciiciecc e 70
4.1.1 INEOAUCTION ...ttt sn e ne e 70
4.1.2 Sensor design and fabrication ...........cccceviriiiiiiiinii s 71
4.1.3 Results and DISCUSSION.........ccviiiiiiiiiiieitiee e 76

4.2 Loop antenna as flexible temperature SENSOT ...........coveviriereeierieeseeiesee e 87

4.3 SUMIMATY ...oiiiiiiiiii e b e sba s sbee s 92

Chapter 5. Sensing antenna through geometry changes.............cccocvviiiiiiiiiiicic, 94

5.1 Textile-based stretchable antenna as Strain SENSOT .........cccverireriieiiniieiee e, 94
S.1.T INErOAUCHION ... 94
5.1.2 ANteNNA AESIZI ...vviivvieiiiiiee et 94
513 MALETIALS ...t n e 96
5.1.4 Textile-based antenna fabrication...........ceeiveiieeriiiiiieiie e 96
5.1.5 Gold meshed-patch antenna fabrication............cccevvveiiiiiiiiee e 98
5.1.6 CharacteriZation SEL-UP.........ceerreerriiieeiriesee st esee e ene e 99
5.1.7 2D digital correlation teChniquUe..........cccovveiiiiiiiiiiii e 100
5.1.8 Results and DiSCUSSION........ciiiiiiiiiiiiii i s 102



5.1.9 RF readout design and sSimulation ..........cccccveviiiiiiinniiienniie e 109

5.2 Stretchable RFID sensor — taking advantage of intrinsic property of material........ 115
5.2.1 Integrating conductive textile to commercial UHF RFID..........ccccccooiiiiennen. 115
5.2.2 WITELESS TEAAOUL ......eeeiiiiiiiiiie ettt 116

IR BN 1111010 0T 1 AP P PP PP PPPPP PP 118

Chapter 6. CONCIUSION ....iiuvvieiiiie ittt sttt e b e s b e e s bb e e abe e e snneeeanes 120
6.1 KeY FINAING.....eiiiiiiiieice s 120
6.2 Future Research DIr€CtiONS ........ouiiiiiiiiiiiieiii et s 123

BiblIOgIapRY ...cevie i 125

10



List of Figures

Figure 1-1 Conceptual illustration of using wireless sensors (antenna sensor) to monitor

parameter of interest in wearable applications. Adopted from (30).......ccccceviriiiiiiiiicnnn, 21

Figure 1-2 The total number of publications in the areas of wearable sensors, wearable
antenna and antenna sensors in the last 20 years. Source: Web of Science, November 2021.

“wearable sensor”, “wearable antenna” and “antenna sensor’” were searched to conduct the

comparison. (arrows denote reSPECtiVe Y-aXIS). ...vververrrreerririeerieesiiseesieesseseeseesneseesseesneens 22

Figure 2-1 Schematic illustration of wusing functional/sensitive material to alter
electromagnetic properties of an antenna. The sensing parameter can be I" (S11) of the sensor
antenna. a) illustrates that sensing material can be a substrate for the antenna which is
sensitive to temperature, moisture, etc. b) Sensing material can be loaded on the body of the

) 17 ) 0 VT 26

Figure 2-2 The dielectric perturbation of an SRR structure on a non-sensitive substrate by

the addition of an external dielectric surface with different dielectric constant. ................. 27

Figure 2-3 Schematic of the setup for near-field communication and power transfer

mechanisms for RFID tags at HF frequency using Tagformance Pro............c.cccocvviinnennnn, 31

Figure 2-4 Typical configuration of microstrip antenna. The fringe effects and inset

microstrip feedline also demMONSLrated..........oovviiiiiiiiiiiiiii 33

Figure 2-5 (a) antenna sensor (chipless) with input connected to carbon nanotubes (CNT)
that vary impedance with the introduction of a gas (88). (b) antenna sensor connected to a

variable resistance (thermistor) with chip for temperature sensing. Adapted from (87)......35

Figure 2-6 Example of RFID tags consisting of a chip connected to an antenna. a) Typical
NFC RFID tag. b) meander lined RFID tag from Smartrac. ¢) Loop fed inductive UHF RFID.
d) Moisture sensing UHF RFID tag from Smartrac. The RFID chips are highlighted using a
1€d dOTEEA CITCIES. .ot 37

Figure 2-7 Near-field communication and power transfer mechanisms for RFID tags

operating at HF frequency..........ccoiiiiiiiii e 38

Figure 2-8 (a) Example of chipless tag with frequency signature. (b) Frequency shift of

resonant frequency using shorted spiral (103) .......coooiiiiiiiiii e 39
Figure 2-9 Example of a commercial RFID sensor-tag (115)......cccccoviiiiiiiiiiciiiiiiienen, 42
Figure 2-10 Reflection-less metasurface designed for polarization rotation (125).............. 43

11



Figure 2-11 Schematic illustration of some common fabrication techniques along with some
relevant printers for realising flexible/stretchable electronics (a) photolithography, (b) Screen
printing method and semi-automatic stencil-screen printer Aurel C920, (c) Piezoelectric
inkjet printing and Dimatix (DMP-2831), (d) FDM 3D printing mechanism and Ultimaker
NI ] D 0 5 1§ L1<) oA T PRSP P POUPRRPP 48

Figure 3-1 The layout of designed NFC tag.........ccccovviiiiiiiiiiiiiiieciee e 52

Figure 3-2 Simulated results of four planar inductors. The target value for inductance was

Figure 3-3 (a) Dimensions of the designed NFC tag antenna. (b) Frequency response of the
screen-printed NFC coil before bounding a chip and electronic components (¢) Frequency
response of the NFC tag after bonding a chip and external capacitor. (reproduced from (163))
(d) Effect of increasing number of printed layers on the quality factor of the printed planar

(o703 1 FSPTTRRTRT 53

Figure 3-4 The NFC transponder based (a) rigid, (b) flexible, and (c) screen-printed smart
1527 PP PPPRR 55

Figure 3-5 The NFC transponder IC: (a) The overall size of the chip including dimension of
the pins and distance between them, (b) ground plane is mounted on the printed layer of the
smart tag, and (c) spread of the silver paint after curing. (Courtesy: The bonding for screen-

printed tags was led by Dr. Moupali Chakraborty) .........cccocveiiiiiiiiiiiiie e 55

Figure 3-6 (a) Tagformance Pro setup to characterise NFC tags (b) Normalized input
impedance of the reader antenna with and without present of the printed tag on the lifter. (c)
Reading range of the printed tag at resonant frequency (13.56 MHz) and a range of frequency
round this value (12-16 MHz) covering a part of HF band. (d) Sensitivity of threshold power

to distance between the tag and the reader antenna. ............c.cccoeviiiiiii i 57

Figure 3-7 Threshold power of the printed tag as a function of magnetic field intensity and
load modulation at 13.56 MHZ........cccoiiiiiiiiiieie e 58

Figure 3-8 Circuit (a) and system-level (b) block diagram of the developed smart bandage

for wireless strain and temperature monitoring (166). ..........ccooveriiiiieniienic e 60

Figure 3-9 (a) Output voltage of the implemented voltage divider (Viain) as a function of the
strain sensor resistance (Rsuain). (b) Temperature voltage (Viemp) as a function of the
temperature sensor resistance (Remp) considering a typical output current of 2.4 pA applied

to the ADC2 pin (166). Reproduced from (166). ........cocveriiiiiiiiiiiieie e 63

12



Figure 3-10 (a) Experimental setup for the wireless monitoring of chest expansion and
contraction during respiration using the smart bandage and the GlasVent ventilator in a
medical CPR manikin; (b) Sensor response over time measured by the smart bandage
associated with the inspiration and expiration cycles during respiration. In this case, the
resistance of the strain sensor was normalized to the maximum resistance obtained during
the chest expansion due to inhalation; (c) Detailed view of one breath cycle consisting of

two-time components, i.e., inspiration (I) and expiration (E). (166) ........cccccerverriiiieennnns 64

Figure 3-11 (a) Schematic circuit diagram of the passive NFC tag for strain or temperature
sensing. The sensor is connected in series with an LED indicator whose intensity is
modulated according to the sensor value. (b) Overview of the smart label with NFC-based

SENSING SYSEM. (167) 1.viiiiiiiiiiiieiieei e 65

Figure 3-12 (a) The intensity of the LED (¢) with strain on the sensor due to different angle
of bending (8). (b) Optical intensity (¢) of LED due to different temperature (T). Adopted
FTOM (107). 1t 67

Figure 3-13 Example of the application showing the NFC strain sensor tag attached to a food
package for meat spoilage detection. The LED will be ON if the product is suitable for
consumption, or OFF if the food is unfit for consumption (163).........ccccceeiiiniiiiiiniinnnnne 67

Figure 3-14 Temperature sensing NFC tag utilising off the shelf component as sensor......68
Figure 4-1 Schematic of the parallel Inductor-Capacitor tank. ...........c.cceevvvviiieriniineennnnn, 72

Figure 4-2 Schematic showing the fabrication of pressure sensor based on printed LC Tank
on Electrospun PLLA Nanofibers. (a) polymer solution preparation (b) electrospinning of
PLLA solution, (c) screen printing LC structure and (d) curing the devices at 130 °C for 20
mins. (e) Optical image of printed LC tank on PLLA nanofibers............ccccocoviiiriiiiiennns 73

Figure 4-3 Screen-printed flexible LC tank: (a) Photograph of the fabricated LC tank, (b)
SEM image of the PLLA nanofibers, (c) SEM image of the stretchable silver paste consists
of micrometer-scale silver flakes. (d-e) Optical microscopy images of a finger of the IDC
and the corner of inductor lines respectively. (f) XRD pattern of electrospun and annealed

PLLA nanofibers. (Courtesy: The XRD analysis was done by Dr. Ensieh Hosseini).......... 76

Figure 4-4 (a) Frequency response of the interdigitated capacitor with sweep from 4 Hz to
55 MHz. (b) Response of the IDC to various pressure values at 1Hz. (c) Cyclic response
(over 1800 cycles) of the IDC to 14 kPa pressure, showing the durability and stability of the

device (inset shows the 25 s of the capacitance response after 1000 cycles). (d) The

13



capacitance variation and sensitivity of the IDC to pressure variation. (e) Capacitance

response of the IDC to stepwise loading-unloading pressure from 0 to 12 kPa. ................. 78

Figure 4-5 (a) Measured and simulated frequency response of the screen-printed inductors
in terms of average inductance and average resistance. (b) Measured and simulated (dots)

quality factor of printed INdUCtOr. (190) ......cciiiiiiiiiiiiii i 80

Figure 4-6 (a) measured resistance and reactance of the LC tag. (b) Quality factor of the LC

tag function of applied PreSSUIE. ........ccciiiiiiiiiiii e 81

Figure 4-7 (b) Change in reader coil response associated with applied pressure: real and (c)
imaginary part of the normalized. (d) frequency response of the reader coil (e) reflection
coefficient phase shift. (f) comparison of frequency change considering two parameters:

magnitude (red dotted line) and phase (blue dotted line) of the reader coil...........cccccueenee. 83

Figure 4-8 SEM images of HDFa cells cultured on well-aligned PLLA nanofibers after 1, 3
and 5 days. (Courtesy: The biocompatibility study was led by Dr. Saoirse Dervin and SEM
images are taken by Dr. Dhayalan Shakthivel) .........ccccoiiiiiiii, 84

Figure 4-9 Potential application for the proposed LC tank to monitor pressure of compression
bandage. (a) change of capacitance and frequency as a function of applied pressure. (b) setup
to test the LC tank under compression bandage (with wire). The result was obtained using
LCR meter controlled by a LABVIEW program. (c) Wireless setup to test the LC tank set

under a comPression BANAAZE. ......ccvvirieeiiiiiie et 86

Figure 4-10 (a) Schematic illustration of the antenna design. (b) Images of the printed
antenna-sensor on PVC substrate. (c) fabrication steps. (d) Experimental setup to measure

change of resonant frequency over the change of temperature. Adopted from (46). ........... 88

Figure 4-11 Simulated induced current values (a) with temperature and (b) with frequency
obtained from the theoretical study. The equivalent circuit for a receiving antenna contains
an open-circuit voltage Voc, a load impedance Zi, and an input impedance Z, connected in

series as illustrated in the INSEt (@), (40)....ceiiiiiiieiiiee e 90

Figure 4-12 Frequency Response of the antenna at different temperatures. (a) frequency

shifts due to the temperature changes (b) magnitude of ASi; at different temperatures......91

Figure 4-13 Bending effect on the fabricated sensing antenna (a) Effect of lateral bending of
sensing antenna on Si1. (b) Effect of Cross-bending of sensing antenna on Si1. The legends

in the plots show the bending radii 11.0 and 5.7 cm. ..o, 92

14



Figure 5-1 Schematic view of the three versions of the designed textile microstrip antennas.
In all cases, the substrate is Ecoflex with thickness of 2 mm and the overall size of the patches
and ground planes were kept equal. (a) Microstrip antenna made of solid metal-plated
conductive textile. (b) Improving stretchability of microstrip antenna by converting the solid
patch to a meshed structure. The ground plane is kept as solid metal-plated textile. (c)
Conversion of both the solid patch and the ground plane with meshed structures. The inset
image demonstrates that meshed structures are embedded in Ecoflex because Ecoflex was

PArtIAlly CUTEA. ..o 95

Figure 5-2 (a) Optical images of silver-plated knitted textile (left) and laser cut textile (right).
(b) SEM image of laser cut textile of a random joint point and magnification on cut edges

where Nylon/Elastomer was melted due to laser operation. ...........ccccouveeriiiiiiciieicneennen, 98

Figure 5-3 (a) Schematic representation of the fabrication steps for realization of gold patch
on Polyimide. (b) Optical microscope image of random parts of the gold pattern. (Courtesy:

the fabrication was done under supervision of Dr. Mahesh Soni) .........ccccceviniiiiciiiennnns 99

Figure 5-4 Experimental setup for radiation pattern measurements inside the anechoic
chamber (left). Broadband (0.5 MHz -18 GHz) dual polarized log periodic antenna was used
as reference. The inset image on the right shows the fully meshed microstrip antenna

mounted on the custom-made setup in zero strain CONditioN. ........eevvvverriiieriiieeiiieesiineenn 100

Figure 5-5 (a) 2D DIC set-up with horizontal tripod arm. The Optical axis of the camera is
aligned perpendicular to the sample surface to avoid errors in the image correlation. (b) CAD
schematic representing the surface morphology of the patch in 0% (top) and 40% strain
(bottom). (c) serpentine unit cell of the patch. Purple contour shows an un-deformed shape

while green one shows the corresponding contour for 40% strain. ...........ccccevverieerinennne. 101

Figure 5-6 Custom-made setup to evaluate the electromechanical performance of meshed
textile structure. (Courtesy: This characterization was carried out under Dr. Martina Aurora

C0Sta ANGELT SUPETVISION) .uvviiuiiiiiieiiesiee et ettt ettt ettt sttt e e b e sb e e b e nn e e nneeanns 102

Figure 5-7 (a) Change in conductance of textile meshed patch at different values of uniaxial
tensile deformation. Inset image shows schematic of electromechanical test setup. (79) (b)
Electromechanical response of serpentine fabric stretched 100 cycles at 30% strain.
(Courtesy: This characterization was carried out under Dr. Martina Aurora Costa Angeli

0101 0 13 0] 1) TP TUPP PR 103

Figure 5-8 Solid textile antenna analysis: a) Effect of meshes in the patch on solid ground

15



and of both patch and ground on the change of resonant frequency compared to conventional
equivalent. S11 of conventional textile antenna, meshed patch over the solid ground, and
meshed patch over meshed ground plane are presented with blue, red, and green lines
respectively. b) Measured and simulated radiation patterns in E and H planes at 4 GHz. Red

lines represent simulated where the blue line is obtained from the measurement. ............ 104

Figure 5-9 Textile meshed patch over solid ground analysis: a) Change of resonant frequency
and S1; as a function of tensile strain up to 40%. b) Comparison of the radiation patterns in
the E-plane (left) and H-plane (right) in relaxed (fres= 2.98 GHz) and 30% uniaxial strain (fres—
2.81 GHz) conditions. The simulation results of 30% strain (bottom) were extracted from
the model obtained by DIC method at 30%. Solid lines and dash lines represent 0% and 30%

SEEAIN TESPECTIVELY. 1ttt ettt n e nne s 105

Figure 5-10 Textile meshed patch over meshed ground analysis: a) Change of resonant
frequency and Si; as a function of tensile strain up to 100%. b) Comparison of the radiation
pattern in E-plane (left) and H-plane (right) in relax (fres= 3.45 GHz) and 30% uniaxial strain
(fres=2.75 GHz). The simulation results of 30% strain (bottom) were extracted from the model
obtained by DIC method at 30%. Solid lines and dash lines represent 0% and 30% strain
TESPECTIVELY. ¢ttt ettt b e st he et e e R r e R nneeenns 106

Figure 5-11 Gold meshed patch over a metallic solid ground analysis: (a) Measurement of
S11 as a function of frequency as strain increase up to 15%. b) Comparison of the radiation
pattern in E-plane (left) and H-plane (right) in relax (fres=2.58 GHz) and 15% uniaxial strain
(fres= 2.75 GHz). The simulation results of 15% strain (model obtained by DIC method at

15%) are compatible with the experimental results. ...........ccccovviiiiiiiiiie, 108

Figure 5-12 The stretchable antenna sensor attache to the elbow .The variation in the resonant

frequency and DC voltage associated with the change of bending angles are studied. .....109

Figure 5-13 (a) Block diagram of the proposed readout circuit to convert frequency shift of
stretchable sensing antenna to DC voltage. (b) Measurement setup to translate the bending

angle of human arm to DC voltage wirelessly using the stretchable antenna..................... 110

Figure 5-15 Schematic of the rectifying circuit using a single stage RF rectifier simulated in

F N D 1 T TR 111

Figure 5-16 (a) The conversion efficiency at different input power levels of -20, -10 dBm, 0
dBm and 10 dBm respectively where the load resistor is 30 kQ. (b) Conversion efficiency at

different input powers for some values of load resiStor. ........ccccovvveriiiiiiiiiniie e 113

16



Figure 5-17 (a) Change in the resonant frequency of the antenna attached to the elbow for
different bending angles. The variation in the resonant frequency follows a linear trend for
the tested bending angles. (b) Simulated output DC voltage at input power of 0 dBm. (¢)
Variation of produced DC voltage associated with the change of bending angles. ........... 114

Figure 5-18 Fabrication steps to assemble stretchable textile to the Smartrac RFID tag. .116
Figure 5-19 Tagformance Pro setup to characterize UHF RFID tags. ........cccccevvveriinenne. 116

Figure 5-20 The backscattered power signal from the stretchable UHF tag corresponding to

AIfTETENt UNIAXIAL STTAIIIS. ... e eeeeeeeteee e e e e e et e et e e e e et e e e e e e eeeeeeeee e e eeeeeeeeeennnaaseeeeeeeennnns 117

Figure 5-21 Reading range of the stretchable RFID tag corresponding to different uniaxial
strains. The read range of the commercial tag is shown with red graph over the range of

frequency of 800-1000 MHZ. ........ccooiiiiiiiii e 117

17



List of Tables

Table 2-1 Performance comparison of our proposed textile stretchable microstrip antennas

with other stretchable antennas reported in the literature. .........cccccvvveiiiiiiiie e, 34

Table 3-1 Geometries and simulation (Sim.) and measured (Meas.) values for the inductors.

.............................................................................................................................................. 54
Table 4-1 Physical dimensions of the IDC and planar inductor.............ccccocerveiiiinieennnn, 72
Table 4-2 Comparison between some capacitive PreSSUTe SENSOTS .ouvvvevvreerireesiveeesiseeesens 84

Table 1-1 Optimal parameters of the discrete and lumped elements obtained using LineCalc,

Optimization and Tuning tools IN ADS.... ... .o e 111

18



Chapter 1. Introduction

1.1 Background and motivation

With the advancement in flexible electronics over the last few years, the growing demand
for wearable systems has been on the rise (1-3). The wearables consist of electronic devices
and components worn on the surface of the skin or clothing for detecting, analysing, and
transmitting information related to the body signals or its ambient (4). Wearable technology
has a variety of applications including health care, epidermal electronics, entertainment, and
the fashion industry. Besides, some of these wireless sensors also find application in
humanoid robotics and human-machine interactions such as prosthetic limbs to make robots
more intelligent (5). Moreover, the demand to add more functionalities on the same flexible
substrate is increasing (6-8). The combination of multiple environmental sensors in one
single node offers monitoring of multiple parameters at the same time, hence, increasing the
node functionality (9-12). The integration of wireless interfaces with these sensors allows to
be in line with the internet of things (IoT) concept for wireless sensor networks (WSNs) (13).
This allows remotely to access, monitor, and control many flexible devices through

smartphones, tablets, or laptops (14, 15).

The use of multiple sensor nodes for various monitoring imposes the requirement of huge
wiring between various electronic components that may lead to interferences between
parallel signals as well as time delays. Moreover, a slight wire connection failure in some
parts of the device may disturb the sensor output signal. Therefore, in a system with a huge

number of nodes, accurate sensing data is only obtained at the cost of additional complexity
(16).

One solution to reduce this complexity for flexible electronics is to use the properties of a
wireless electromagnetic component as a sensor in combination with a sensitive/functional
material. By doing so, part of the electronic circuitry will not be needed as their function is
transferred to the transmitter/receiver unit. This will transfer the processing of the sensing
information to the transmitter/receiver instead of loading the flexible sensor node with
electronic circuitry for processing the sensed information. The more functionalities are

transferred out of the flexible sensor node, the simpler the wearable device becomes.

The recent innovations in engineered functional materials have paved the way of flexible

electronics for wearable electronic devices which are lightweight, portable, less expensive,
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and environment friendly (17). With this advancement, the addition of wireless
telecommunication of a wearable device was necessary. These advances have allowed
connecting different type of sensors to the cyberspace for applications such as environment
monitoring, wearable systems for health monitoring, and security (18). The overall
expectation of a multi sensor system is that several types of sensors are used in a single
sensor node for monitoring various parameters, for instance in human activity monitoring
parameters such as sweat (19), temperature (20), heart rate (21), respiratory rate (22), and
motion (23) to be monitored simultaneously for health or sport applications. Besides, in
robotic/humanoid applications, multi sensors are very favorable for various environmental
monitoring, sensory for strain (24), pH (25), radiation (26), and volatile organic compounds

(27) to be installed on one robot for multipurpose sensing activities.

The current wireless sensing nodes suffer from power consumption due to the electronic
circuity and circuits interfaces, in addition to complexity of interconnectivity and circuit
integration due to the incorporation of different sensors and materials. Moreover, most of
materials used in the current wireless sensing node are rigid which are not conformable to
human body and they need to be replaced by using flexible and stretchable materials suitable

for on-body applications.

However, the implementation of such broad picture of multi-sensory nodes comes at a price
of increasing the complexity of the sensing node electronics. This complexity generates
various problems that challenge such implementation. First, as the number of sensors
connected to a single node increases the interconnections become difficult and complex
resulting in signal delays or failures. The reason for this is due to the parasitic capacitances
generated from the multi-layers metal wires that affect the time constant of the whole circuit.
Moreover, increasing the metal interconnections will increase the need to have multiple
electrical contacts which will increase the contact resistance and hence, the dissipation. The
device failure can happen easily due to the complexity of interconnections, for instance,
shaking or hitting the multi-sensor node will result a vibration that may break the connections
or even re-establish an undesirable electrical contact. Second, the problem of sensor
integration will arise due to different circuitry requirement of each sensor. Finally, the power
consumption of the multi sensor node will increase as the number of components. This is
true even if the sensor itself is passive, the reason is that the output of each sensor is
processed by an active electronic circuit which consumes energy that increases with the
number of sensors. When transferring the physical stimuli into a measurable signal, sensors

convert energy from one form to another form. Sensor can be distinguished based on what
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kind of energy it detects or transfers to the system. Since a multi-sensor nodes can be built
with different type of sensors, and different types of sensors consume various amount of
energy. Some of them require a significant large amount of energy than others. For example,
gas sensor requires a comparatively higher amount of energy than temperature, pressure or
image sensor because it requires active heating elements (28). Image sensors also require a
high amount of energy because thousands of conversions (analog to digital) are required for

producing images (29).

Antenna Sensing
for Brain Interface

Antenna Sensing
for Prosthesis

\A_ntenna Sensing
for Health

Monitoring

Antenna Sensing
for Motion Sensing

for Wound
Monitoring /Healing

Figure 1-1 Conceptual illustration of using wireless sensors (antenna sensor) to monitor parameter of interest
in wearable applications. Adopted from (30)
From the aforementioned problems associated with multi-sensor nodes, an emerging
solution based on using the antenna as a sensing element in addition to its role as radiating
element for telecommunications is attractive. Figure 1-1 demonstrates the general concept
of using antenna sensor to monitor parameter of interest in wearable applications.
Expectations for the flexible electronics market is projected to reach 40.37 billion in revenue
by 2023 (31). This multi electronics and wireless technologies integration with wearable
electronics also open a new horizon of bendable/flexible devices for new application. In
Figure 1-2, by comparing the number of publications for wearable sensors to the wearable
antennas one can see that the interest in wearable antennas raised around 2011. This increase

of the popularity of the wearable sensor through multisensory node has led the path to the
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antenna sensor as a solution to the issues arising from the demand of the wearable
applications to integrate more and more sensors. From this comparison, one can project the
increase in antenna sensors research in the coming years as an emerging solution for the
challenges facing multi-sensory wearables. This thesis presents some approaches to design

antenna as sensor in response to this demand.
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Figure 1-2 The total number of publications in the areas of wearable sensors, wearable antenna and antenna
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sensors in the last 20 years. Source: Web of Science, November 2021. “wearable sensor”, “wearable antenna”

and “antenna sensor” were searched to conduct the comparison. (arrows denote respective y-axis).

1.2 Structure of the thesis

The organisation and content of the thesis are as follows:

Chapter 2 presents the extensive review on various mechanisms to exploit antennas as
sensing elements. Besides, approaches to add sensing capabilities to RFID tags is covered.
The classification and principle of operation for RFIDs also is presented trying to address
challenges and opportunities in designing an antenna with flexible/stretchable materials.

Besides, fabrication techniques compatible to fabricate flexible antenna sensors is covered.

Chapter 3 presents development of printed NFC based sensing tag, using the capability of
commercially available NFC RFID chip to integrate external sensors. The design,
characterization and fabrication of the flexible NFC tag is covered in this chapter. The

designed loop antennas with various dimensions are screen-printed on paper substrate. The
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antenna with higher quality factor is chosen to be used in antenna sensor integration. The
NFC sensor transponder which includes ADC provides the sensor reading. To demonstrate
sensing capability of the tag, a thermistor was connected to the relevant pins and temperature
reading was performed using the Texas Instruments firmware for the RF430FRL152H
ISO/IEC 15693 sensor transponder. Two approaches were perused to demonstrate the

capability of the developed system for wound and food monitoring applications.

Chapter 4 presents development of two types of antenna sensor by exploiting functional
materials. In the first subsection, the design, fabrication and characterization of an inductor-
capacitor resonant tank is discussed. The properties of electrospun Poly-L-lactide (PLLA)
nanofibers (biocompatibility and sensitivity to pressure as this is a piezoelectric material)
used as functional/sensing element is explored. The LC tank-based sensor is integrated on a
compression bandage to demonstrate its potential use in the monitoring of sub-bandage
pressure. In the second study, a loop antenna as a temperature sensor is designed. Unlike the
first study which sensing element was the substrate, the conductive body of the antenna itself
has been considered as a functional material. In this regard, a small portion of a loop antenna
which originally was printed using sliver paste was replaced using conductive polymer,
PEDOT: PSS. The sensing mechanism was based on study the resonant frequency of the

antenna in response to temperature changes.

Chapter 5 describes development of textile-based stretchable microstrip patch with intrinsic
strain sensing. Design, fabrication, characterization and potential application of the
developed antenna is covered. The idea of modifying a commercial UHF RFID using the

stretchable textile is examined briefly in this chapter as well.

Chapter 6 summaries the key outcome of the research work and provides future directions
to take the current work forward. The major key findings of the thesis and limitations of each

approach are presented in this chapter.
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Chapter 2. Literature Review

This chapter reviews the concept and various mechanisms for using flexible antennas as
sensing transducing element. It covers various conductive materials, the substrates and
applications. Different fabrication techniques adopted to realize flexible antennas are also
presented. Besides, it briefly discusses the classification and method of operation of RFID

technologies.

In wireless communication, the sensor node is responsible of sending the sensed data back
to the reader through the antenna after receiving a request signal from the reader for the
sensed parameter. To use the antenna as a sensing element, one has to know that the design
of an antenna for any wireless application depends on the environment, transmission power,
and frequency range (32). Moreover, the performance of the antenna depends on the material
used, the type of fabrication technique employed, and the substrate properties (33). For a
flexible antenna to function as a sensor, various transducing mechanisms can be
implemented to enable the antenna to react the external environmental stimuli. The following

section discusses the applicable mechanisms for antenna as a sensing component.

2.1 Transducing mechanisms for antennas as a smart sensing

element

The main function of an antenna in a communication system is to transmit and receive the
electromagnetic radiation. Since communication systems are operated in microwave
spectrum, antennas are designed for microwave communication which span the frequency
range of 100 MHz to 100 GHz corresponding to waves lengths between 3 m to 3 mm (34).
In addition to its transmission/reception of a signal, sensing capability can be added to the
antenna itself provided that a compatible method of transduction does exist. This allows the
antenna to change its properties due to the external physical stimuli and communicate it as a
measurable quantity at the same time. For an antenna, the main property is its resonance
frequency and one way to allow antenna sensing is by the frequency shift approach which

maps the influence of an external stimuli in a resonator (35).

In general, the antenna structure is a metal on a dielectric substrate and introducing materials
with intrinsic sensing properties can lead to variation of dielectric constant or magnetic
permeability due the external stimuli. These functional/sensitive materials can either be the
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dielectric substrate as well as conductive materials serve as metal body of the antenna. One
principle which is important is that the functional material should be dedicated to one
parameter. For instance, using two functional materials on one antenna for transducing two
stimuli will have selectivity problem. Moreover, sensitive material that has material
properties (¢ and p) which vary due to more than one stimulus will cause the same problem

of selectivity.

Another possibility is to take advantages of change of the size or the form of the
flexible/stretchable antenna due to external deformable stimuli. In addition, another sensing
mechanism can be added which does not involve material perturbation. This mechanism
involves the modification of the input impedance of the antenna by the external stimuli which
requires connecting the antenna to a sensitive input load and by varying its impedance the
transduction is achieved through the variation of the antenna’s radiated power (36). The
sensitive impedance does not have to be connected directly to the antenna input, instead it
can be connected to a delay line which in turn is connected to the antenna input (37). In this
case the detection of external stimuli can be linked to the phase of the signal instead of the

frequency shift.

For component-based transduction, one of the common type of loads for antennas is the
RFID chip which modify the backscattered power level of the signal for data transmission.
This happens by the variation of the input impedance of the RFID chip which impacts the
reflection coefficient (I') and hence the backscattered power (38). Other loads can be attached
to the input of the antenna which have an impedance which is sensitive to a stimulus, and
indirectly the variation of input impedance (Z.) will lead to a reflection coefficient variation.

reflection coefficient is defined as:

r= 2% (-1)

Zagt+Zy

where Z is characteristic impedance of the transmission line which is chosen as 50 Q and

Z, is input impedance of the antenna.

2.1.1 Antenna sensing using material with intrinsic sensing capabilities

An antenna sensor can be realized either by the addition of a dielectric sensitive material on
a standard antenna or by introducing a sensitive material to the main body of antenna (i.e.
the metal trace) (see Figure 2-1). The choice of the sensitive dielectric material depends on

the selected quantity to be sensed (humidity, temperature, gas, etc.) (39). The substrate can
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use different materials such as carbon nanotubes for gas sensing or polymer for humidity
sensing or a textile material such as denim for blood glucose sensing (40-42). Variation in
the effective dielectric constant (relative permittivity) of the antenna sensor transduces the
physical stimuli into a resonance frequency shift. Some commercial substrates can have a
sensitive dielectric constant where the sensitivity is reported in the data sheet (43). In this
case antenna sensor can be realized directly on the sensitive commercial substrate without
the need of the addition of sensitive material, however, this type of antenna sensor will have
limited sensing application since these commercial substrates do not provide a wide range
of stimuli. For example, flexible antenna sensors using sensitive commercial flexible
substrates is limited to mainly humidity and temperature sensing due to the extreme
limitation of commercial sensitive substrates (44, 45). This makes the option of sensitive
material functionalization is a plausible solution for having a wide variety of smart flexible
antenna sensors. As describes in (46) a small portion of the loop antenna can be replaced
with a PEDOT:PSS to create simple antenna as temperature sensor. The effect of humidity

was minimum as the antenna was coated with very thin layer of Nitrocellulose lacquer.

a) b) Functional material
Functional material \\

/

N\

J
Feeding point Feeding point

Figure 2-1 Schematic illustration of using functional/sensitive material to alter electromagnetic properties of
an antenna. The sensing parameter can be I' (Si1) of the sensor antenna. a) illustrates that sensing material can
be a substrate for the antenna which is sensitive to temperature, moisture, etc. b) Sensing material can be
loaded on the body of the antenna.

Dielectric perturbation as a sensing transduction mechanism can happen without the addition
of the sensitive dielectric material. In this case, the antenna sensor can be realized on a non-
sensitive dielectric substrate, and by placing the antenna sensor on different dielectric
materials and the effective dielectric constant of the combination of the antenna substrate
and the dielectric surface will change leading to a variation of the resonance frequency of
the antenna. As an example, dielectric constant characterisation can be possible using a split
ring resonator (SRR) structure on a non-sensitive dielectric substrate with dielectric constant
€1, as shown in Figure 2-2. The SRR loop represents the inductance (Lsrr) and the gap

represents the capacitance (Csrr). The resonant frequency of the SRR is defined by
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= e
This gives the resonance signature in the frequency spectrum which is represented by the
black curve. When the structure is placed on another dielectric with a different dielectric
constant of &, a dielectric perturbation occurs due to the combination of the two dielectric
materials resulting in a new dielectric constant which is a combination of € and €. These
mixed dielectrics alter the resonance frequency to a new value which is presented in Figure

2-2 by the red curve.
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Figure 2-2 The dielectric perturbation of an SRR structure on a non-sensitive substrate by the addition of an
external dielectric surface with different dielectric constant.
Since an antenna sensor needs to be able to detect its surrounding without a sensor device, it
is required in some occasions the addition of a sensitive material either to improve the
sensitivity of the antenna towards a physical parameter or to make the antenna itself
sensitive. Functional materials are often used relating to the RFID tags or a metasurfaces for
wireless sensing applications. These materials exhibit large and sharp physical and/or
chemical changes to external environmental stimuli, such as humidity, pressure, temperature,
gas, and electric fields, and hence are suitable for sensing applications. In chapter 4 two types

of antenna sensors developed based on this mechanism are presented.

Various smart/functional materials that exhibit a noticeable response against a temperature,
relative humidity, pH, etc. are summarized below, each can be used in antenna sensors using
intrinsic sensing capabilities of these materials. Since the antenna is made of metal layer on
a dielectric substrate then for compatibility with the antenna structure the functional material
need to be of the same nature. Semiconductor materials such as indium tin oxide (ITO), silver
flakes, and silver nanoparticles, conducting polymers such as poly-3,4-ethylene-
dioxythiophene (PEDOT:PSS) (47), polyaniline (PANI) (48), and dielectric materials such
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as Kapton, polyvinyl chloride (PVC) (49), and polyvinyl alcohol (PVA) (50) can be
introduced as sensing materials that change responses of antennas under the influence of
varying physical parameters when integrated in RF sensing applications. In the following, a
discussion on the properties of each material and the suitability for flexible antenna sensing

applications is explained.

2.1.1.1 Smart sensing material for temperature

Phenanthrene: The dielectric constant of this material increases drastically after its
transition temperature. This effect is not reversible and hence this dielectric material can be
used as a transducing material for temperature threshold antenna sensing. This irreversibility
can be used in antenna trigger applications where at the transition temperature the antenna
works as an actuator for certain temperature value in real-time monitoring. In addition, the
irreversibility of the temperature sensed value serves as a memory to the temperature

threshold value attained (51, 52).

Ionic Plastic Crystal: This material exhibits an impedance variation due to temperature. The
conductivity at each temperature is measured for temperatures ranging from —10 to +80 oC
showing an electrical conductivity increase with increasing temperature within the
temperature range. Contrary to phenanthrene this material has reversible temperature
dependency and can be used to monitor real-time temperatures within —10 to +80 oC.
Antenna temperature sensing can be achieved using this material by antenna input

impedance transduction which is reflected in the reflection coefficient of transmitted (53).

Nanostructured Metal Oxide: Metal oxides are wide band gap materials that have been
investigated for sensing applications. For instance, indium tin oxide (ITO) and zinc oxide
(ZnO) are metal oxide materials which are sensitive to external environmental changes, such
as pressure, temperature, and electric field. Results suggest that ZnO thin film is an excellent
sensing material for temperature sensing and has a high melting point (2248 K) and good
thermal stability which is essential for robustness in sensing applications for real

environments conditions (54-57).

2.1.1.2 Smart sensing material for humidity

Polyamide: This polyamide is a hydrophobic organic material. It has a linear dielectric
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response while it absorbs water as the weight is proportional to relative humidity (RH).
Polyamide film has a relative permittivity of 3.25 at 25% humidity and a room temperature
of 23 oC and increases linearly with RH which can be used a capacitive humidity transducing
material (58-60). This property suggest that Polyamide can be introduced as a dielectric
humidity sensitive layer for antenna where the humidity is transduced by dielectric variation
of Polyamide into resonance frequency shift. Moreover, Polyamide film is a flexible, low

loss, and durable Polyimide film dielectric for flexible smart antenna sensing (61).

Polyvinyl Alcohol (PVA): The dielectric behaviour shows that as the PVA concentration in
water increases the real part of permittivity & decreases at any frequency (0.2-20 GHz). On
the other hand, at high frequency (>5 GHz) the imaginary &,” increases with the increase in
water content (62, 63). This shows that the PVA has twofold electric properties due humidity.

With humidity change, PVA shows both dielectric and conductive sensitivities.

2.1.1.3 Smart sensing material for pH

A number of polymer materials exhibit sensitivity to pH variation among which organic
conducting polymers have conductivity variation as a function of pH. The advantage of these
conducting polymer is their process ability. However, the drawback is their instability toward
environmental influences and the difficulty to achieve device-level performance. On the
other hand, PEDOT which is conductive polymer shows robustness for practical applications
(46). The conductivity of PEDOT depends on the pH level, with the highest conductivities
at low pH, but the change is not dramatic except for pH value exceeding 11 (64). The
conductivity variation of PEDOT is reversible over a wide pH range. Since pH is usually
measured in aqueous medium, a special design arrangement needs to be taken in
consideration when pH sensitive material is used in antenna sensing because radio

frequencies do not propagate in liquids.

2.1.1.4 Smart sensing material for gases

Different nanostructures and organic materials exhibit sensitivity to certain gases. For
instance, the electrical response of single- and multi walled carbon nanotube (CNT) films
varies in the presence of ammonia gas (65), (66). In addition, carbon nanotubes and
polymethylmethacrylate were incorporated in copolymer thin films to develop a wireless
sensor for hazardous biological materials and vapours. The advantage of SW-CNTs is that

they can be incorporated in porous flexible material such as paper creating an active sensing

29



layer with a paper thickness (67). Integrating these types of active nanomaterials into a

flexible porous matrix opens up opportunities for flexible antenna sensors.

Other nanomaterials for sensing have been investigated. Nanostructure metal oxides showed
sensitivity toward different gases, for example, a hydrogen gas sensor based on zinc oxide
(ZnO) nanorods has been reported in (68, 69). Moreover, carbon dioxide, oxygen, and
ammonia gas sensors based on carbon nanotube—silicon dioxide composites are presented.
Other metal oxides such as titanium oxide TiO2 showed (70) sensitivity towards ethylene

gas which can be readout capacitively by integrating TiO2 in a capacitive RF sensor.

2.1.1.5 Smart sensing material for mechanical properties

Piezoelectric materials as substrates could offer new capability to measure the dynamic
pressure to monitor the biological signals (71, 72). In relation with wearable systems, the
piezoelectric polymers such as Polyvinylidene fluoride (PDVF) and Poly l-lactic acid
(PLLA) are attractive due to their high chemical stability, flexibility, and biocompatibility.
In fact, PLLA has an advantage for pressure sensing as unlike PVDF it does not exhibit
pyroelectricity and hence there is no interference due to temperature variation. Further, the
biodegradability of PLLA makes it attractive for both in vitro and in vivo implantable
applications (73). Considering such attractive features in the section (4.1) we have used
PLLA nanofibers-based substrate to develop LC (Inductor-Capacitor) resonant tank. In this
work, an interdigitated capacitive (IDC) sensor is developed on electrospun PLLA
nanofibers-based substrate and connected in parallel with a planar inductor forming a LC
circuit to realise wireless pressure sensor. The LC circuits is designed to resonate at about
13.56 MHz. The PLLA nanofibers-based substrate used here, to realise the IDC capacitive
sensors, offers better conformal contact with the skin and improves sensitivity under the
pressure due to its piezoelectric property. It provides a direct interaction between the sensing
elements and environment (74). Moreover, due to the uni-polarization of PLLA nanofibers
during electrospinning, change in the permittivity of the dielectric layer is expected in
response to applied pressure, which allows linear responses of capacitive response over a
wide range of 0-16 kPa. This pressure range is of the same order as one used in commercial
bandages for compression therapy and therefore, we have integrated the presented LC tank-
based sensor on a compression bandage to demonstrate its potential use in the online
monitoring of sub-bandage pressure. The wireless mechanism of presented sensor is based

on inductive coupling in near field region. The applied pressure leads to changes in the
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capacitance of IDC on PLLA substrates, and thus the resonant frequency of the LC circuit is
altered as a function of applied pressure. The applied pressure on the sensing capacitor can
be transmitted wirelessly through inductive coupling. The resonant frequency of the LC tank

is given by

fres == == )2 (23)

where R represents the resistance of the printed coil antenna, and L and C represent the
inductance and capacitance of the planar antenna coil and the interdigitated capacitor
respectively. It may be noted that the unlike conventional coils (made of copper) the total
resistance of the current work, which is screen printed silver paste, is not negligible. The
self-resonant frequency is much higher than the working frequency, so the parasitic
capacitance of the coil antenna does not lower the accuracy of the resonant frequency of the

LC tank. The LC circuit impedance is given by

. . 1
Zic =Ric+jXye = R+j (0l — =) (2-4)
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Figure 2-3 Schematic of the setup for near-field communication and power transfer mechanisms for RFID
tags at HF frequency using Tagformance Pro.
The wireless response of the LC tags is tested with the applied pressure on IDC capacitor
using the load cell set-up. The IDC capacitor is connected in parallel to the coil antenna as
shown in Figure 2-3. The reader antenna (C60) was used to wirelessly measure the resonant
frequency and change of reflected impedance of reader coil. The impedance measured at the
reader coil is equivalent to resistance (R,.), inductance (L,-) and tuning capacitance (Cyyne)
of the reader antenna and the reflected impedance of sensing LC tank as described in

Equation 2-5. M is the mutual inductance between two coupled coils.
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As reference measurement has been done prior to the measurement, the impedance of the

(wM)?
Zrc(w,P)

C60 antenna is subtracted in the response. So, the last term (i.e. ) of the above

equation represents the normalized impedance change corresponding to the applied pressure.
Beside piezoelectric materials, other materials such as glass micro ber-reinforced polytetra
uoroethylene (PTFE) composite, polyester-based stretchable fabric, Nickel-Titanium
(Nitinol) alloy can be used as strain and crack sensors for structural health monitoring (75).
PTFE-based sensor has a relatively large resonance frequency change due to its large
dielectric constant variation under temperature fluctuation. While PTFE has very good

electrical properties, other properties need to be well understood for several considerations.
2.1.2 Antenna sensing through geometry changes

Mechanical stimuli can be used in antenna sensing to detect bending and mechanical stress
by effecting antenna geometry (76). These geometrical modifications influence the
performance of the antenna sensor, and they also lead to changes in the electromagnetic
properties of antenna structure (77-79). The elongation and the bending of the dielectric
substrate affect their thickness and their effective permittivity, which influences the
resonance frequency of the antenna sensor. Hence, the geometric change can be used for
strain antenna sensor. In chapter 5, the textile-based stretchable microstrip antenna is
presented as strain sensor. A microstrip patch antenna consists of a radiating metallic patch
layer placed on one side of a non-conductive substrate and a ground plane on the other side
as shown in Figure 2-4. Ideally, an infinite ground plane has a significant role to eliminate
back radiations, but finite ground planes are widely used in real applications (80). These low-
profile antennas can conform to various surfaces, and therefore suitable for wearable
applications. To design patch antenna for a specific frequency a practical width of the

radiating element which leads to good efficiency could calculated by

1 2

- 2fry/Ho€o “—'rT (2-6)

where &, is dielectric constant of substrate and 1y and g, are permeability and permittivity
of free space respectively. Once W is realized the effective dielectric constant (&.¢5) could

be realized by Equation 2-7. Due to fringing effects [22], electrically the patch of the
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microstrip antenna looks longer than its physical dimensions, where the dimensions of the

patch along its length have been extended on each end by a distance AL.

rerF+0.3)(5+0.264
B _ .41 St 090200 2-7)
h (ereff—0.258)(z+0.8)

Typical length of the patch varies between Lygcn = (0.47 —0.49)4, ;that A, is the

wavelength in dielectric. Since the length of the patch has been extended by AL on each side,
the effective length of the patch is given by Equation (2-8) that L is actual length of the patch.

Losr = L+ 2AL (2-8)

ih

Substrate

Ground Plane

Figure 2-4 Typical configuration of microstrip antenna. The fringe effects and inset microstrip feedline also
demonstrated.
To realise strain sensor by microstrip antenna, a common method in the literature is based
on tracking the shift in resonant frequency to gauge the occurred deformation (81). As an
example, in (82) applying tensile strain along the feeding direction of a stretchable microstrip
antenna can cause a downshift in the resonant frequency. However, the maximum applied
strain was 15% due to the limited stretchability of the antenna. To increase the range of
applied strain, different geometries can be implemented. Table 2-1 shows a comparison of
stretchable microstrip patch antennas that can be found in the literature in terms of

stretchability and sensitivity to strain.
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Table 2-1 Performance comparison of our proposed textile stretchable microstrip antennas with other

stretchable antennas reported in the literature.

Stretchable unit cell Conductive Fabrication method Stretchability Sensitivity Reference

material
(MHz/mm)
Hierarchical triangular ~ Copper foil Cutting with 15% 0.82
lattice programmable desktop
19
cutter machine
N/A AgNWs Drop casting the 15% 0.245 22
AgNWs on PDMS
Rectangular mesh Liquid metal  Injecting liquid metal 20% 0.552@15 28
alloy into micro-channels % strain
Serpentine rectangular  Conductive Cutting with laser 40% 0.20 This work
meshed patch over textile cutter (avg.) (patch is
solid ground plane meshed)
Serpentine rectangular ~ Conductive Cutting with laser 100% 0.25 This work
meshed in both patch textile cutter (avg.) (both patch
and ground planes and ground
plane are
meshed)

2.1.3 Antenna sensing using components

Instead of using sensitive material to functionalize the antenna or using deformable
substrates to take advantage of geometric deformation for mechanical sensing, one can use
a non-sensitive substrate to realize the antenna while using the antenna input to be connected
to a sensor. In this case, the transduction is done through an impedance variation which varies
the input impedance of the antenna (83). This modifies the reflection coefficient of the
antenna and hence, the reflected power. For instance, a dipole antenna sensor can be achieved
by placing a sensitive material such as Carbon Nanotubes (CNTs) on its input which connects
the two antenna poles as shown in Figure 2-5 (a) (84). The impedance variations of the
CNTs due to the external stimuli such as gases will be transduced as a variation of the antenna
reflection coefficient and hence, the reflected power. This reflected power variation at the
receiver will be the sensing indication of the presence of a gas (85). The input antenna
terminals can be loaded by a sensor for realisation of antenna sensor using a component

(sensor). For example, the antenna can function as a temperature sensor by connected its
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input to a thermistor as shown in Figure 2-5 (b). Since the thermistor translates the
temperature into a change of its impedance, the variation of the impedance of the thermistor
due to the temperature will affect the reflection coefficient of the antenna as mentioned above
(86, 87). The chapter 3 focuses on this concept, designing NFC RFID sensor tag in which
the RFID chip (RF430FRL152H) includes a built-in temperature sensor as well as capability

to integrate to external sensors.

a) Meandered dipole b) RFlD-C[iP
0 L EX L
_
CNT drop Thermistor

Figure 2-5 (a) antenna sensor (chipless) with input connected to carbon nanotubes (CNT) that vary
impedance with the introduction of a gas (88). (b) antenna sensor connected to a variable resistance

(thermistor) with chip for temperature sensing. Adapted from (87)

2.2 Antenna sensor implementations using RFID technology

The development of RFID has started a new direction in the wireless technologies. An RFID
system consists of a radio frequency tag and a reader. The reader is responsible for generating
and transmitting the interrogation signal to the tag and then decodes the tag’s backscatter
signal. The tag collect data from the reader and then transmits that data through radio waves

using a RFID standard telecommunication protocol.

2.2.1 RFID classification

There are two broad types of RFID: an active and passive. An active tag has an internal
source power such as battery which operate generally in much higher interrogation range
and has larger memory for storing data. For the passive type, power is drawn from the reader
through inducing electromagnetic current in the antenna of the tag. In addition to the
aforementioned two categories, there is also a semi-passive configuration where a passive
tag can be enhanced with a battery allowing to power additional sensors or to increase the

tag read range (89).

For passive RFID systems, the RFID tag has no on-board power source, however, it is
activated by using the power emitted from the reader. This power is needed to turn on the

integrated circuit (IC). The passive RFID tags modulate the backscattered signal to transmit
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the stored information back to the reader. Passive RFID tags have the advantage of being
simpler in structure, lighter in weight, and less expensive while offering an effectively long
operational lifetime. Passive tags have the disadvantage of having short read range (5-6 m)
compared to the active tags, also they have limited storage capacity for information and poor

performance in a noisy environment (90).

For active RFID systems, tags have their on-power source as well as internal electronic
circuitry for performing various operations (91). In this category, the on-board power source
supplies the microchip operation and transmits data to the reader. The on-board electronics
incorporate microprocessors, sensors, and input/output ports, etc. In an active RFID system,
the tag always communicates first, followed by the reader. As the presence of a reader is
unnecessary for the data transmission, an active tag can broadcast its information to
surroundings even in the absence of a reader. This type of active tag, which continuously
transmits data with or without the presence of a reader, is also called a transmitter. Another
type of active tag enters a sleep or low-power state in the absence of interrogation by the
reader. The reader wakes up the tag from its sleep state by issuing an appropriate command.
The ability to enter a sleep state conserves battery power, and consequently, this type of tag
generally has a longer battery life than an active transmitter tag. This type of active tag is

called a transmitter/receiver (92).

In between passive and active tags, there is the category of semi-passive tags. They have
their own power sources; however, they do not have a radiofrequency transmitter; instead,
they are based on the principle of backscattering modulation to transmit their information to

readers. The advantage of semi-passive tags is that they are cost-effective compared to active

tags (93).

In terms of frequency range of operation, RFID systems can be classified as: low frequency
(LF), high frequency (HF), and ultra-high frequency (UHF) systems. Among them, UHF
RFID systems (860 — 960 MHz) have the greatest read range (3 — 15 m) and the highest
reading speed, but they require the use of specialised equipment and reader antennas (94).
HF systems (3 — 30 MHz) usually have a read range of a few centimeters up to about a meter
and make use of magnetic coupling to communicate between the HF tag and the RFID reader.
A specialized subset of HF band is the NFC, which operates at a single frequency (13.56
MHz) and is a global communication protocol approved by the International Organization
of Standardization (ISO). It mainly focuses on secure identification applications (95). This
is achieved by harvesting energy from the electromagnetic field induced by an external RFID
reader, which in our case can be any NFC-enabled smartphone. A key advantage of NFC
36



tags over other RFID systems lies in their ability to be read by NFC-enabled smartphones,
making this technology within the reach of any individual user (96, 97). For this reason, NFC
sensing tags have gained widespread popularity in countless applications such as wearable
smart bandage, smart packaging, and modified atmosphere packaging (MAP) for food
monitoring (98-100). Lightweight, flexibility, security, and low-power consumption are
desired properties for these smart tags and printing technologies appears to be promising

method for fabrication of such tags.

a) b)
c)

Loop.feed
d)

6.3 cm 14.6 cm

Figure 2-6 Example of RFID tags consisting of a chip connected to an antenna. a) Typical NFC RFID tag. b)
meander lined RFID tag from Smartrac. ¢) Loop fed inductive UHF RFID. d) Moisture sensing UHF RFID tag
from Smartrac. The RFID chips are highlighted using a red dotted circles.

Figure 2-6 shows various commercially available RFID tags. Figure 2-6 (a) is an example
of NFC tag. The tag consists of an antenna which is an inductive coil L, an electronic chip
that performs the communication operations as well as contains the tag identifier, and finally
a capacitance C which is used to adjust the resonance frequency of the tag LC circuit. The
communication between the RFID tag and the reader is achieved by magnetic coupling.
When the near field tag is placed in the vicinity of the generated magnetic field of the reader
as shown in Figure 2-7, an alternating voltage will appear across the inductive loop antenna
of the tag (101). This voltage is first rectified in the energy harvester unit of the tag in order
to power the electronics of the tag chip. The tag sends data back to the reader using load

modulation (102).

Another common type of RFID tags is UHF RFID that comply with UHF Gen 2 standard
covering 860 to 960 MHz (regionally defined). Figure 2-6 (b),(c) shows the common types
of UHF RFID tags. The main advantage of this type over NFC tag is the longer reading
range. Most UHF RFID tags reported so far has a reading range over 1 m. Considering the
design and reader characteristics the range can reach higher than 10 m as well. The maximum

reading range is calculated using Friis Equation
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where the EIRP,.., 4., (effective isotropic radiated power) based on European state spectrum
regulations is 3.28 W, G4 is gain of the tag, 7 is transmission loss and P4 is defined for
each chip. Since UHF tags can store more data and the reading range is much higher than
NFC tags; these are good candidate for inventory systems as only one NFC tag can be

scanned at a time.
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Figure 2-7 Near-field communication and power transfer mechanisms for RFID tags operating at HF frequency

Another microwave approach for sensing is using chipless RFIDs. It is a new research area
for radio frequency identification and sensing which is based on RF resonant components
without any electronics or discreet circuit elements. Chipless RFID tags usually are based
on multi-resonant structures (103), which is compatible with low-cost manufacturing
technologies. In the frequency domain approach, the information is coded in the resonance
peaks or dips in the frequency spectrum. These peaks are related to the resonators in the
structure of the chipless tag. Thus, the presence (or absence), or even the resonance shift at
a particular frequency constitutes the coding element. Therefore, the interrogation signal
required to interrogate the chipless tag have to be wide frequency band signal. Figure 2-8
(a) 1s an example of multi-resonant structure with 35 bits capacity for identification. The
Transmitting antenna (Tx) is horizentally polarised UWB monopole and the receiving
antenna (Ry) is vertically polarised UWB monopole antenna. 35 spiral resonators provide 35
various resonant nulls in the frequency response of the multi-resonant tag as each introduces
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a particular null that is used to encode data. The dimensions of the spirals define each
resonance. The null in the insertion loss (S12) represent “0” and shorted spiral is defined as

“1” for data encoding as shown in Figure 2-8 (b).
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Figure 2-8 (a) Example of chipless tag with frequency signature. (b) Frequency shift of resonant frequency
using shorted spiral (103)
Unlike conventional RFID technologies where an RFID chip is connected to an antenna, the
chipless RFID system comprises of a tag structure (resonator or an antenna) that does not
contain an electronic component and does not follow a standard communication protocol. It
can be read remotely unlike the optical barcode which requires close contact. The chipless
tag does not contain a memory, and the identification is based on to its geometry since it is
based on resonant structures. Chipless technologies have the advantage of being passive, less
expensive, and can be fabricated on a printable flexible substrate suitable for green electronic

application that aim to reduce e-waste.

The principles of operation of chipless RFID tags can be classified based on how the
electromagnetic signature of the tags is generated. A chipless RFID tag can be considered as
a static radar target with a specific electromagnetic signature. To generate the signature, one
can use either the time temporal, frequential or based on a radar imaging principle
approaches where the chipless tag geometric structure provides a specific, even unique,
signature. In case of the temporal signature, a plus position modulation coding is obtained
by connecting a complex load to the antenna. The complex load is usually in the form of

transmission line that creates reflections at certain moments (104).

In the frequency domain approach, the information is coded by the resonance peaks or dips
in the frequency spectrum. These peaks are related to the resonators which consists of the
structure of the chipless tag. Thus, the presence (or absence), or even the resonance shift at

a particular frequency constitutes the coding element. Therefore, the interrogation signal
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required to interrogate the chipless tag should be wide frequency band signal.

Due to the non-conventional reader protocols or a non-standard interrogation technique such
as the use of ultra-wide band RF signals which are not compliant with the RFID frequency
bands regulations, there is a large gap between conventional RFID systems and the chipless
systems. Recent work tried to develop a framework of a chipless wireless system for sensing
in compliance with the standard international regulations (105). The chipless sensor is based
on a C-scattered as the resonant structure designed to resonate in standardized frequency
bands. The idea of sensing for the proposed chipless sensor is based on threshold sensing.
Threshold sensing is ideal for applications that require knowing transition or approximate
ranges of values rather than a precise value. A low-cost reader has been developed using
Universal Software Radio Peripheral (USRP) with GNU radio interface. Other attempt to
reduce the gap between the conventional RFID and chipless is proposed in (105). A compact
structure formed by a single C-scattered with multiple embedded slots designed to respect
the conventional radio frequency (RF) emission regulations. The sensing principle is based
on the detuning of the resonance frequency peaks of the backscattered signal from the slotted

scatterer due to temperature variations.

2.2.2 Self-sensing RFID

Three approaches can be implemented to integrate sensing capabilities into the RFID tags.
The first approach exploits the sensitivity of the RFID tag antenna to the environmental
change in its surroundings (106). The second approach is to use the behavior of the RFID
chip and the variation of its electrical response as function of some external parameters such
RF power, temperature, and humidity. The third approach uses the ability of the RFID chip

to integrate an external sensor or in some cases using RFID chip build-in sensor (107).

In the first approach, sensing can be achieved by studying the variation in the analogue
response (sensing indicator) of the tag as a result of a change in the sensed measurable data
using a reader. In this sensing paradigm, the antenna can be directly considered as the sensor
element without the need for additional components. This change can be observed on several
communication parameters such as frequency tuning, backscattered power or received signal
strength indicator (RSSI), read range, turn-on power, phase rotation, group delay, etc. as
different responses of the RFID in the two modulating states (108). To this purpose, a precise

calibration is needed to measure the sensing metric without the effect of orientation and
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distance of the reader (and other environmental parameters which can affect the
electromagnetic power). In order to do calibration, a reference tag also is included and the
decision is made based on the difference of the backscattered power signal between the
sensing tag and the reference tag. So, the effect of undesired reflections from environment
of the sensing tag can be removed (109).In the second approach, the sensing is based on
exploiting RFID chip internal behavior. RFID chips perform energy harvesting tasks to
generate the required DC supply voltage for its internal circuitry or for external sensor and
channel diversity. Another interesting feature of some RFID chips is the auto-tuning
functionality (110). The antenna of UHF RFID tag as a temperature transducer equipped
with the UHF RFID chip with self-tuning is operating as a very low-power sensor with high
read range and small size (111). The antenna of the tag is taking advantage of the intrinsic
characteristics of the used substrate (dielectric variation) to vary its overall complex
impedance according to temperature. These changes of the impedance of the antenna are
leading the self-tuning internal circuit of the used RFID chip to self-tune itself to have better
impedance matching between the RFID integrated circuit (IC) and the tag’s antenna. This
improves the reading range of the tagBased on the acquired value an estimation of the sensed
temperature can be made (112). The tag ID includes an RFID identifying number (EPC code)
along with sensing codes so the sensed data is available as digits in the EPC code readable
using a RFID reader (110).Figure 2-6 (d) shows an example of commercial self-sensing tag
that can measure humidity wirelessly. The third approach relies on RFID chips with
integrated sensing or with external sensors interfaces (113). External components and
additional circuitry can be added to the main core of an RFID tag, namely readout circuit
units, analog to digital converters and external sensors to achieve a complete sensor platform.
RFID chips with sensors connected through the digital side do not have any modification in
the analog front-end circuit or the antenna. In this case, the external components are
responsible for managing the sensing functions in the tag, while the antenna is used as a
communication interface to transmit the sensor data to the user (114). Figure 2-9 shows an
example of commercial RFID tag with RFID having external sensor circuitry. The device
features a pressure and temperature sensor working in 860-960 MHz band. The reading range

is 2 m according to the manufacturer datasheet.
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Figure 2-9 Example of a commercial RFID sensor-tag (115)

The main advantage of this solution is its compatibility with the current EPC Class 1 Gen 2
standard and its capability to interface multiple sensors, which can be of almost any kind
(limited only by power consumption and response time). Additionally, the electromagnetic
power transmitted by the reader can be exploited to power the tag by means of energy
harvesting, including the external components and sensors (116). The main challenge to
design these components is to meet the supply power and time constraints. In passive
transponders, all steps of sensing, acquisition and data transmission/storage should be done
before the end of communication when the energy ends. The available power to a typical
UHF tag at 4.5 m of distance from reader is around 10 uW, where about 8 uW is consumed
by standard tag circuitry (117). Hence, the power left to supply sensing circuitry is not greater

than 2 uW which is below the consumption of standard sensors.

Recent progress in making devices on unconventional substrates that conform to surfaces
shows a promising future for consumer electronics for human health (118-120) and food (86)
(121, 122) and environmental quality monitoring (123, 124). In the literature, there are

several attempts and examples to design RFID sensors by exploiting this concept.

2.3 Antenna sensor implementations using Metasurfaces

Besides the classes of RFID tag-based sensors, there is an emerging class of metasurfaces
microwave structures that show a promising new way to sensing without the need for discrete
circuit elements. In microwave spectrum, metasurfaces are broadly defined as artificially
engineered planer structures that exhibit electromagnetic (EM) properties which are difficult
to obtain using conventional planar microwave circuits. Unnatural properties associated with
metasurfaces such as negative refractive index and super lenses have attracted a significant

research interest over the last years.
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Figure 2-10 Reflection-less metasurface designed for polarization rotation (125)

Metasurfaces are constructed in terms of periodical patterned structures with a periodicity in
the subwavelength of the guided wavelength. Figure 2-10 shows an example of metasurface
design for polarization rotation (125). Their interesting properties include negative or low
values of permittivity (€), permeability (u), and refractive index (n), which do not exist
naturally in conventional materials are achieved by modulating the behaviors of

electromagnetic waves through specific boundary conditions of the meta-surface.

These properties have allowed the development of new concepts and devices and possible
utilization in many novel applications (126). Demonstration of using metasurfaces in
telecommunications has been presented in (127), through a direct antenna modulator (DAM)
transmitter. Metasurface-based DAM is an emerging technique where a baseband signal is
modulated directly onto a radio frequency (RF) carrier wave using a reconfigurable
metasurface. This technique simplifies greatly the signal transmission and offers a low-cost,
low-complexity solution for the Internet of Things (IoT). Metasurface structures with their
unique properties can be combined with passive sensor elements such as temperature sensing
elements or using the dielectric properties as a transducer. This is a promising technique for
realizing microwave sensor devices with advanced properties. Implementing metasurface on
a flexible substrate can open the door for flexible metasurface sensors for mechanical force
detection. Different examples for metasurface inspired sensors are given. For instance, a
metamaterial inspired radio frequency touchpad sensor system based on two split ring
resonators (SRRs) is proposed (128). The touchpad consists of two SRRs resonating at two
different frequencies. When a finger is placed on first SRR first, its resonance changes due
to electromagnetic coupling between the SRR and the finger, and similarly, for the second

SRR. The proposed touchpad system can detect a finger wearing a glove, in contrast to
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capacitive touchpads utilized in contemporary smart phones.

Metamaterial inspired multi-band planar microwave sensor for aqueous biological samples
has been reported (129). The proposed sensor consists of a spoof surface whispering gallery
mode (SS-WGM) resonator connected to a spoof surface plasmons polariton (SSPP)
transmission line in a special arrangement. The proposed sensor can localize the
electromagnetic (EM) field into a specific region due to its slow-wave propagation
characteristics which enhances the interaction time of the sample under test and hence offers
higher sensitivity. Due to the localization of the EM wave the metamaterial sensor can sense
the small volume of the bio-samples which is essential in aqueous sample due to significant
reduction of the quality factor of the sensor in large aqueous volume. A dynamic metasurface
aperture has been used in indoor motion detection for smart homes. It operates based on
disordered cavities for radio frequency (RF) waves where the perturbation of the
fundamental sensitivity of modes of such cavities is caused by moving objects (130). This
work demonstrated that the use of dynamic metasurface apertures can substantially enhance

the performance of RF motion detection.

Popular metasurface sensor concepts in the microwave regime are based on the classical
split-ring resonator (SRR) structures (131) where the designed antenna uses a metamaterial
in the form of a split-ring resonator (SRR) loading on a radiating patch for non-invasive
blood glucose monitoring. The SRR based tag is combination with dextrin-capped gold
nanoparticles (d-AuNP) as labels decoded at microwave frequencies is demonstrated as a
biosensor for detecting pathogenic bacteria in milk (120) suitable for food supply chain for

the detection of pathogenic bacteria in the liquids.

Another approach for metasurface based sensing is using the metasurface pattern in
combination with transmission line (132, 133). Combining the metasurface with
transmission line adds additional transducing mechanisms for metasurface sensing (134).
One approach to transmission line as a sensor is to monitor the detuning of the transmission
line or line resonator properties due to an external effect. A straightforward implementation
of this concept is designed in a way that the capacitive elements are highly sensitive to

dielectric loading of the structure (134).
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2.4 Materials and Fabrication: challenges and opportunities

2.4.1 Dielectric materials

For any antenna designed for epidermal and wearable applications the flexible substrate
material used needs to have minimum dielectric loss, low relative permittivity, and low
coefficient of thermal expansion, and high thermal conductivity (135). These constraints
guarantee the high antenna efficiency (in different environments) where some exception is
made for miniaturized antennas where the dielectric constant of the substrate needs to be
high (136). Although polymer substrates show a promising solution for flexible antennas and
microwave component, they have higher dielectric loss compared to the rigid substrate
which leads to low efficiency. For example, polyethylene terephthalate (PET) polymer has
dielectric loss (tan 6=0.08) compared to the common commercial rigid substrates such as
Rogers PCB substrates which have a dielectric loss in the order of 10~ or LTCC ceramic
substrates which have a dielectric loss in the order of 10*. One emerging approach to
improve the flexible polymer substrate dielectric loss is by introducing nanocomposites (137,
138). Dielectric improvements can be studied by, forming nanocomposite of polymer and
nanoparticles/wires of low loss dielectric. This approach can improve the performance of the
flexible antenna by reducing the dielectric loss as well as tailoring the value of the dielectric
constant (&) of the composite which is another important parameter in the realization of the
antenna. Recent study showed improvement in the dielectric loss of silicon rubber based
dielectric elastomer by means of nanocomposite of Barium Titanate nanoparticles (BTNPs)
(139) where the surface has been modified by polyphenolic extract from walnut husks. The
results show an enhancement in the mechanical performance of the dielectric composites.
Dielectric property measurement showed that dielectric composites containing walnut
polyphenols modified Barium Titanate particles (WNBT) had higher dielectric constants and

lower dielectric losses than that of the unmodified dielectric.

Polymer materials which are using as a flexible/stretchable substrate are less chemically
stable compared to rigid substrates meaning they could dissolve or swell in organic solvents.
Moreover, any change in physical and chemical properties of substrate materials could fail
the device performance. Material considerations are key element that define which
fabrication technique is suitable for specific application and in some devices, use of hybrid

patterning techniques is required.
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For the fabrication of flexible antennas thin glass (140) is very common choices. Even
though thin glass is bendable to some extent, it has the disadvantage of being brittle. Metal
foils can sustain high temperatures and provide inorganic materials to be deposited on it, but
the surface roughness and high cost of the materials limit its applications (141). This leaves
the polymer materials to be the best candidates for flexible/stretchable antenna applications
because of high deformability and mechanical robustness. Different polymer materials have
been used as substrate. As an example, the thermoplastic semi-crystalline polymers: PET
(142) and polyethylene naphtholate (PEN) (143), the thermoplastic nanocrystalline
polymers: polycarbonate (PC) (144) and polyimide (PI) (145). For applications that
stretchability is needed Polydimethylsiloxane (PDMS), Ecoflex, Solaris, etc. are good
candidates (79). Among these transparent and hyper-elastic polymers such as Ecoflex are
preferred as they show higher viscosity and hence the interfacial bonding between the
substrate and the textile is very strong. Moreover, Ecoflex is an ultra-soft polymer material
with Young’s modulus of 125 kPa, indicating good conformation with human skin in the

case that the device is placed directly on human skin for monitoring applications (146).

2.4.2 Conductive materials

To realize stretchable antennas a wide variety of conductive materials can be explored,
including Ag-PDMS composite (147) and metal nanowires (148, 149), etc. For printed
antenna varoius conductive inks/pastes are available on the market. More recently, the liquid
metal alloys also such as Eutectic Gallium-Indium (EGaln) and Galinstan have been
explored as they are highly deformable and can be processed at room temperature (150).
Further, they could be patterned by lithographic methods (151, 152) and injection of liquid
metal into microfluidic channels (153) to form a flexible and stretchable antenna. Despite
the recent developments in stretchable and flexible conductive materials, poor conductivity
is a bottleneck to deploy these materials in radio frequency (RF) wireless technologies. To
address the challenges CNTs-composite based deformable antennas have been reported (82,
154).

In a different approach, the use of conductive textiles composed of polymer-based fabric
coated with conductive materials such as copper and silver could address the above-
mentioned issues. One of the advantages of using e-textile with high conductivity is
reduced cost of integrating an antenna into garments. Emerging fabrication techniques also
make it feasible to pattern conductive textiles into an antenna shape. For example, antennas
with compound geometries can be fabricated using either computerized sewing machines
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or automated laser cutters. The thread size, woven pattern, and stitch density have an
impact on the appearance and performance of the antenna. By using these fabrication tools,
it is possible to develop textile antennas with significantly enhanced conformability
compared to the traditional rigid antennas made from conventional conductive materials
such as silver and copper sheets.

Patterning conductive textiles using sewing machine and laser cutter is another emerging
method to fabricate antenna in order to improve conformability. The thread size, woven
pattern, and stitch density have an impact on the appearance and performance of the
antenna (79). Due to porosity of textiles, they have low relative permittivity which is
desirable. The distance between adjacent threads should be smaller than the wavelength of
the signal being transmitted through the antenna. One drawback of using conductive
textiles is that they are prone to fraying over time. Instead of using commercial conductive
textiles, it is possible to use conductive threads. By doing embroidery it is possible to
control the direction of current on the embroidered antenna. Moreover, the size of needle
and thread type are other factors which make it easier to tailor the design. The main issue
with conductive threads and textiles is that the conductivity decreases in cleaning
treatments using water and detergents as conductive nanoparticles can be removed during
washing. This is due to poor bonding between the conductive nanoparticles and the textile
yarns (155).Considering all above mentioned, it is feasible to fabricate flexible antennas

(or RFID) which can be integrated to garments and other wearable devices.

2.4.3 Fabrication techniques

This section covers briefly fabrication techniques used in different stages throughout the

thesis.

Photolithography is well established in microelectronic manufacturing over the past 50 years
on rigid substrate, silicon and glass for instance, are adapted with soft electronics as well
(156). However, patterning of flexible material by photolithography is challenging.
Photolithography involves consecutive steps. Figure 2-11(a) shows a common three steps
of lithography process. First step is mask preparation, then usually photoresist is deposited
on substrate and developing photoresist is the next step which is usually involves in high
temperature curing. This process is time consuming and materials usually waste during the
etching process. Besides, these processes involve series of chemical reactions they may not
be compatible with polymers used as substrates. Printing techniques which are emerging in

the last decade can be an alternative for conventional lithography.

47



a) b) s
X \
Substrate
Coat Expose Develop
. <) . . d) Extruder & “Uttimaker
Piezoelectric %
Actuator Iy
Ink !f'.
Nozzle —+ Syringe
&<« Droplet Nozzle
Su Ty - ;
pattern ——————

Figure 2-11 Schematic illustration of some common fabrication techniques along with some relevant printers
for realising flexible/stretchable electronics (a) photolithography, (b) Screen printing method and semi-
automatic stencil-screen printer Aurel C920, (c) Piezoelectric inkjet printing and Dimatix (DMP-2831), (d)
FDM 3D printing mechanism and Ultimaker S5 3D printer.

In application such as RFID or smart packaging, lead time and cost reduction are important
factors, photolithography is not appropriate process. In printing techniques, since deposition
and patterning are done at a same time, lead time is shorter than photolithography. Figure 2-
11 (b),(c),(d) shows the major printing methods compatible with flexible/polymeric
materials which are mainly used in fabrication of flexible/stretchable antennas in the
framework of this thesis. While screen printing is suitable for mass production by using
predefined masks, inkjet printing is non-contact method, depositing ink on a substrate
without using a mask. This is based on drop-on-demand (DoD) technologies that nozzles
only discharge droplets whenever digital signal asks for it (157). In order to achieve high
conductivity usually inks require thermal annealing, which may not be compatible with some
flexible/stretchable substrates. In this regard, a new class of conductive inks which anneal in
room temperature have been developed recently (158). Nozzle clogging, by far, is the most
reported issue in inkjet printing. Besides above mentioned methods, 3D printing of
functional biomaterials is advancing implantable wireless devices allowing in vitro culturing

of cartilage tissue around conductive coil antenna to enable wireless readout (159).

2.5 Summary

The increasing popularity of flexible electronics for wearables had led to increase the
demands on integrating as many electronic components as possible for sensing and

communication. This resulted in a huge complexity in both the design, realization, and
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operation of the wearable device. As one flexible sensor node became a big lump of multi
sensor devices, electronic interconnections and wireless devices the need to reduce this
complexity became indispensable for further advance the flexible electronics design and
applications. In this regard, recent advances in the areas of antenna sensing with the
incorporation of smart materials show a promising solution that can open the door to the
implementation of a smart sensor node where some of the sensing and identification

functionalities can be done through either the smart material or the geometry of the device.

This chapter has presented the recent trends in antenna sensing with the aim of taking
advantage of the antenna as sensing element for flexible and wearable applications. General
classification of RFID tags, principle of their operation, and methods to design self-sensing
RFID tags have been discussed as well. Different methods of transduction mechanism were
presented. Since the antenna transduction requires sensitive/functional material to be able to
respond to stimuli, an overview of smart sensing materials appropriate to a particular
stimulus was detailed. Moreover, a reflection on some of the implementation for future
improvement on the performance of flexible sensing antennas has been presented. According
to the framework of this thesis, some materials which are commonly used in fabrication of
flexible electronics have been introduced. Also, briefly the most common fabrication

techniques for realization of flexible electronics have been presented.

49



Chapter 3. Near-Field = Communication  based

sensing tag:

3.1 Introduction

The development of customizable, inexpensive, mass-producible, environmentally friendly
smart RFID tag is on high demand for various applications such as health and food quality.
As it was established in chapter 2, one method to develop sensing RFID tag is to integrate
internal/external sensors to the conventional RFID tags which originally are used for
identification. This chapter presents design, simulation, fabrication and characterisation of
screen-printed NFC tag. The developed sensing tag is integrated with some sensor as it will
be described later in this chapter to demonstrate sensing capability of the tag in two
applications: (i) The tag along with the sensors were integrated to a wound dressing and
wireless sensor reading carried out though NFC enabled smartphone using the developed
smartphone application for powering the system as well as real-time sensor data acquisition.
(i1)) An LED is used as an indicator to check temperature and strain in food packages
(qualitive measurement) which can be useful for any NFC enabled smartphone users without

need for a particular smartphone application.

3.2 NFC antenna design, simulation and fabrication

The NFC tag consists of a NFC RFID chip and an antenna. The typical NFC antenna is a
planar loop (coil, Lant) consisting of some turns of conductive traces. The NFC transponder
chosen for this work is the RF430FRL152H a programmable 16-bit MSP430 low-power
microcontroller based integrated circuit (IC) from Texas Instruments (Dallas, Texas, USA),
that includes an internal capacitor (Cin) of 35 pF (160). According to the equation (3-1) to
achieve a resonance frequency at 13.56 MHz compatible with NFC technology the
inductance of the coil should be 3.94 pH but to reduce size of the coil we decided to use a
tuning capacitor (Cext= 39 pF) parallel to the coil thus inductor should be Lane = 1.8 pH. The

quality factor (Q) of the coil antenna can be calculated from equation (3-2) where R, is the

! Design, simulation, fabrication and characterization of all printed NFC tags were carried on by F.
Nikbakhtnasrabadi.
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antenna resistance at resonance frequency (13.56 MHz).

1

fref = m ol
0= _ Rant (3-2)

2nfref Lant

For the initial design of the planar inductor, the Grover Method (161) was used on the basis

of the following equation:

Lone = Lo+ XM (3-3)
where M is the mutual inductance between each of the antenna segments and L, is defined

as per the following equation, being s the number of segments and L; the self-inductance of

each one:
Lo =Y L (3-4)
On the basis of the Grover Method, the inductance of an antenna with square coils was

estimated as:

d
1+Kyp

Lont = K1ﬂ0N2 (3-5)

where p, refers to the vacuum permeability (47 X 10~7 H/m); N is the number of turns; d
is the average coil diameter defined as d = (d,y; + d;,)/2; p is the fill ratio calculated as
p = (dout — din)/ Aoyt + din); and K; and K, are non-dimensional coefficients that
depend on the antenna layout (e.g., square, hexagonal, octagonal, etc.). For our squared-

shape antenna, K; = 2.34 and K, = 2.75 (162).

Advanced Design System (ADS) simulator (Keysight Technologies, Santa Clara, CA, USA)
is used to obtain final dimensions and turns of our antennas. Four designs have been
considered as it is shown in Figure 3-1. The simulation results are shown in Figure 3-2. The

sheet resistance of the silver paste was considered 95 m€/sq in simulations.
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Figure 3-1 The layout of designed NFC tag.
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Figure 3-2 Simulated results of four planar inductors. The target value for inductance was 1.8 pH.

Designs were screen-printed on various flexible substrate using silver paste (PE872, Dupont,
UK) and characterised using an Agilent 4294 A Precision Impedance Analyzer and a 42941A
impedance probe kit fixture (Keysight Technologies, Santa Clara, CA, USA). A semi-

automatic screen printer (model C920, Aurel Automation, Italy) was used for printing. After
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printing they were cured at air oven 90 "C for 30 mins. The geometry, simulated and

measured value of the inductors are summarised in Table 3-1. w and s stand for width and
space between conductor tracks respectively. The resistance value of each one-layer printed
inductor and quality factor are also included. The fourth design which has the narrowest
printed tracks did not behave as an inductor with the predicted value. This could be due to
density of the tracks means that 0.2 mm interspace between tracks is not a right space even
though the simulation shows that it can create 1.83 pH inductance. Among the three other
designs, the second one which was a square-shaped inductor with 29 mm length shows the
highest quality factor so we continue with this design, increasing the number of printed layers

to achieve the maximum quality factor.
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Figure 3-3 (a) Dimensions of the designed NFC tag antenna. (b) Frequency response of the screen-printed NFC
coil before bounding a chip and electronic components (c) Frequency response of the NFC tag after bonding a
chip and external capacitor. (reproduced from (163)) (d) Effect of increasing number of printed layers on the

quality factor of the printed planar coil.
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Table 3-1 Geometries and simulation (Sim.) and measured (Meas.) values for the inductors.

Design No.of Length Width L L R Q
No. Turns (mm) (mm) ands  (Sim.) (Meas.) (Meas.) (Meas.)
(mm)

1 6 44 44 1 1.83 1.82+ 68.28 £ 4.2 1.93 +
0.17 0.013
2 7 29 29 0.5 1.83 1.78 £ 46.32+3.5 2.13 £
0.11 0.011
3 7 26 26 0.4 1.79 1.79 + 71.22 +3.95 1.6 +
0.13 0.011

4 8 19 16 0.2 1.83 - 124.53 £5.1 -

Figure 3-3 (b) and (¢) show the frequency response of this antenna before and after attaching
the Cext and the NFC transponder respectively. A 1.78 £ 0.11 pH at 13.56 MHz was achieved,
close to the simulated inductance value. The measured quality factor at the same frequency
was Q= 2.13 £ 0.071. Increasing the number of printed layers has improved the quality
factor as it is shown in the Figure 3-3(d). Printing three layers has increased the quality
factor to 4.73 and it was not practically possible to increase it further because adjacent tracks
were merging. This effect is like coffee-ring effect in inkjet printing which states that a new
layer of printing spread slightly and make a wider line compared to the previous printed

layer. So, three layers of printing was the optimum value we could achieve.

3.2.1 Challenges in electrical bonding and mechanical stability

It is worth mentioning that first we demonstrated the application of the NFC RFID tag for
health and food quality monitoring by integrating the NFC transponder and antenna on a
rigid FR-4 substrate in (164, 165) and then on flexible polyimide substrate in (166, 167).
Figure 3-4 (a), (b) shows these two versions. However, both the rigid and flexible tags

developed earlier, followed the conventional copper etching method used for standard PCBs.
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Figure 3-4 The NFC transponder based (a) rigid, (b) flexible, and (c) screen-printed smart tag.

This approach leads to generation of electronic waste (e-waste) due to the unused etched
copper. This could be overcome by additive manufacturing (AM) route, which has been used
to develop different types of NFC smart tags (168, 169). This approach commonly uses Thin
Shrink Small Outline Package (TSSOP) for electrical bonding of NFC chips. However,
electrical bonding of the SMT Integrated Circuits (ICs), resistors, capacitors is still
challenging as the mechanical stability of the adhered components is not comparable with
the rigid and flexible copper-etched tags. Moreover, there is no literature which has described
the challenges for mounting the VQFN (Very thin Quad-Flat No-leads) packaged SMT
components on the screen-printed tags. Figure 3-4(c) shows our final screen-printed tag,
designed after optimizing the antenna structure, substrate and electrical bonding materials.
The selection of suitable substrate and adhesive materials are discussed in the following

section.

(a) (b) (c)

Figure 3-5 The NFC transponder IC: (a) The overall size of the chip including dimension of the pins and
distance between them, (b) ground plane is mounted on the printed layer of the smart tag, and (c) spread of the
silver paint after curing. (Courtesy: The bonding for screen-printed tags was led by Dr. Moupali Chakraborty)
The substrate was first chosen as polyester with 70 pm thickness, and silver patterns of the
earlier designed circuit is screen printed on it. The NFC transponder RF430FRL152H (170)
is a VQFN packaged 24 pin tiny chip with the dimension of 4 mm x 4 mm and with a spacing
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of 0.25 mm between the two consecutive pins as shown in Figure 3-5(a). Since this package
has a high contact area compared to leaded surface mount components the mechanical
robustness is higher when the chip is attached to the substrate. At first, silver paint is used as
the adhesive to bond the IC on the silver pattern. As the adhesive in semi liquid state, small
misalignment in the mounting process of the IC could result in an erroneous connection
between the printed patterns. To overcome this issue, the ground plane (Figure 3-5(b)) of
the NFC transponder is mounted efficiently by depositing a little amount of conductive
adhesive like silver paint (16) with the help of a needle on the substrate, and thereafter cured
at 80 °C. However, the paint spreads at the time of curing and makes an undesirable

connection between the pads of the IC. Figure 3-5(c) shows the spread of the paint.

To overcome this issue, silver filled conductive epoxy (171) is used and as it is more viscous
than silver paint, the spread of the adhesive is eliminated. However, electrical bonding of the
pins of the VQFN-packaged IC with the adhesive is one of the big challenges. Each pin is
0.25 mm apart from the consecutive pin, thus, they need to be connected to the printed pattern
under the microscope. Manual deposition of the adhesive with the gap of 0.25 mm distance
is extremely crucial. Even after the efficient deposition on the substrate as well as on the wall
of the IC, deposition of the epoxy at the junction of the IC and the substrate was not fully
achievable. Apart from the that, another challenge can be seen as the mechanical stability of
the bonding with the conductive adhesive. The small SMD (0603 packaged) parts like
capacitor can be bonded strongly (Fig. 5), however, the electrical bonding with the IC is not
robust enough to sustain the rough handling. Bending of the substrate can detach the IC from

the printed pattern and may damage the printed layout permanently.

The above-mentioned challenges can be overcome by using Sn42/Bi57.6/Ag0.4 low-
temperature solder paste, where hot air at temperature of 138 °C is used to melt the solder
paste to build the electrical bonding. However, the Polyester (70 um) substrate cannot sustain
in more than 80 °C temperature. These challenges lead to the matt photo paper substrate (120
gsm) which can sustain the melting temperature of the solder paste. The solder paste provides
a strong mechanical stability of the IC with the paper. Besides, the paper also has the
advantage of being biodegradable.

In this process, solder paste is added on the ground plane of the IC, then IC is aligned
precisely, and hot air is blown over it at 140 °C temperature. Once the ground plane is fixed,
a little solder paste is applied uniformly in each side of the square IC and there is no need of
applying solder paste in each pin of the IC. Because of the hot air, the solder only makes the
bonding with the silver tracks, not with the paper substrate, thus minimizes the probability
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of shorting consecutive pins of the tiny IC. The hot air should be blown perpendicular to the

IC, otherwise the chip shifts its place and makes an unwanted connection between the tracks.

3.3 Antenna Characterization

Tagformance Pro HF is used to characterise the paper based printed NFC tag (Figure 3-6
(a)). The equipment works like a vector network analyser to measure the effect of the
designed NFC tag on the input impedance of a reader antenna. The reader antenna was

Voyantic C60 antenna which is a loop (diameter 60 mm) antenna with 4 turns.
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Figure 3-6 (a) Tagformance Pro setup to characterise NFC tags (b) Normalized input impedance of the reader
antenna with and without present of the printed tag on the lifter. (c) Reading range of the printed tag at resonant
frequency (13.56 MHz) and a range of frequency round this value (12-16 MHz) covering a part of HF band.
(d) Sensitivity of threshold power to distance between the tag and the reader antenna.

When no tag is in the vicinity of the C60 the quality factor of the antenna is 38.1. The input
impedance of the reader antenna is measured with and without presence of the tag in its

proximity (Figure 3-6(b)). The peak of impedance happened at 13.6 MHz very close to
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13.56 MHz which is the frequency the tag was designed for. The reading range of the tag in

practice is shown in Figure 3-6 (¢) when the output power of the reader set at 0 dBm.

The threshold power (Ps) is measured to provide information about sensitivity of the tag to
the distance from the reader antenna. To do so, the tag was placed on the lifter to adjust the
measurement distance. During this measurement, the tag communicates with the reader
while the distance between the tag and the reader is increasing from 16 mm to 45 mm. As it
is shown in Figure 3-6(d) the threshold power increases as the lifter goes up. The initial
output power was 0 dBm and frequency was swept from 10 MHz to 20 MHz with 10 kHz
resolution. The lowest output power in each distance happened at 13.6 MHz which is the
optimal operation frequency of the tag. In the case that an NFC enabled smartphone is using
as the reader the power that the phone can provide to this unit defined the reading range of

the tag.

The data of the transponder RF IC is sent back via RF signal in a process called load
modulation. Load modulation takes in the alternation of the antenna load that leads in a
change of the backscattered signal. Figure 3-7 shows the relation between the variation in
Pw and the load modulation of the printed tag at 13.56 MHz at 16 mm distance from the
reader. It shows the threshold of transmitted power to have the strongest modulation. The
load modulation also is function of magnetic field intensity (Figure 3-7) of the tag to
evaluate the tag performance on all power levels to find the optimal power level to

communicate with the tag.
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Figure 3-7 Threshold power of the printed tag as a function of magnetic field intensity and load modulation at
13.56 MHz
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3.4 NFC tag for sensing applications

3.1.1 Sensing NFC tag as smart bandage?>

The circuit and system-level block diagrams of the developed smart bandage system are
shown in Figure 3-8(a),(b) respectively. The fabrication and characterization of
microfluidic strain sensor and the resistive temperature sensor were presented in our article
(166). Both sensors are based on conductive poly (3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) polymer. The sensors and NFC tag were integrated on wound
dressing to obtain a wearable system. Since both sensors were flexible, the realised bandage
was fully flexible suitable for healthcare application such as assessment of wound status or
respiratory diseases where wireless monitoring via wearable strain (e.g., respiratory volume)
and temperature sensors is critical. The sensors can be operated and read from distance of 25
mm with a user-friendly smartphone application developed for powering the system as well

as real-time acquisition of sensors data.

The designed antenna was connected to the RF analog front-end of the chip using ANT1 and
ANT?2 pins. The interface between the sensors and the RF430FRL152H transponder was
done through a resistive sensor bias interface, which makes use of an internal 14-bit sigma-
delta analog-to-digital converter (ADC) and a Programmable Gain Amplifier (PGA)
featuring a very high-impedance input and a programmable gain combined with full offset
compensation, very low offset drift, and low noise. As shown in Figure 3-8(a), a voltage
divider was implemented as the conditioning circuit for the strain sensor. One end of the
resistor R; was connected to VDDSW, a regulated output voltage of V44, ~1.5V with a
current up to 450 pA that the chip is able to provide under an adequate EM field from the
RFID reader. The other end of R; was connected to the strain sensor (Rgt-qin) and one of the
analog-to-digital converter inputs (ADCO0). The other terminal of Rg;-q;, Was grounded to
SVSS with the virtual ground setting enabled on the chip. Using this option, the voltage at
SVSS is raised to approximately 125 mV to prevent minor errors due to the non-linear

behavior of the ADC near the ground.

2 This subsection is adopted from publication #5
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Figure 3-8 Circuit (a) and system-level (b) block diagram of the developed smart bandage for wireless strain

and temperature monitoring (166).
The temperature sensor (Riemp) Was connected between ADC2 and SVSS. To get more
accurate temperature measurements, a reference resistor (R = 100 k) was also used and
connected between ADC1 and SVSS. The temperature measurement approach was different
from the strain sensing in that a current source was applied to the temperature sensor (ADC2)
and reference (ADCI1) pins to determine their resistances. Typically, an output current of
~2.4 nA is applied by the chip to both pins according to the specifications, but the exact
amperage of this current source can vary from part to part. Using the R,..; known resistor,
the accurate current level driven through both pins can be determined, and thus a precise
voltage calculation can be performed. For the sampling of both sensors, a digital decimation
filter was programmed after the 14-bit sigma-delta converter to achieve noise reduction. It

consisted of a cascaded integrator-comb (CIC) filter whose decimation ratio was
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programmed to 256. This resulted in a conversion time of 128 ms, which was quick enough
for our application. The chip was programmed to sequentially sample the voltage values at
the three ADC pins, storing them in specific locations of the FRAM. Those memory locations
were then accessed by the SensAble application (developed by Dr. Pablo Escobedo) through
NFC commands, and the voltage values were converted to strain and temperature values
using the abovementioned calibrations. To develop the program that conducts the readout
routine in the chip, Code Composer Studio (CCS) version 7.4 was used. The firmware was
uploaded to the RF430FRL152H ROM using Over the Air programming (OTA) through a
TRF7970A RFID reader from Texas Instruments.

As conditioning stage for the strain sensor acquisition, a voltage divider circuit was
implemented whose output was connected to one analog-to-digital converter input (ADCO).
The calculation of the actual voltage present on the ADCO was done using equation (3-6):

ADCodata
2143

xX09V

Vstrain -

(3-6)

Gpga

where ADC)y data is the value stored into memory by the ADC, Gpg4 is the gain of the
Programmable Gain Amplifier (PGA), and 0.9 V is the upper rail of the ADC, whether the
virtual ground is enabled or not (full voltage swing is from 0 V to 0.9 V). In our case, no
amplification was needed for the strain measurements (Gpg4=1). The value of R; in the
voltage divider was selected considering the resistive characterization of the strain sensor to
accommodate the output of the voltage divider within the input range of the ADC. A value
of Ry = 130 kQ was selected to harness the full span of the ADC up to 0.9 V after
considering the resistive values that can be obtained from the strain sensor. The internal ADC
of the NFC chip has 2! = 16384 possible output codes or steps, meaning that the resolution
15 0.9V/16384 =55 uV per step. Considering a resistance range up to 180 k€ as per the strain
sensor characterization, this means that the ADC is able to detect resistance changes with a
minimum resolution of ~11 Q, which is good enough for the given application. Figure 3-
9(a) shows the output voltage of the implemented divider (i.e., the input voltage of the
ADCO) as a function of the strain resistance value. Once this voltage was acquired by the

ADC, the resistive value of the sensor can be directly calculated as:

_ Rstrain _ Vstrain
Vstrain — Yvddsw R+R ] = Rstrain - Rl v v ] (3'7)
11t Rstrain vddsw—Vstrain

For temperature sensing, the sensor (Rtemp) Was connected between ADC2 and SVSS. and
a reference resistor (R,.r = 100 kQ) was connected between ADC1 and SVSS. The
voltages present at inputs ADC1 and ADC2 are computed within the microcontroller in a
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similar way to that presented in Equation (3-7):

ADC1idata ADC2data
xX0.9V —_—

xX0.9V

2143 2143

Vier = (3-8)

» Viemp =

Gpga Gpga

From the reference voltage, the exact current value driven through both pins can be

determined as:

VT@
lout = 7or (3-9)

Finally, the resistance value of the temperature sensor can be obtained as:

Vem
Riemp = e (3-10)

lout

Equation (3-10) shows another way to directly calculate the sensor resistance by combining

the previous expressions:

__ ADC2result

Rtemp " ADC1lresult X Rref (-11)

Afterwards, the actual temperature value was calculated from the resistance value as per the
calibration presented. Figure 3-9(b) shows the temperature voltage Viemy, as a function of
the temperature sensor resistance Riey,. For the temperature measurements, the gain of the
PGA was set to the maximum possible value (Gpc4=8) to increase the resolution at full-
scale. Therefore, the maximal full-scale range, in this case, was reduced to Vi =
Vrer X (1/Ggpa) = 0.9V X (1/8) = 0.1125 V. Considering the 16384 possible output
codes of the ADC (14 bits), the resolution is, therefore, 0.1125 V/16384 = 6.9 uV per step.
Considering the resistance range associated with the temperature variations, this means that
the ADC can detect resistance changes with a minimum resolution of ~10 m€, which is
translated to 0.88 °C in terms of temperature. This detection limit is lower than the minimum
difference between two detectable consecutive temperature values that can be obtained by

the sensor.
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Figure 3-9 (a) Output voltage of the implemented voltage divider (Vuqin) as a function of the strain sensor
resistance (Rsuain). (b) Temperature voltage (Viemp) as a function of the temperature sensor resistance (Riemp)
considering a typical output current of 2.4 pA applied to the ADC2 pin (166). Reproduced from (166).

The typical reading distance of an NFC tag is between 1 cm and 5 cm if the tag is scanned
with a mobile phone as a reader. Several factors can affect the performance, including the
technology within the NFC chip, the tag antenna size and design, the tag quality, and the
reader antenna. In flat position and with the Xiaomi Mi6 smartphone used in this work
(Xiaomi Inc., Beijing, China), a maximum vertical reading distance of 43 mm was achieved.
Although the previous results were taken off-body, no major differences were observed in
the reading distance when the tag was attached to different human limbs. For instance,
maximum reading distances of 41 mm, 38 mm and 25 mm were measured with the tag

attached to a thigh, a wrist, and a thumb, respectively.

Finally, the smart bandage was tested as a proof of concept on a medical anatomic mannequin
for wireless monitoring of chest expansion and contraction during respiration using the strain
sensor (172, 173). This can be of interest for wireless assessment of respiratory diseases such
as asthma. For that purpose, the smart bandage was placed on the chest of a cardiopulmonary
resuscitation (CPR) manikin, as observed in Figure 3-10(a). The CPR manikin was used in
conjunction with GlasVent, which is a low-cost, emergency, DIY (Do it Yourself) ventilator
developed by our group (174). As shown in Figure 3-10(a), GlasVent is an automated
version of manual resuscitator device commonly known as bag mask ventilation (BVM or
AMBU bag), which is widely used by clinicians prior to initiating the mechanical ventilation.
With the smart bandage fixed to the chest, respiration could be wirelessly monitored using
the SenseAble app by the upward and downward slopes of the relative resistance associated
with inhalation and exhalation (chest expansion and contraction), as observed in Figure 3-
10(b,c).
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Figure 3-10 (a) Experimental setup for the wireless monitoring of chest expansion and contraction during
respiration using the smart bandage and the GlasVent ventilator in a medical CPR manikin; (b) Sensor response
over time measured by the smart bandage associated with the inspiration and expiration cycles during
respiration. In this case, the resistance of the strain sensor was normalized to the maximum resistance obtained
during the chest expansion due to inhalation; (c¢) Detailed view of one breath cycle consisting of two-time

components, i.e., inspiration (I) and expiration (E). (166)
3.1.2 Sensing NFC tag for qualitive food monitoring3

In most food packages, the presence of undesired gases could indicate the loss of quality and
shelf-life of the food, as they originate from the oxidation of the content or the microbial
growth (175). While spoilage can take many forms, inflated or swollen food packages serve
as the beacon of microbial contamination. This is known as Blown Pack Spoilage (BPS)
(176). In vacuum-packaged meat, BPS is mainly caused by Clostridium estertheticum and it
is characterized by the production of large volumes of gas (mainly carbon dioxide, CO»),
which result in severe distention of the packaging (177). Therefore, swelling might be an
initial sign of harmful bacterial activity within the food package, leading to discoloration,
nutritional loss, and final spoilage (178). In the literature, the vast majority of food
monitoring methods are based on measuring the gas concentrations emitted from food in a
container, thus utilizing chemical sensors (179, 180). In this case, our proposed smart sensing
tag detects strain and temperature to monitor packaged food quality (167). In the particular
case of RFID/NFC tags for temperature/strain sensing (181-183), the use of physical sensors
to detect the distention of the packaging as a result of BPS is lacking in the current state of
the art. In this context, the bulge in a food package can be detected using an appropriate
strain sensor integrated with it. Temperature is another crucial factor in determining the
shelf-life of food products. Temperature alterations can provoke the growth or survival of

food-spoilage microorganisms and bacteria (184). Although there can be several other

3 This subsection is adopted from publication #4
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parameters (e.g., chemical parameters such as pH) to evaluate the food quality, temperature
and strain are two critical physical parameters that can indirectly help to evaluate the quality
of food thus, the sensor tag presented here (Figure 3-11(b)) consists of strain and

temperature sensors only. The sensors are similar to the one which were used in previous

section.
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Figure 3-11 (a) Schematic circuit diagram of the passive NFC tag for strain or temperature sensing. The sensor
is connected in series with an LED indicator whose intensity is modulated according to the sensor value. (b)

Overview of the smart label with NFC-based sensing system. (167)

The response of the sensors at different temperature/strain conditions can be quantified and
displayed using standard seven segment displays. However, for food packaging applications

the exact values of temperature or strain are not always needed, as often the goal is only to
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identify if the food is stale or not. Given this scenario, a simple indicator to warn only when
the packed food is stale can be more cost-effective. For this reason, the smart tag presented
here includes an LED connected in series with the developed resistive sensors (see Figure
3-11(b)). The varying resistance of sensors modulates the light intensity of the LED
indicator, thus allowing the user to detect the state of food in a visual way. The NFC tag
serves as the energy harvester to power the whole tag, thus allowing its operation using any

NFC-enabled smartphone.

The developed NFC tag and sensor along with a LED were integrated as shown in Figure
3-11(a)). Apart from them the external capacitor, some other passive components were
integrated as well. The sensors response was correlated with the intensity of the LED, which
acted as a visual indicator. Upon introduction of the reader (NFC-enabled smartphone), the
LED glowed and its intensity was related to the amount of strain experienced by the sensor.
In this case, the NFC antenna was acting as the energy harvester for the whole tag. The
change in the intensity of the LED was visible and distinguishable visually. However, for
characterization purposes, the intensity of the light was measured using a lux-meter mobile
application for the different strain conditions. As a semi-quantitative system, the presented
solution is apt for large scale deployable packaging tags. Figure 3-12(a) shows the light
intensity of the LED connected in series to the sensor for different strain values. The intensity
of the sensor decreased significantly when the sensor was in a bent condition, which could
be the case for a faulty or inappropriate packaging. The brightness of the LED was highest
(~67 Lux) for relaxed or no strain condition, whereas the intensity was significantly low (~8
Lux, causing the LED to be virtually off) for the highest strain condition. Figure 3-12(a)
also shows a decrease in the intensity of the LED brightness with the increase of the bending
angle. Similar to the mentioned above case, the optical intensity response of the temperature

sensor is shown in Figure 3-12(b).
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Figure 3-12 (a) The intensity of the LED (¢) with strain on the sensor due to different angle of bending (9).
(b) Optical intensity (¢) of LED due to different temperature (T). Adopted from (167).
As a proof of concept, the potential applicability of the proposed NFC-based strain sensor
has been tested on a meat package for the detection of BPS, as illustrated in Figure 3-13.
For this purpose, it was first checked that the LED was ON with maximum brightness upon
approach of an NFC-enabled smartphone when the meat was fresh and suitable for
consumption (i.e., the package was not inflated). Afterwards, the meat package was kept in
a non-refrigerated atmosphere to accelerate its spoilage. A few days later, the package started
swelling due to the BPS effect. After the distention of the meat package caused by the
spoilage, the LED did not turn on anymore upon approach of the reader smartphone to the
tag, since the strain sensor resistance had increased upon bending, which indicated that the

meat was unfit for consumption.
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Figure 3-13 Example of the application showing the NFC strain sensor tag attached to a food package for meat
spoilage detection. The LED will be ON if the product is suitable for consumption, or OFF if the food is unfit

for consumption (163).
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This simple experiment shows the possibilities of the proposed sensing tag, thus opening
new avenues in this field. While the simplicity of the resistive-based sensing mechanism
does not provide a quantitative correlation between the sensor response and the exact
spoilage status, the threshold detection is enough for the proposed application in the field of
BPS. This simplicity allows, on the one hand, the use of any NFC-enabled smartphone as
energy harvester without the need for an ad-hoc application. On the other hand, the NFC
chip does not need to include any internal Analog to Digital Converter (ADC) module,
making the design compatible with a wider range of commercially available NFC chips,

which usually do not incorporate any type of sensor front end interface.

Similar to the strain sensing arrangement, the temperature sensor was also connected in
series with the LED indicator. Similar to the previous case, the NFC link acted as an energy
harvester, i.e., the antenna was used to provide power to the tag upon approach of the reader.
The resistance of the fabricated temperature sensor decreased with the increasing
temperature. Hence, for a higher temperature, the optical intensity of the connected LED
increases. In the presence of an NFC reader, the intensity of the LED varies depending on
the temperature. The intensity at 70 °C was measured to be ~42 lux whereas the intensity
was ~14 lux at room temperature (~25 °C). This sensor also can show in a semi-quantitative
way the temperature of any package.

RRef

Thermistor

Figure 3-14 Temperature sensing NFC tag utilising off the shelf component as sensor

The PEDOT PSS based temperature sensor was replaced by a 100 kQ thermistor (Panasonic
Negative Temperature Coefficient) as well as shown in Figure 3-14. A reference resistor

(Rrer =100 kQ) was connected between ADC1 and SVSS for calibration purpose to

increase accuracy of the reading. In this case, the thermistor can function accurately from -

40 °C to 125 °C and provides accurate measurements within 0.5 °C.

3.2 Summary

This chapter presents the development of NFC based sensing tag, using the capability of the

NFC RFID chip to integrate an external sensor to achieve a complete battery-less sensing
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platform. The main purpose of this work is to fabricate a cost-effective NFC sensing tag
which is suitable for green electronic applications as degradable substrate. Additive
manufacturing technique (screen printing) was implemented to reduce material waste (e-
waste) associated with conventional copper etching for standard PCBs. Moreover, paper as
low cost, easy to recycle and biodegradable substrate was chosen to reduce the cost of each
tag. Different substrates have been used in order to realize the sensing tag. Paper was the
best choice for realization of printed flexible tag as mechanical bounding of the chip on
flexible substrates is challenging. Two flexible resistive sensors developed in the group were
integrated to the NFC tag. The temperature and strain values of those flexible sensors were
converted to voltage values and reading carried out by NFC enabled smartphone. The circuit
layout was tailored by adding a LED as an indicator to monitor temperature and strain of

food packaging.
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Chapter 4. Antenna sensing using functional

materials-

4.1 Inductor-Capacitor Resonant Tank based Printed Wireless

Pressure Sensor on Electrospun Poly-L-lactide nanofibers

4.1.1 Introduction

In chapter 3, a conventional NFC tag structure was presented consisting of an inductive coil
and a capacitance in parallel configuration. The capacitor was used to adjust the resonant
frequency of the LC circuit in order to be 13.56 MHz compatible with NFC protocols. In
some application such as epidermal and implantable wireless devices it is desirable to
eliminate any electronic components such as a package NFC chip and surface mount
capacitor. Besides, the IC increased the cost of each tag. To this end, a chipless LC circuit
can be a reasonable alternative. The chipless LC tank consists of an inductor (L) to
communicate to the reader through magnetic coupling and a planar interdigitated capacitor.
The capacitor is a replacement for the off-the-shelf capacitor where it is sensing element as

well because it is printed on a sensitive substrate (PLLA).

In this work, an interdigitated capacitive (IDC) sensor is developed on electrospun PLLA
nanofibers-based substrate and connected in parallel with a planar inductor forming a LC
circuit to realise wireless pressure sensor. The LC circuits is designed to resonate at 13.56
MHz. The IDC configuration of the sensor offers long stability, high accuracy, and lower
power consumption with respect to typical parallel plate capacitors (PPC) (185, 186). The
PLLA nanofibers-based substrate used here, to realise the IDC capacitive sensors, offers
better conformal contact with the skin and improves sensitivity under the pressure due to its
piezoelectric property. It provides a direct interaction between the sensing elements and
environment (74). Moreover, due to the uni-polarization of PLLA nanofibers during

electrospinning, change in the permittivity of the dielectric layer is expected when the

4 Section 4-1 is extracted from publication #2 where F. Nikbakhtnasrbadi is the main contributor. The
simulation, fabrication and characterization of the LC tank were carried out by F. Nikbakhtnasrbadi. Section
4-2 is extracted from publication #3 where characterization and simulation were carried out by F.
Nikbakhtnasrbadi.
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external stimuli are applied, which allows linear responses of capacitive response over a
wide range of 0-16 kPa. This pressure range is of the same order as one used in commercial
bandages for compression therapy and therefore, we have integrated the presented LC tank-
based sensor on a compression bandage to demonstrate its potential use in the online
monitoring of sub-bandage pressure. The application of optimum pressure by the bandage,
together with the electroceutical arrangement facilitated by the piezoelectric PLLA substrate,

could accelerate the cell regeneration and hence wound healing.

The wireless mechanism of presented sensor is based on inductive coupling in near field
region. Applying an external pressure leads to changes in the capacitance of IDC on PLLA
substrates, and thus the resonant frequency of the LC circuit is altered as a function of applied
pressure. The sensing data is encoded through backscattering power without using an IC to
record and process data. The electrospinning and screen-printing, used here to develop entire
sensor, offers a unique possibility for low-cost and mass production of devices with high

reproducibility.

4.1.2 Sensor design and fabrication

Initially, the LC tank was simulated using the Advanced Design System (ADS) momentum
simulator (Keysight Technologies, Santa Clara, CA, USA). Figure 4-1 shows the schematic
of the parallel LC tank. The dielectric constant of the nanofibers substrate was calculated as
3.5 in simulation for frequency of 13.56 MHz. However, the dielectric constant was almost
constant in the frequency range of 10-14 MHz. Square-shape PPCs with 1 cm dimensions
and dielectric layer of the nanofibers with the thickness of 40 pm were printed to measure
the dielectric constant. The approximate thickness of printed layers and surface roughness

were considered in the simulation. Table 4-1 shows the physical dimensions of the LC tank.
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w = 0.5 mm w = 0.4 mm
s = 0.4 mm s =0.3 mm

N=15

20 mm

Figure 4-1 Schematic of the parallel Inductor-Capacitor tank.

Table 4-1 Physical dimensions of the IDC and planar inductor

IDC Inductor

Parameter Value Parameter Value
(mm) (mm)

Length of fingers 20 Width of line 04

Width of fingers 0.5 Spacing 0.3

Number of fingers 40 Number of 15

turns
Interspacing 04

Figure 4-2 shows the fabrication steps for realising LC tanks using screen printing.
Commercial stretchable silver paste (PE873) (Dupont, UK.) with a sheet resistance of 110
m{)/sq was used to print planar LC tank, which consists of a rectangle inductor connected in
parallel to an IDC. A bridge was also printed separately to make a connection between both
ends of the inductor. The silver paste has good electrical conductivity in DC and high-
frequency range and can be printed and cured over various polymeric substrates at low
temperatures (i.e. 100-160 °C for 2-10 mins) as per the supplier datasheet. The
electrospinning method allows fabrication of a thin membrane of well-aligned PLLA
nanofibers. The membrane is highly flexible and has a porous structure that can interact well
with soft human tissue because of conformability, breathable and non-toxic character. The

preparation of PLLA nanofibers will be explain in following section. The silver paste used
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in this work, also has an appropriate viscosity to establish good adhesion with the nanofibers
after thermal curing. The IDC pattern was printed on the nanofibers, whereas the inductor
was printed directly on a PI sheet. Since the nanofibers have piezoelectric properties, only
IDC is printed on PLLA nanofibers membrane to develop the pressure sensor. The inductor
was printed on the PI sheet to isolate it from the electric charge generated by PLLA
nanofibers. Thus, the effect of pressure on the performance of the coil antenna is negligible.
We also printed several inductors on PI sheet using inkjet method and noted that the quality
factor of inkjet-printed inductor is much lower than the one realised using screen printing.
In fact, the quality factor with 5 layers of inkjet printed inductor can be attained with just
one layer of screen printing structure. So, inkjet printing seems time consuming and costly
compared to screen printing. Besides, the ink used for inkjet printing is less viscous
compared to the paste used for screen printing. As a result, the inkjet printed structures may
see the ink seeping through the PLLA nanofibers and it was also spreading on the PI
substrate. On other hand, with high viscosity of the paste used in screen printing we did not
experience such challenges and therefore the current work was carried by screen printing
method. The screen printer employed is a semi-automatic screen-stencil printer (model
(€920, Aurel Automation, Italy) with a flat bed. The screen used to print the pattern is 400
mesh thread per centimeter. The density of mesh is adequate to print a fine pattern with a
resolution of less than 100 pm. The interconnect was also printed on the PI sheet to connect
the inner end of the inductor to the capacitor. After printing, the samples were cured in an
oven for 20 mins at 130 °C. Figure 4-2(e) shows the photograph of the LC tank configuration
consisting of a planar inductor connected in parallel to an IDC printed on flexible PLLA

nanofibers.
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Figure 4-2 Schematic showing the fabrication of pressure sensor based on printed LC Tank on Electrospun
PLLA Nanofibers. (a) polymer solution preparation (b) electrospinning of PLLA solution, (c) screen printing
LC structure and (d) curing the devices at 130 °C for 20 mins. (e) Optical image of printed LC tank on PLLA

nanofibers.

73



4.1.2.1 Preparation of PLLA nanofibers®

A 4 wt% PLLA solution was prepared by dissolving PLLA pellets (Corbion, The
Netherlands) in a 1:4 ratio DMF and Dichloromethane (DCM) (Sigma-Aldrich, UK) mixed
solvent for 10 h. The solution was stirred at room temperature by a magnetic stir bar at 300
rpm (Figure 4-2(a)). The multi-layered membrane of the PLLA nanofibers mat, was
fabricated by electrospinning of the PLLA polymer solution at 15 kV and a flow rate of 0.5
ml/h with a drum speed of 3000 rpm (Figure 4-2(b)). The electrospun nanofibers were

annealed in an oven at 100 °C for 4 hours.

4.1.2.2 Cell growth, adhesion and proliferation on electrospun PLLA nanofibers®

Human dermal fibroblast (adult) (HDFa) cells were used to assess the biocompatibility and
suitability of the PLLA nanofibers as wound dressings. First, HDFa cells were cultured at 37
°C in a 5% CO: incubator at log phase growth using Medium 106 (fibroblasts)
complemented with a low serum growth supplement containing fetal bovine serum, basic
fibroblast growth factor, heparin, hydrocortisone, and an epidermal growth factor. The
cultured HDFa cells were then seeded on the electrospun PLLA nanofibers in 24 well plates
at a cell density of 1x10* cells /sample. After a 1 h resting phase to allow cells to settle on
the fibers, the desired volume of culture media was added to each well before incubating at
37 °C in a 5% CO; incubator for 1, 3 and 5 days. The culture medium was replaced every 2
days.

Prior to incubation the electrospun PLLA nanofibers were cut into circular shapes that fit
into the 24-well plates. The electrospun PLLA nanofibers were then immersed in 70% v/v
ethanol for 12 h followed by washing with sterile PBS (X3) and sterilized under UV light
for 1 h on each side. Following sterilization, the electrospun PLLA nanofibers were hydrated
by immersing the scaffolds in Medium 106 for 24 h at 37 °C. After 1, 3 and 5 days of
incubation, respectively, cell morphology attachment and growth were assessed using SEM
microscopy (SU8240 Hitachi High-Tech). For this, HDFa cells grown on the electrospun
PLLA nanofibers were rinsed with PBS (X3) and fixed using 2.0% glutaraldehyde in
phosphate buffer saline (PBS) at 5 °C for 12 h. The fixed cell/nanofiber samples were then

® Dr. E. Hosseini fabricated PLLA nanofibers mat using electrospinning method

® This study was carried out by Dr. S. Dervin
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dehydrated by submerging each sample in a series of ethanol solutions (50%, 60%, 70%,
80%, 90%, and 100% ethanol, respectively) for 15 min and then air dried. Prior to SEM

imaging the samples were Au coated.

4.1.2.3 LC tank fabrication

The morphology of the piezoelectric PLLA nanofibers that are well aligned and densely
packed (average diameter of 800 nm) is imaged using a high-resolution scanning electron
microscope (SEM) (SU8240 Hitachi High-Tech) as shown in Figure 4-3(b). Also, the SEM
image of the conductive composite paste (Figure 4-3(c)) shows the stretchable silver paste
contains micrometer-sized silver flakes. The average thickness of the single-layer printed

line on PI sheet was 10.83 £+ 0.65 um with a conductivity of 1.1x10° S/m. The optical

microscopy images of a corner of inductor traces and the finger of IDC respectively in
Figure 4-3(d),(e), show the resolution of screen-printed structures. It is worth mentioning
that due to the high density of PLLA nanofibers and high viscosity of paste, the latter did not
seep through the substrate.

The crystallinity of the electrospun nanofibers was investigated using X-ray diffraction
(XRD) (PANalytical X’Pert PRO MPD diffractometer). Figure 4-3(f) shows the XRD
pattern graph of electrospun PLLA nanofibers before and after annealing. Only one sharp
diffraction peak at 2 theta of about 16.5° was observed. This peak corresponds to the
crystalline planes of (200) and (110) of PLLA and confirms the piezoelectric B-phase of
PLLA nanofibers (187, 188). The result confirms that the electrospinning process could
control the crystalline structure of PLLA effectively by aligning molecular chains in the
fibres. This is due to the ejection of the polymer solution under pressure through the narrow
nozzle and presence of high electric field in the electrospinning process. The peak intensity

and the crystallinity of nanofibers increased by annealing, as shown in Figure 4-3(f).
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Figure 4-3 Screen-printed flexible LC tank: (a) Photograph of the fabricated LC tank, (b) SEM image of the
PLLA nanofibers, (c) SEM image of the stretchable silver paste consists of micrometer-scale silver flakes. (d-
¢) Optical microscopy images of a finger of the IDC and the corner of inductor lines respectively. (f) XRD

pattern of electrospun and annealed PLLA nanofibers. (Courtesy: The XRD analysis was done by Dr. Ensieh

Hosseini).

4.1.3 Results and Discussion

Inductors and capacitors were characterized separately using an Agilent 4294 A Precision
Impedance Analyzer along with a 42941 A impedance probe kit (Keysight Technologies,
Santa Clara, CA, USA). The capacitor was positioned and fixed to a 1004 miniature single
point load cell. Pressures in wide range of 0-16 kPa were uniformly applied to the sensing
capacitors using a load cell. A small rectangular glass slide as a moving plate has been used

to apply the required pressure. This plate was controlled with a motorized stage with a
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resolution of ~0.1 mm. The fixed and the moving plates were paralleled to guarantee a

uniform contact pressure. Both plates were covered by a thin dielectric pad with relative
permittivity close to 1 to prevent forming parallel plate capacitor between the moving plate
and the sensing capacitor once they are in contact. The parameters of interest measured using
an Agilent 4285A Precision LCR Meter were recorded using a custom-made LabVIEW

program.

Tagformance Pro HF (189) was used to characterise the LC tag by monitoring the shift of
resonance frequency with the change in pressure. Tagformance Pro is a measurement system
for evaluating the performance of UHF RFID, HF RFID, and NFC transponders. The
equipment works like a vector network analyser capable of measuring impedance and
frequency responses when Passive Measurement is chosen in the measurement menu. Prior
to measurement, calibration was performed using 50 Q terminator and open load following
the software instructions. The termination is included in the Tagformance Pro HF kit. This
wireless method could be helpful for sub-bandage pressure and wound monitoring and can

be easily implemented, without causing wound agitation.

4.1.3.1 Performance evaluation of capacitive sensor

Three samples were fabricated following the procedure explained in the previous section.
The IDCs were characterized using the Impedance Analyzer along with the impedance probe
kit to cover frequency of interest (13.56 MHz) as well as self-resonant frequency. The self-
resonant frequency was in the order of 60 MHz which is much higher than the working
frequency. Figure 4-4(a) shows the 17.9 + 0.8 pF capacitance of the IDC samples obtained
at 13.56 MHz which is in good agreement with the simulated value (19 pF). It was observed
that the capacitance was almost constant over 0 Hz-25 MHz frequency range. Since 13.56
MHz is far below the self-resonant frequency, and is within the region of flat response of the
proposed design, the device can be used for pressure measurements. The pressure sensing
principle relies on the fact that the applied pulse pressure changes the relative permittivity
of the PLLA nanofibers, leading to the capacitance change. The change in capacitance will
shift the resonance frequency of the parallel inductor, which can be monitored wirelessly
through the inductive coupling with an external reader coil. Figure 4-4(b) shows the
capacitor response when pressures applied on the surface of the IDC varied between 0 to 16
kPa at a frequency of 1Hz. The change in capacitance was constant and stable at each

pressure values, which were repeated four times. To evaluate if the change in capacitance is
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due to the PLLA piezoelectric substrate, a number of capacitors were also printed on PI and

no notable capacitance change was observed with application of pressure.
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Figure 4-4 (a) Frequency response of the interdigitated capacitor with sweep from 4 Hz to 55 MHz. (b)

Response of the IDC to various pressure values at 1Hz. (c¢) Cyclic response (over 1800 cycles) of the IDC to

14 kPa pressure, showing the durability and stability of the device (inset shows the 25 s of the capacitance

response after 1000 cycles). (d) The capacitance variation and sensitivity of the IDC to pressure variation. (e)

Capacitance response of the IDC to stepwise loading-unloading pressure from 0 to 12 kPa.
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To demonstrate the durability and robustness of fabricated sensors, they were also subjected
to loading-unloading cyclic pressure for up to 1800 cycles at 14 kPa. As shown in Figure 4-
4(c), the sensor exhibited a long fatigue life with stable variation under cyclic loading and
releasing. Figure 4-4(d) shows the change of the capacitance of IDC as a function of applied
pressure for three fabricated sensors. The low variation of the response among these sensors
confirms the uniformity attained with the controlled fabrication process described above.
The sensitivity of presented piezoelectric IDC was calculated with normalized change of
capacitance divided by the nominal applied pressure ((AC/Co)/ AP). As shown in Figure 4-
4(d) the capacitance variation of the IDC increases linearly under the applied pressure with
an average sensitivity of almost 3.5 Pa’!. The capacitance response of the IDC to stepwise
loading-unloading pressures (from 0 to 12 kPa) in Figure 4-4(e) shows the outstanding

reliability with negligible hysteresis effect.

4.1.3.2 Characterization of Planar inductor coil antenna

The measured average value of the inductance (7.75 = 0.14 pH) at resonance frequency
(13.56 MHz) is close to the simulated value (7.8 uH). The average value of resistance at that
frequency was 367.42 £+ 25 Q (see Figure 4-5(a)). The slight deviation of resistance could
be mainly due to the surface roughness of printed paste. The average quality factor achieved
is 1.81, as shown in Figure 4-5(b). The measured value is in good agreement with the
simulation at 13.56 MHz. The quality factor of printed inductors is compared with
conventional copper inductors with the same geometrical parameters and thickness of metal
obtained through ADS simulation. This resulted in the quality factor of 65.72, which is far

higher than the printed coil in the current work.
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Figure 4-5 (a) Measured and simulated frequency response of the screen-printed inductors in terms of
average inductance and average resistance. (b) Measured and simulated (dots) quality factor of printed
inductor. (190)

The parallel LC tag resonates at around 13.61 MHz, which is close to the value obtained
from the simulation (see Figure 4-6(a)). To use quality factor as a sensing measure, the
variation of quality factor of the tag with applied pressure has been evaluated (see Figure 4-

6(b)). The quality factor fluctuates around the initial value, so it does not indicate a periodic

variation with respect to applied pressure. Here, quality factor is Jres / B> Where the fr.o 1s

working frequency and BW is half-power bandwidth, BW= |f, — f;|. So, for the realised LC
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tag, the bandwidth is in the order of 648 kHz.
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Figure 4-6 (a) measured resistance and reactance of the LC tag. (b) Quality factor of the LC tag function of
applied pressure.
A reference measurement was also carried out to measure S11 of the reader antenna without
a tag. This is used to calculate the normalized responses where the effect of the test antenna
has been subtracted. The reader antenna was Voyantic C60 that is also included in the
Tagformance Pro HF kit. Figure 4-7(a) shows the set-up. Voyantic C60 is a loop (diameter
60 mm) antenna with 4 turns. When no tag is in the vicinity of the C60, the quality factor of
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the antenna is 38.1. To carry out the measurements, the tag was held parallel to C60 at the
centre, considering 16 mm distance between the reader antenna and the tag. This distance is
suggested by Voyantic to minimise the error in the field strength while using C60 as the
reader antenna. It is important to retain the distance and the angle constant as both parameters
have an impact on the coefficient of coupling between the two coils. The frequency sweep
range was 10 MHz - 30 MHz with 10 kHz resolution, which covers the working frequency
of LC tag and sufficient margin around this frequency to monitor the effect of applied

pressure on the resonant frequency. The transmit power in this case was set as 0 dBm.

4.1.3.3 Inductive telemetry system

Pressures (0-16 kPa) was applied on the capacitor at a frequency of 1 Hz. Once the magnetic
field from the reader antenna is received by the LC tag, the shift of resonant frequency is
considered as an indicator of applied pressure when the distance between both coil antennas
is constant/unchanged. The normalised impedance of the printed tag at different values of
pressure is shown in Figure 4-7(a),(b) in terms of resistance and reactance. The relation
between change of impedance and resonant frequency shift is shown in Figure 4-7(c),(d) as
a function of applied pressure. The effect of applied pressure can be seen in both magnitude
(Figure 4-7(c)) and phase (Figure 4-7(d)) of frequency response. Figure 4-7(e) shows the
linear curve fitting can represent the shift of resonance frequency while the pressure is
increasing. Both magnitude and phase follow almost similar trend. However, the phase
parameter expresses more reliable result as the standard deviation for different samples is
negligible. The magnitude and phase of the resonance frequency decreases linearly by 0.1 £

0.08 kHz/Pa and 0.11 4+ 0.02 kHz/Pa, respectively in the range from 0-16 kPa.

Table 4-2 compares the response of our sensor with few relevant capacitive sensors reported
for pressure monitoring (wired and wireless techniques). Among capacitive sensors reported
for in kPa range operation, our sensor demonstrates highest sensitivity ((AC/Co)/ AP).
Wireless performance also is good, considering that the frequency shift at reader depends on
the mutual inductance and quality factor of the two coils. Since our coil is printed the quality
factor is lower than the coils fabricated by metal traces. Thus, our sensor also demonstrates
a good sensitivity to the pressure, in comparison with other non-printed and non-flexible

wireless sensors.
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Table 4-2 Comparison between some capacitive pressure sensors

Sensing material Type of Pressure Sensitivity Frequency  Wireless Reference
capacitor Range Range
(Afres)/ AP (AC/ CO)/ AP
Pyramid Microstructure PPC 0-26 kPa  —2030 Hz/kPa - ~725-800 MHz Yes (191)
PDMS
Boron-doped silicon PPC 0-6.6 kPa 900 Hz/kPa - 95-103 MHz Yes (192)
diaphragm
Single layer graphene Coplanar IDC 0.11-80 kPa - 0.01 kPa'! N/A No (186)
sandpaper-molded PPC <5Pa - 9.5 kPa' N/A No (193)
carbon nanotube/
PDMS composite
PVA-PDMS PPC 0.1- 50 kPa - 4 MPat at N/A No (194)
0.1 kPa
Pure PVDF nanofibers PPC 1-6 kPa - 0.02 kPa* N/A No (195)
PLLA electrospun IDC 0-16 kPa 1200 Hz/kPa 0.035kPa® ~11-14 MHz (HF  Yes  This work
nanofibers band)

4.1.3.4 Biocompatibility: Cell growth, adhesion and proliferation on electrospun
PLLA nanofibers

SEM imaging was used to examine the cell growth, adhesion, and proliferation of HDFa
cells grown on the electrospun PLLA nanofibers. As can be observed from Figure 4-8, the
attachment of HDFa cells to the PLLA substrates is prominent after 24 h. The attached cells
then started to noticeably spread across the scaffolds provided by the electrospun PLLA
nanofibers, forming a monolayer like structure inter-cellular connections, and thus indicative
of the strong cytoskeleton stretching. The observed cell behaviors on the electrospun PLLA
nanofibers therefore confirm that the nanofibrous scaffolds facilitate cell
adhesion/attachment and proliferation due to their porosity and high surface area and hence

are suitable to accelerate the wound healing.

Figure 4-8 SEM images of HDFa cells cultured on well-aligned PLLA nanofibers after 1, 3 and 5 days.
(Courtesy: The biocompatibility study was led by Dr. Saoirse Dervin and SEM images are taken by Dr.
Dhayalan Shakthivel)
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4.1.3.5 Application in wearable healthcare systems

The presented LC tag HF pressure sensor could find potential application in the area of
accelerated wound healing and compression therapy. Compression therapy is an action of
applying controlled pressure to the affected limb. Compression bandages are designed to
boost blood flow and hence accelerate the wound healing. It also can be used to maintain
constant pressure. There are several methods to apply negative pressure over the tissue
(196); however it is crucial to monitor the extent of the applied pressure in a non-invasive
method to improve the effectiveness of therapy. Swelling and bruising are very common side
effects in pressure therapy techniques for which there is no accurate control over the applied
pressure and can increase the risk of further harm. Thus, wireless pressure sensor worn under
the compression bandage or integrated on the bandage to monitor regularly the pressure
applied on the wound could be an interesting non-invasive solution for the patients with
chronic wounds. As shown above the fabricated sensor showed linear sensitivity and
repeatability in the pressure range of 0-16 kPa (0-120 mmHg) which covers the pressure
range reported for compression therapy (197). Further, the performance of the developed
wireless sensor was evaluated by placing it under a commercial compression bandage worn
by an healthy adult volunteer around the elbow of healthy women wearing the sensor under
a commercial compression bandage (#1523, Molnlycke) (see Figure 4-9(b),(c)). Four layers
of the bandage were worn in a carefully controlled manner. Figure 4-9(a) shows the
capacitance change and resonant frequency (wireless measurement) upon tightening the
compression bandage. The modified Laplace equation (Equation 4-1) is used to calculate a
gradual increase in pressure on the sensor over the clinically applicable range of pressures

(198, 199).

Tension (KgF)xn XK

(4-1)

Pressure (mmHg) = — .
Circumference (cm)xBandage width (cm)

where the n is number of layers of bandage applied, K is constant of 4630 and
Circumference refers to the circumference of the limb. According to this law, the applied
pressures by a bandage are a direct function of the number of layers and the tension of the
bandage fabric itself, but reverse function to the width of the bandage circumference of the
limb (198). These results show the possibility of predicting the pressure from the shift of
frequency of reader antenna, provided the elasticity of the bandage and size of the limb are

known. The reader coil in presented test can be substituted by a customized reader with a
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narrow bandwidth which can discriminate the different pressure ranges.
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Figure 4-9 Potential application for the proposed LC tank to monitor pressure of compression bandage. (a)
change of capacitance and frequency as a function of applied pressure. (b) setup to test the LC tank under
compression bandage (with wire). The result was obtained using LCR meter controlled by a LABVIEW

program. (c) Wireless setup to test the LC tank set under a compression bandage.

As compression bandage is in close contact to human body the change in temperature of the
body may affect the performance of the capacitive sensor. In this regard, the capacitance of

the capacitive sensor was monitored while the temperature was increased gradually from 25
"C to 40 "C. For this purpose, the sample was mounted on the PE120 stage (Linkam, UK)

and the capacitance was recorded using a LCR meter controlled by a LABVIEW program.
The temperature was increasing by 1°C each time. Only 2% change in capacitance was
observed during this experiment however when the temperature was stabilized it reached to
the original value. So, the performance of the capacitive sensor is very stable in case of any

change in the human body temperature.

For application such as wound healing, the presented sensor is expected to be in direct
contact with open wounds and hence the materials used should be biocompatible. To ensure
the biocompatibility of the PLLA nanofibers and determine their suitability as wound
dressings the morphology, attachment, and growth of HDFa cells was examined after 1, 3
and 5 days of culture using scanning electron microscopy. SEM observations revealed the
attachment, growth and migration of the HDFa cells along the well-aligned axes of the PLLA
nanofibers and presented no cytotoxic effect. Since PLLA nanofibers are biocompatible, the
LC tag can be worn on the skin without the risk of skin agitation. Furthermore, some research
suggests that the PLLA can promote wound healing by preventing bacterial infections (200)
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and due to its piezoelectric nature. With results showing durable sensing over long periods,
the presented LC tag could provide a conformal and comfortable option for health

monitoring.

4.2 Loop antenna as flexible temperature sensor

Herein, the work on printed loop antenna as a temperature sensor led by Dr Mitradip
Bhattacharjee is presented briefly as this is another example of using a sensitive/functional
material to add sensing element to an antenna. In case of LC tank, discussed in this chapter,
the sensitive material was the substrate while in this case the main body of antenna (printed
silver paste) itself is partially replaced by Poly(3,4-ethylenedioxythiophene): polystyrene
(PEDOT:PSS) which is one of the most stable conductive polymers. PEDOT:PSS is sensitive
to variation of temperature as it is discussed further in this subsection. The methodology,

discussion and results are published in (46).

As shown in Figure 4-10 the loop antenna which serves the dual function of temperature
sensing and communication was printed on a flexible Polyvinyl Chloride (PVC) substrate
which is commonly used for food packagings. The loop antenna is similar to a terminated
folded dipole antenna which is terminated to a resistor (i.e. PEDOT:PSS). The main body of
the antenna is silver ink and PEDOT:PSS was used as a resistive material which is sensitive
to temperature. The resistance of the antenna changes when PEDOT:PSS is exposed to
temperature change. Thus, the input impedance of the antenna changes. The antenna contains
a PEDOT:PSS based temperature sensing element. The length of each side of the square
antenna was 2.5 cm with a conductive track width of 2 mm thus the antenna is resonating at
1.2 GHz. In order to analyse the temperature sensing performance, the temperature-sensitive
part was first fabricated separately using silver electrodes and conductive polymer
PEDOT:PSS then the temperature sensing experiments were carried out. The ohmic
resistance of the temperature sensing part decreases by ~70% when the temperature increases

from 25 °C to 90 °C.
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Figure 4-10 (a) Schematic illustration of the antenna design. (b) Images of the printed antenna-sensor on PVC
substrate. (c) fabrication steps. (d) Experimental setup to measure change of resonant frequency over the
change of temperature. Adopted from (46).

The characterization was perform using a vector network analyzer (Agilent E83628) to
measure the return loss at different temperature values. The temperature change experiments
were performed using a temperature controllable hotplate (Stuart CD162). A high-precision
IR thermometer (FLUKE 62 MAX) was used to monitor the temperature while performing
the experiments. The range of temperature was 25 °C — 90 °C. A theoretical study was
performed to calculate the induced current in the antenna. It was found that the resistance
was decreasing with the increase in temperature. The experimental result was also compared

with the theoretical study.

In order to understand the induced current through the sensing antenna and the effect of the
temperature on the same, a theoretical analysis was performed with small loop assumptions.
The aim of this study was to calculate the average current in far-field through the antenna
and hence to see if the model works in the frequency range of interest. The equivalent circuit
for a receiving antenna contains an open-circuit voltage Voc, a load impedance Z;, and an
input impedance Z, connected in series. The current flowing through the loop is related to

Voc. With these assumptions, the induced current / can be written as:

_ Voc _
I = 7z 4-2)

The voltage developed across the open terminal of the loop can be explained by Faraday’s

law for the time-varying magnetic flux. For a loop having N turns, the voltage is:
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Where, w = 27f is the radian frequency, B magnetic flux density through the loop, and ds
is the incremental surface area of the loop. The direction of the area in this case, is normal
to the loop. Considering the loop to be small, the approximate magnetic flux crossing the
loop is, [[B-ds = B(mb?), where B is the magnitude of magnetic flux. Moreover, the
magnetic flux density can be calculated as, B = uH, where u = pou, is the permeability of
the material. (u, = 47 X 10”7 H/m, the permeability of free space and p_ is the relative
permeability of the material). Hence, the induced voltage in an N turn small loop can be

calculated as,
Voc = —jwNmb?pop, H (4-4)

The voltage across the Z; can be calculated as:

43
Za+ZL

VL = VOC (4-5)

Whereas, the induced current is determined using the input impedance of the antenna which
is defined as, Z, = R, + jX,, where R, is the input resistance, and X, is the input reactance
of the antenna. In addition, the input resistance also has two parts, R, = R, + R, where, R,
is the radiation resistance, and R is the ohmic resistance of the antenna. The radiation

resistance of a small N-turn loop antenna is:

Nﬂb2)2

Ry = 31200 (*5

(4-6)

However, the ohmic resistance attributes to the power loss in terms of heating due to the
current flow. If the conductivity of the material is o, then the ohmic resistance (i.e. the surface

resistance) for each turn is typically approximated as follows:

b |w
RQ_=— _ﬂ

a [

(4-7)

Where, b is the radius of the loop and a is the radius of the wire. The small loops have high

inductance which can be calculated as:
L= ubN?(In(22) -2) (4-8)

In general, the reactance X, is the inductance associated with the antenna. Hence, the input

impedance can be written as:

Zy = Ry + joubN? (In (2) - 2) = 31200 (NZ—fZ)Z + Z\/@ + joubN? (1n (7) - 2)
(4-9)
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Hence, the current induced in the small loop can be calculated as:

—i 2
I — ](‘)Nnb UourH (4_10)

- ZL+31200(N;fz)z+§\/¥+jwusz(l"(%)_z)

This equation describes the effect of the load impedance on the current in the loop. Figure

4-11 shows the obtained current values with (a) temperature and (b) frequency. The plots
suggest that induced current increase with temperature and have a stronger effect at higher

frequencies. However, Figure 4-11 (b) shows that the current also increases at low frequency

ranges.
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Figure 4-11 Simulated induced current values (a) with temperature and (b) with frequency obtained from the
theoretical study. The equivalent circuit for a receiving antenna contains an open-circuit voltage Voc, a load

impedance Z;, and an input impedance Z, connected in series as illustrated in the inset (a). (46)
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The temperature sensing properties of the antenna were tested by increasing the temperature
of the antenna using a controllable hotplate. The Si; parameter was measured for the sensing
antenna at different temperature conditions. It was observed that the magnitude of return loss
decreased due to the enhancement of temperature. This can be attributed to the change in the
resistance of the sensing PEDOT:PSS element that leads to the overall change in the sensing
antenna impedance. Figure 4-12 shows the Si; parameter vs the frequency for the
PEDOT:PSS sensing antenna at different temperatures ranging from 25 — 90 °C at 1- 2.5

GHz. A sensitivity of ~1.2%/°C was observed for the sensing antenna.
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Figure 4-12 Frequency Response of the antenna at different temperatures. (a) frequency shifts due to the

temperature changes (b) magnitude of ASi; at different temperatures.

Two types of bending conditions were taken under consideration (i) lateral bending — where
the sensing patch was bent during the bending and (iii) cross bending — where the bending
does not affect the sensing material. Two bending radii, 5.7 cm, and 11.0 cm were employed
in the experiments. The bending radii were decided based on the radii of disposable bottles
used for water or beverages. The antenna was found to be suitable for bending applications
as well. It was also observed that the return loss and resonant frequency changes significantly
once the antenna undergo a lateral bending. However, the antenna is found to be more stable

in the case of cross bending conditions.
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Figure 4-13 Bending effect on the fabricated sensing antenna (a) Effect of lateral bending of sensing antenna
on Sy;. (b) Effect of Cross-bending of sensing antenna on S;;. The legends in the plots show the bending radii
11.0 and 5.7 cm.

This flexible sensing antenna can be used as temperature sensing applications in smart labels.
This sensor is printed and disposable in nature and hence is expected to be a more affordable

solution for large scale deployment.

4.3 Summary

In this chapter two kind of antenna sensing using functional materials have been presented.
In the first study, we have developed a screen-printed flexible LC tank device to wirelessly
detect the pressure and have showed its suitability for biomedical application. The presented
sensor is developed using low-cost and scalable fabrication methods such as electrospinning
and screen-printing. The tank consists of a planar inductor connected in parallel to an
interdigital capacitor designed to resonate at 13.56 MHz. The sensing principle is based on
the change in the capacitance of IDC under pressure which leads to a variation in resonant

frequency. The shift of frequency of the parallel LC tank as a measure for applied dynamic
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pressure is detected wirelessly using the inductive coupling with a second external inductor.
The realised capacitive sensor exhibit high sensitivity 0.035 kP! and 1200 Hz/kPa in
wireless characterisation, along with excellent durability over 1800 cycles. The fabricated
sensor demonstrated good repeatability and linear sensitivity in the pressure range (0-16 kPa)
appropriate for wearable healthcare applications such as monitoring the sub-bandage
pressure. The application of optimum pressure by the bandage, together with the
electroceutical arrangement facilitated by the piezoelectric PLLA substrate, could accelerate
the cell regeneration and hence wound healing. An in-depth analysis of the influence of
piezoelectric properties of PLLA on the wound healing through electrical stimulation will be

explored further as a future work.

In the second study, a flexible loop antenna as wireless temperature sensor was developed.
The functional material was PEDOT:PSS which is one of the most stable conductive
polymers. The antenna was similar to a dipole antenna which is terminated to a resistive
material (PEDOT:PSS). The relation between temperature change and frequency response
of the antenna has been studied. The S11 parameter was measured for the sensing antenna at
different temperature (25- 90 °C). It was observed that the magnitude of return loss decreased
due to the enhancement of temperature. A sensitivity of ~1.2%/°C was observed for the
sensing antenna. A theoretical study was performed to analyse the induced current in the
antenna. It was found that the resistance was decreasing with the increase in temperature.

The experimental result was also compared with the theoretical study.
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Chapter 5. Sensing antenna through geometry

changes

5.1 Textile-based stretchable antenna as strain sensor’

5.1.1 Introduction

In chapter 2, it was established that one mechanism to design a sensing antenna is to exploit
geometry deformation (e.g. the elongation or bending). These geometrical modifications
could change the resonant frequency of the antenna which then can be mapped to the external
stimuli causing the modification, this chapter focus on this concept. These features are
needed to reduce number of devices on wearable system without increasing number of

elements for users’ comfort.

The general approach to convert the conventional electrodes to stretchable ones consists of
patterning them with a repeated unit cell. Generally, the stiffness of metals could be managed
using this approach to fabricate highly stretchable 3D structures (201). Kirigami-like
structures (202-204), twisted helical springs (205), and serpentine shapes (82, 206, 207) are
some of the conventional methods to develop large-area electronics with duplicated unit
cells, either to enhance stretchability or minimize the size (208). These methods have been

rarely reported as an active or passive microwave device such as an antenna.

5.1.2 Antenna design

The schematic view of the three microstrip antenna design used in this work is shown in
Figure 5-1. Similar designs, converting a solid antenna structure into a meshed layout for
RF applications, have been reported in past (209). The stretchability of meshed structure
increases with the bigger serpentine arc angle. Based on the study that has been done in [45]
there is a trade-off between mechanical stretchability and EM performance of meshed
antennas. It was shown that the attenuation constant (o) which is an indicator of propagation

loss is minimum when the serpentine arc angle is 220°. Considering the limitation of chosen

" This section is extracted from publication #1 where F. Nikbakhtnasrabadi was the main contributor. The
design, simulation, fabrication and characterisation were carried out by F. Nikbakhtnasrabadi.
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fabrication method (cutting with laser) the length of each unit which indicates the density of
meshes is chosen as 15 mm which is in the sub-wavelength range, about A/15 (A is free space
wavelength). The effect of line width is negligible [50] on the resonance frequency however
to keep the radiation loss minimum as possible the minimal value of 1 mm is chosen as line
width which is the smallest feature of the textile that can be cut using the laser cutter. Figure
5-1 illustrates the general strategy that was followed to convert the solid antenna to a fully
stretchable structure. Firstly, a conventional textile microstrip patch antenna was designed
(Figure 5-1 (a)). Based on that design, the patch layer was then patterned in a meshed layout
to improve the stretchability of the antenna (Figure 5-1 (b)).

(@ ®) | (©

L‘_“S;{n;s_ﬁ * Meshed Patch Meshed Patch

Solid Ground Plane Solid Ground Plane Meshed Ground Plane

Figure 5-1 Schematic view of the three versions of the designed textile microstrip antennas. In all cases, the
substrate is Ecoflex with thickness of 2 mm and the overall size of the patches and ground planes were kept
equal. (a) Microstrip antenna made of solid metal-plated conductive textile. (b) Improving stretchability of
microstrip antenna by converting the solid patch to a meshed structure. The ground plane is kept as solid metal-
plated textile. (¢c) Conversion of both the solid patch and the ground plane with meshed structures. The inset

image demonstrates that meshed structures are embedded in Ecoflex because Ecoflex was partially cured.

Afterward, the ground plane was also converted to a meshed layout, thus achieving up to

100% stretchability comparing to initial length (Figure 5-1 (¢)). The strain is defined as € =

L-Lg

where L is the initial length of the stretchable antenna and L is the elongated length
0

under uniaxial strain conditions. In the following sections, the electromagnetic performance
of these three textile antennas is compared in terms of resonant frequency and radiation

pattern.

The dimensions of the antenna are the key factors that define its resonant frequency. To
design a rectangular patch antenna, the length and the width of the rectangular patch were
calculated based on the transmission line model. The four most popular feeding techniques
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to feed microstrip antennas, i.e., to drive power to the antenna are: coaxial probe, microstrip
line, aperture coupling, and proximity coupling. To realize a planar structure and eliminate
the need for additional matching elements, the proposed antenna was fed using an inset feed
microstrip line. Generally, the input impedance of the patch in the edge is almost 300 Q.
Since most microwave sources are manufactured with a characteristic impedance of 50 Q,
an inset feed line was used to match the impedance of the source and the patch. Inset point
and size of slots were obtained through optimization in High-Frequency Structure Simulator
(HFSS) software (ANSYS Electromagnetics Suite 19.0, US). According to the desired
dimensions of the antenna (45 mm X 26 mm), the main resonant frequency was found at 4
GHz for the case of the solid textile patch antenna. According to Ofcom (210), the 3.8 - 4.2
GHz spectrum band could enable the use of 5G technology for private industrial networks.
The dimensions of the ground plane were kept 6h + L and 6h + W as suggested in the
literature (211). The ground plane was made from the same conductive textile with
dimensions of 57 mm x 38 mm. The threshold for reflection coefficient was considered -
20log|S11| < —10 dB, meaning that 90% of incoming power in the desired resonant
frequency is radiating, where dielectric and ohmic losses are negligible. The slot width

adjacent to the feedline was 3 mm, which was inset into the rectangular patch for 9 mm.

5.1.3 Materials

In this work, silver-plated knitted textile (MedTex, UK) was used to fabricate the radiating
patch and ground plane of microstrip antennas, while Ecoflex was sandwiched in between
the two layers as the substrate. The employed textile sheet was made of 94% Nylon and 6%
Elastomer plated with 99% pure silver. The total thickness of the textile sheet was 0.55+10%
mm with an average conductivity of 1.14x10° S/m. The average thickness of plated silver
was ~0.015 mm (212). This textile sheet was selected due to its stretchability without
significant change in its resistance. All the mentioned values were assigned as the conductive
textile material properties in the HFSS model. Ecoflex 00-30 (Smooth-On Inc., US) with 2
mm thickness was used as a substrate for all samples. The polymer was supplied in two parts,
i.e., base and curing agent (A and B). In the simulation model, a dielectric constant of 2.8

and loss tangent of 0.02 was assigned to Ecoflex considering mixing ratio 1A:1B (213).

5.1.4 Textile-based antenna fabrication

Three versions of textile-based microstrip antennas, as shown in Figure 5-1, were fabricated

using the CO2 laser machine. To fabricate the first version (Figure 5-1 (a)), which is a
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conventional microstrip antenna made from the stretchable conductive textile, the patch and
ground plane outlines were cut using the laser-based cutting machine according to the
designed dimensions (see Section II). For the Ecoflex 00-30 substrate, parts A and B were
mixed well with a 1:1 ratio. The mixture was then degassed in a desiccator for 15 minutes to
remove bubbles. Afterward, the mixture was poured into a rectangular mold made of
Polylactic Acid (PLA) with 2.5 mm depth. Once Ecoflex was partially cured, the patch was
placed on top. Since the mixture was not fully cured at this point, the patch was slightly
embedded within the substrate thus ensuring good adhesion between them and sealing the
textile. The porous nature of the fabric allows the creation of polymer-polymer bonding that
provides good adhesion. Afterward, the cured Ecoflex was peeled off from the mold and the
ground plane was bonded to the substrate underneath using a very thin layer of fresh Ecoflex.
At this point, it was observed that the strong adhesion limited the stretchability of the textile
in a way that the antenna was not stretchable anymore, despite the stretchy nature of the used
textile. Eventually, an edge-mount Subminiature Version A (SMA), 50 Q, RF connector
was attached to the antenna feed line. Since the materials used to fabricate the antenna were
sensitive to high temperatures, the SMA connector was attached using room-temperature
curable silver conductive adhesive epoxy (MG Chemical, UK) instead of soldering.

The first step to overcome the lack of stretchability in the first version of the textile antenna
was to pattern the patch in a rectangular serpentine structure. The solid patch was converted
to a serpentine-shape layout as shown in Figure 5-1 (b). The antenna stretchability is highly
dependent on the morphologic parameters of the serpentine pattern, such as the radius of
curvature, arc angle, and tracks width. The arc angle was set to 220° according to the
previous study (214), which results in less absorption loss while maintaining mechanical
robustness. Figure 5-1 (b) inset shows the serpentine-unit pattern, which was periodically
implemented throughout the entire structure. The internal radius and the thickness of each
arc unit were 2.25 mm and 1 mm, respectively. These values were chosen considering the
resolution limitations of the laser cutter. Material database of laser cutter in terms of power
(optimum value=20%), speed (optimum value =3), and Pulse per Inch (optimum value of
PPI=1000 Hz) were tuned to prevent burning marks in the edges of the design. The
connection track between the feedline and the meshed patch was slightly wider (i.e. 1.5 mm)
than the other tracks to avoid failure upon stretching. The pattern was first designed in
AutoCAD and then imported to Corel Draw for the cutting process with the automated laser

machine.
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Figure 5-2 (a) shows a microscope view of the silver-plated textile before and after cutting.
Although some outlines with burn marks can be observed, the resistance did not change
significantly. The resistance of serpentine-unit (end-to-end) was 1.8+0.17 Q. Figure 5-2 (b)
shows scanning electron microscopy (SEM) images of random joint points of the fabricated
pattern at different magnifications. White marks show that the polymer was slightly melted
in the edges by the laser. Lastly, the meshed patch and solid ground plane were bonded to

the Ecoflex substrate and an SMA connector was attached as described earlier.

SU8240 5.0kV 10.1mm x30 LM(UL),

Figure 5-2 (a) Optical images of silver-plated knitted textile (left) and laser cut textile (right). (b) SEM image
of laser cut textile of a random joint point and magnification on cut edges where Nylon/Elastomer was melted

due to laser operation.

To achieve a fully meshed microstrip antenna with higher stretchability, the solid ground
plane was also converted to a meshed pattern (see Figure 5-1 (¢)). The effect of replacing
the solid textile with a meshed pattern on the resonant frequency and radiation pattern will
be explained in the next section. In this stage, the textile was laser-cut using the same method,
as described before to pattern the patch, to fabricate meshed ground plane. It is worth
mentioning that the 1x2 mm? portion in the midpoint was kept solid to provide durable
support to connect SMA to the ground plane. Likewise, as previously described, both meshed

patch and ground planes were attached to the substrate and an SMA connector.
5.1.5 Gold meshed-patch antenna fabrication

To compare the performance of our textile-based microstrip antenna (i.e. meshed-patch with
a solid ground) with its metal-based counterpart (82, 193), a gold (Au) meshed antenna with

the same dimensions was fabricated using photolithography steps (215). To this end, a
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polyimide (PI) layer (DuPont Inc., Delaware, USA) was spun on a carrier wafer. Then it was
cured for three hours at 200 °C in nitrogen ambient to form a sheet of 25 um thickness. Later,
a positive photoresist (S1818) was spun (4000 rpm for 30 sec) on it and baked on a hotplate
at 115 °C for 3 minutes. The pattern was defined using a high-resolution optical mask aligner
(SUSS MicroTec., Germany) with UV exposure for 6 seconds. Then MF-319 developer was
used for 2.5 minutes to form the pattern. Metal evaporation of Ti(10 nm)/Au(100 nm) formed
the layer of metal deposited on the PI substrate. Subsequently, a lift-off stage in an ultrasonic
acetone bath was performed. Figure 5-3 (a) depicts the fabrication process, while Figure 5-
3 (b) shows the sample after being rinsed gently in Isopropyl alcohol (IPA) to remove any
gold residues. Optical microscope images (Figure 5-3 (b)) confirm that gold tracks are intact
without any crack and the adhesion between the gold layer and the PI film is robust.
Eventually, the unpatterned part of the PI film was removed using the CO2 laser, and the
patch was attached to the Ecoflex substrate following the same procedure described for the
textile-based microstrip antennas. Instead of using CO?2 laser, one can use lift-off process to
separate PI film from the gold pattern however due to JWNC instruction this was not possible
as MF-319 developer was used earlier. Commercial single-side copper clad board (Kitronik,

UK) with a thickness of 1 mm was used as a free-stand ground plane beneath the sample.

(a)

I Wi
Polyimide

I B Photoresist

|

B Metallic film

Figure 5-3 (a) Schematic representation of the fabrication steps for realization of gold patch on Polyimide. (b)
Optical microscope image of random parts of the gold pattern. (Courtesy: the fabrication was done under

supervision of Dr. Mahesh Soni)
5.1.6 Characterization set-up
For RF characterization, the scattering parameters of the antennas were collected using a

Vector Network Analyzer (VNA) (E83628, Agilent Technologies, US) to observe the change
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of resonant frequency with the applied strain. Radiation pattern measurements were
conducted inside an anechoic chamber as shown in Figure 5-4 (a). To characterize the
fabricated prototypes, a custom-made setup was used to evaluate their performance over
uniaxial stretching (Figure 5-4 (b)). The holder is 3D-printed using an Ultimaker S5 and
polylactic acid (PLA) filament (RS Components, UK). Two parallel grooved grippers were
used to hold the sample in place and uniform uniaxial tension was applied to the samples by
pulling the grippers with the help of a light rope and a pulley system. Grade markers were

printed on the setup to measure the elongation while applying uniaxial strain.

Figure 5-4 Experimental setup for radiation pattern measurements inside the anechoic chamber (left).
Broadband (0.5 MHz -18 GHz) dual polarized log periodic antenna was used as reference. The inset image on

the right shows the fully meshed microstrip antenna mounted on the custom-made setup in zero strain condition.

5.1.7 2D digital correlation technique

To validate the experimental results, all the proposed structures were simulated in HFSS.
The stretching procedure was recorded using a high-resolution camera and Digital Image
Correlation (DIC) technique to monitor the deformation of the meshed layouts, as described
below. Processed images acquired at a specific stage of stretching were imported into HFSS
to evaluate their electromagnetic (EM) performance. The Mechanical deformation of
serpentine mesh geometries upon the uniaxial strain has been investigated in past using the
finite element method (FEM) through ABAQUS with some simplifications (e.g. considering
uniformity in strain to the entire model and out of plane deformation as in-plane

deformations) applied due to the excessive number of nodes and elements (82, 209). It is
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(a)

Figure 5-5 (a) 2D DIC set-up with horizontal tripod arm. The Optical axis of the camera is aligned
perpendicular to the sample surface to avoid errors in the image correlation. (b) CAD schematic representing
the surface morphology of the patch in 0% (top) and 40% strain (bottom). (c) serpentine unit cell of the patch.

Purple contour shows an un-deformed shape while green one shows the corresponding contour for 40% strain.

worth mentioning that the conductive material in previous studies was a conventional copper
sheet. In our study, commercial conductive knitted textile was used, in which actual material
properties such as Young’s Modulus, Poisson’s Ration, and Coefficient of Friction are
unavailable. Moreover, the nonplanar nature of textiles and the effect of mechanical
distortion on the inhomogeneous displacement of the textile yarns make FEM an unreliable
technique for our textile antennas. As an alternative, a two-dimensional DIC technique was
used to evaluate the applied strain using the contact-less full-field optical technique over the
sample area during uniaxial tensile tests. DIC provides an accurate solution to investigate
material deformation and crack propagation in real-world applications (216). The basic
principle of this technique is to monitor displacements by analysis of a digital image series.
This is done by taking successive images of the objects over time under various uniaxial
strain conditions and then analyzing them through specific correlation-based algorithms
(217). To apply this technique, the camera was positioned vertically and parallel to the flat
surface of the sample to avoid out-of-plane image correlation errors (218). Since only one
camera is using in this technique it cannot record out-of-plane displacement as well however
in our experiment there is no out of plane displacement. The recorded video was split into a
series of digital images for postprocessing in MATLAB to obtain a full-field deformation
map at different levels of elongation. The effect of uniaxial strain was indirectly determined
considering differentiation of the measured displacements. Afterward, the pixel
displacements were converted to actual displacements to model the deformed patch in
AutoCAD, and then imported to HFSS to investigate the radiation patterns in different levels
of applied strain. It was observed that, by increasing the tensile strain, the vertical arcs
became shorter and horizontal arcs became wider. However, serpentine units were deformed

perpendicular to the feedline direction rather than in the direction of the current flow. Figure
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5-5 (a) shows a schematic of the DIC setup for in-plane displacement measurement. As a
proof of concept, the pristine and deformed shape of the unit cell and patch, obtained using

the DIC technique, are presented in Figure 5-5 (b),(¢) for 0% and 40% strains.
5.1.8 Results and Discussion

In the first place, the custom-made tensile setup was used to study the change in the electrical
properties of the textile (i.e., resistance) upon uniaxial stretching. The custom-made tensile
setup shown in Figure 5-6 was used to study the change in the electrical properties of the
textile (i.e., resistance) upon uniaxial stretching. The setup consists of two holders controlled
by a pair of stepper motors (Translation Stage VT-21L Micronix, US) with a velocity
of movement of Vs= 0.1 mm/s and a LabVIEW to stretch the samples homogenously from
both sides up to 100% strain. Two rectangular textile pieces were added to the design of the
patch to make electrical connections. Electrical resistance
was simultaneously collected using a digital multimetre (34461A, Agilent, US) connected

to the samples.

Figure 5-6 Custom-made setup to evaluate the electromechanical performance of meshed textile structure.

(Courtesy: This characterization was carried out under Dr. Martina Aurora Costa Angeli supervision)

Figure 5-7 (a) shows that the end-to-end conductance of the patch halved when strain
increased gradually up to 100%. The average conductivity of the patch was 0.89 x10® S/m
and 0.58 x10° S/m under 0% and 30% strain respectively. The corresponding value of
conductivity is still good enough to be used as a radiating structure in antennas (219).
Furthermore, to evaluate fatigue cycling stability of the meshed patch a 100 cycles test was
carried and it was observed that it retained its original value with standard deviation of 5.8%
under 30% strain after 100 cycles. No failure was observed after these 100 cycles. Figure 5-

7 (b) Electromechanical response of serpentine fabric stretched 100 cycles at 30% strain.
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Figure 5-7 (a) Change in conductance of textile meshed patch at different values of uniaxial tensile deformation.
Inset image shows schematic of electromechanical test setup. (79) (b) Electromechanical response of serpentine
fabric stretched 100 cycles at 30% strain. (Courtesy: This characterization was carried out under Dr. Martina

Aurora Costa Angeli supervision)

To characterize the resonance frequency of the antennas, the samples were connected to the
VNA using a lightweight coaxial cable. Prior to the measurements, a Short-Open-Load
(SOL) calibration was performed using Keysight 85052D calibration kit. Figure 5-8 (a)
shows that the fabricated solid textile microstrip antenna resonates at 4 GHz, whereas the
antenna with the meshed patch over a solid ground plane and the fully meshed microstrip
antenna has a resonance at 2.98 GHz and 3.45 GHz, respectively. In conventional microstrip
antennas, the resonant frequency is a function of some physical parameters such as the patch
length and the substrate thickness. To shift down the resonant frequency, the patch length
would need to increase (220). However, the obtained results suggest that meshing the
antenna, either the patch or the ground plane, can also be used to tune the resonant frequency
to the desired frequency spectrum. In our case, instead of increasing the length of the patch
to lower down the resonant frequency, the meshed patch with a solid ground plane reduced
the resonant frequency by 25% while the fully meshed antenna moved it down by 13.7%.
The radiation patterns in E-plane and H-plane for the solid textile antenna resonating at 4
GHz (Figure 5-8 (b)) represent a relatively large back lobe, probably due to the small

thickness of the silver layer in the textile ground plane.
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Figure 5-8 Solid textile antenna analysis: a) Effect of meshes in the patch on solid ground and of both patch
and ground on the change of resonant frequency compared to conventional equivalent. Si; of conventional
textile antenna, meshed patch over the solid ground, and meshed patch over meshed ground plane are presented
with blue, red, and green lines respectively. b) Measured and simulated radiation patterns in E and H planes at
4 GHz. Red lines represent simulated where the blue line is obtained from the measurement.

The textile meshed patch over the solid ground plane, showed good stretchability up to 40%,
with the resonant frequency shifting down with a linear trend as shown in Figure 5-9 (a). It
was observed that the resonant frequency moved down to 2.75 GHz when the uniaxial strain
increased up to 40%. The reflection coefficient values were kept below -10 dB within the
entire elongation range, which indicates that the impedance matching between the antenna

and the inset feedline was maintained over the stretching. The linear trend suggests that the

antenna has the potential to be used as a strain sensor by exploiting its stretchability, as

Af/f (resonant)

. Sy e . MH
previously stated. Considering the sensitivity to strain as an) ( =

mm

), the average

sensitivity of the antenna is 0.2 over the 0 to 40% strain range. To study the effect of strain
on the radiation pattern, the antenna was placed on the tensile setup with an applied strain of

30%. The radiation patterns in the unstretched and stretched conditions were then compared.
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As observed from Figure 5-9 (b), the radiation pattern in the E-plane did not change
significantly when the antenna was stretched, but in the case of the H-plane, a null appeared
in the main lobe. In general, the gain of the antenna increased when the strain was applied,
which is in line with previous work (193), which proved that the losses in the meshed
transmission line decreased when the device was stretched.
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Figure 5-9 Textile meshed patch over solid ground analysis: a) Change of resonant frequency and Si; as a
function of tensile strain up to 40%. b) Comparison of the radiation patterns in the E-plane (left) and H-plane
(right) in relaxed (fres=2.98 GHz) and 30% uniaxial strain (fres=2.81 GHz) conditions. The simulation results of
30% strain (bottom) were extracted from the model obtained by DIC method at 30%. Solid lines and dash lines

represent 0% and 30% strain respectively.
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Figure 5-10 Textile meshed patch over meshed ground analysis: a) Change of resonant frequency and Si; as a
function of tensile strain up to 100%. b) Comparison of the radiation pattern in E-plane (left) and H-plane
(right) in relax (fres= 3.45 GHz) and 30% uniaxial strain (fres= 2.75 GHz). The simulation results of 30% strain
(bottom) were extracted from the model obtained by DIC method at 30%. Solid lines and dash lines represent

0% and 30% strain respectively.
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The EM characteristics of a fully meshed microstrip antenna (i.e. both patch and ground
planes patterned using serpentine mesh) as a function of the tensile strain was also
characterized. Figure 5-10 (a) shows that the resonant frequency shifted downwards linearly
from 3.45 GHz to 2.75 GHz when the antenna was stretched from 0% up to 100% of uniaxial

strain. These results indicate that the antenna could be used to measure large strain wirelessly
(up to 100%) with an average sensitivity of 0.25 (%). Whilst the inset feed line was

designed to match the impedance for the solid microstrip antenna, it was observed that the
same design implemented for the meshed versions maintained good impedance matching
even over the 100% uniaxial strain (Figure 5-10 (a)). The radiation patterns in the E-plane
and H-plane are shown at 3.45 GHz (0% strain) and 3.2 GHz (30% strain) in Figure 5-10
(b). It can be observed that the half-power beamwidth of the proposed antenna is very wide,

whereas the notable back lobe specifies that some power is lost as back radiation.

Comparison with the fabricated gold meshed-patch antenna, Figure 5-11 (a) shows that the
resonance frequency (2.58 GHz) of gold meshed patch is lower than the textile-based
counterpart antenna even if they have the same dimension (fres=2.98 GHz). This is due to the
structure of the textile, the actual electrical length of the patch in textile-based antenna is
longer than in the gold antenna. Moreover, adjacent threads may create some reactive loads
causing a shift in the resonance frequency. The silver-plated knitted textile contains a series
of interlocking loops, so the actual electrical length is longer than the physical length. In
addition, it was observed that applying uniaxial strain on the gold meshed-patch antenna did
not have any notable effect on the resonant frequency as it happened for the textile version.
In addition, it was observed that applying uniaxial strain on the gold meshed-patch antenna
did not have any notable effect on the resonant frequency as it happened for the textile
version (see Figure 5-10 (a)). Moreover, it was the sample was examined for stretchability
and it could not withstand strains beyond 20%, the point at which cracks started to appear

and the signal was lost.

The radiation patterns in the E-plane and H-plane (Figure 5-11 (b)) shows notable
differences between this pattern and its textile-based counterpart. This could be explained
due to the differences in the surface morphology between the silver-coated textile and gold,
which cause a notable discrepancy in the surface current density on the patches. Indeed, it
can be said that the knitted structure of the textile caused surface current phase cancelations

in the loop yarn, thus not contributing to the far-field radiation.
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Figure 5-11 Gold meshed patch over a metallic solid ground analysis: (a) Measurement of Si; as a function of
frequency as strain increase up to 15%. b) Comparison of the radiation pattern in E-plane (left) and H-plane
(right) in relax (fres=2.58 GHz) and 15% uniaxial strain (fres= 2.75 GHz). The simulation results of 15% strain

(model obtained by DIC method at 15%) are compatible with the experimental results.
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5.1.9 RF readout design and simulation

Considering the properties of the developed antenna in terms of flexibility, stretchability,
wearability, and conformability, the device can be used as a mechanical strain sensor on
curvilinear surfaces such as the human skin to monitor the movement of the human body.
To this end, the fully meshed microstrip antenna was placed on the elbow for movement
detection (Figure 5-12). Defining the bending angle (0) as the angle between the arm and
the forearm, the motion was captured by the decrease in the resonance frequency of the

antenna.

Bending angle (©)

Stretchable /\\ | A~
antenna ™ 1

sensor Goniometer

7

Figure 5-12 The stretchable antenna sensor attache to the elbow .The variation in the resonant frequency and

DC voltage associated with the change of bending angles are studied.

A linear trend was observed when measuring the resonant frequency of the antenna for
different bending angles ranging from 120° to 40°. This way of detecting the bending angle
is also attractive for applications such as robotics and prosthetics, where wireless strain
sensors can provide an accurate measure of joint angles, without adding to the traditional
issue of wiring complexity. Further, it is possible to use the antenna as a mechanical strain
sensor to remotely control the robotic movements in a manner (199). In such areas, the fully
sensing antenna can provide feedback and trigger the actuator by converting the resonance
frequency variation into a variation in DC voltage. This can be achieved by using an RF to
DC rectifier (221). Once the information is processed (i.e., the change in the resonance
frequency can be acquired and translated to a particular bending angle), it can be transferred
to a robotic hand controller for movement control. Figure 5-13 (a) illustrates the block
diagram of the readout RF circuit for the proposed sensing antenna. The output DC voltage

can be used as an actuating signal.
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Figure 5-13 (a) Block diagram of the proposed readout circuit to convert frequency shift of stretchable sensing
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antenna to DC voltage. (b) Measurement setup to translate the bending angle of human arm to DC voltage

wirelessly using the stretchable antenna.

In order to characterise the behaviour of the realized antenna under different stretching
conditions, the VNA has been used to measure the S11 parameter and the amount of shift due
to the stretch. The results of this characterisation are used to create a calibration curve as
shown in Figure 5-10. However, for the implementation in real applications, an RF readout
circuit has been proposed which converts the reflected power from the proposed antenna-
sensor into a DC voltage by rectification. The VNA characterisation helped as well to
identify the frequency range shift in order to design the RF readout circuit and to help select
the appropriate RF diode. So, for potential applications the RF readout circuit is the one
which is going to be used. The DC output represents the amount of stretch applied to the
antenna and can be used to actuate other devices.

The reading principle to detect the deformation in a stretchable antenna is based on the
measurement of reflected power from the sensing antenna. A detection circuit for the
stretchable sensor antenna can be apprehended with an RF source that emits an RF signal at
the resonance frequency of the antenna. The received reflected power can be directed by
using a three-port circulator where the reflected power can be converted into a DC voltage
using a RF rectifying circuit. Good impedance matching at the third port of the circulator
ensures that the maximum power is transferred to rectifying circuit. The proposed setup in
Figure 5-13 (b) enables to map the bending angle to DC voltage variation. The receiving

antenna can be a microstrip patch antenna working at 3-4 GHz.

Advanced Design System (ADS, Keysight Technologies, Santa Clara, CA, USA) was used
to simulate rectifier system along with impedance matching network (Figure 5-14).
Considering the operating frequency range of the antenna, FR4 with a thickness of 20 mil is
set as a substrate. The S-parameter touchstones files (at different bending angles), collected
from the VNA in the previous experiment, were assigned to the schematic using Data Access
Component (DAC). DAC component enables to sweep of multiple imported data files. A
three-port RF circulator is a passive device designed by a Y junction symmetrical stripline
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coupled to a magnetic biased ferrite material. Once the RF signal generated using an RF
source and the second port is well match (i.e. operating at the resonant frequency) majority
of the emitted power (consider ideal circulator with negligible insertion loss) will be
absorbed by the antenna. In this case, the reflected signal to the third port will be minimum.
On the other hand, if the impedance is mismatched at the second point, in our case due to
deformation of the antenna, the reflected power directed toward the third port will be greater.

Good impedance matching at port three is key to direct maximum power to the rectifier

circuit.
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Figure 5-15 Schematic of the rectifying circuit using a single stage RF rectifier simulated in ADS.

The next step is to design L-network matching and a full-wave single-stage rectifier. The
optimum lengths of the microstrip lines were calculated using LineCalc tool. Obtained
parameters are summarized in Table 5-1. The widths of microstrip lines are 3 mm,
compatible with conventional PCB fabrication processes. A T-junction between the
transmission lines is considered with lines width match to the adjacent transmission lines to
avoid parasitic junction effects. A T-junction between the transmission lines is considered

with lines width match to the adjacent transmission lines to avoid parasitic junction effects.

Table 5-1 Optimal parameters of the discrete and lumped elements obtained using LineCalc, Optimization

and Tuning tools in ADS.
Discrete Length (mm)  Width Lumped Value
elements (mm) elements
TL1 12.286 3 Cl 30 pF
TL2 9.8 3 C2 300 pF
TL3 8 3 RL 1-100 kQ
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Further, a full-wave rectifying circuit was designed using two HSMS-2850 diodes in a series
configuration. HSMS-2850 is a Schottky detector diode with zero DC bias and high detection
sensitivity and a low parasitic capacitance of 0.08 pF, suitable to use from 9.5 MHz to 5.8
GHz according to the manufacturer datasheet. The diode DI is functional at the positive
cycle where the Diode D2 is working at the negative cycle, storing energy in capacitor C1
and C2 respectively. A SOT-23 package with typical package inductance and capacitance of
2 nH and 0.08 pF is selected to be mount on the substrate. A parasitic series resistance of 10
Q is chosen to modify the default characteristic of the diodes. The optimum values of
distributed elements and capacitors are specified in Table 5-1. Since the diodes are nonlinear
devices at microwave frequencies Harmonic-Balance (HB) method is performed to analyse
the circuit. HB is a frequency domain simulator in which the linear devices of a circuit are
modelled in the frequency domain where the nonlinear devices are modelled in the time
domain and before each iteration are Fourier Transformed.

The conversion efficiency of the RF to DC is defined by

n = output power . 400 VZpe (5-1)

input power R XPy

which B. is reflected power received in rectifying circuit. It is noted that the conversion
efficiency is a function of the load resistor, and the received power. Figure 5-16 (a) shows
the conversion efficiency at different input power levels of -20, -10 dBm, 0 dBm, and 10
dBm respectively. The conversion efficiency is increasing along with an increase in RF input
power. At 0 dBm the efficiency is below 50% where the efficiency is at the highest obtained
value of 71% at 10 dBm input power. Moreover, to achieve the peak output DC voltage, a
load resistor is varying in the range of 1-100 kQ to study the effect of load resistance on the
output voltage and the efficiency. It was noted that for 75 kQ, DC voltage is 4.6 V at 10 dBm
however the efficiency is as low as 12%. Conversion efficiency against input power for some
values of load resistor are depicted in Figure 5-16 (b). To find a trade-off between the output
DC voltage and the efficiency the load resistor of 30 kQ has been chosen for the rest of

analysis.
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Figure 5-16 (a) The conversion efficiency at different input power levels of -20, -10 dBm, 0 dBm and 10

dBm respectively where the load resistor is 30 kQ. (b) Conversion efficiency at different input powers for

some values of load resistor.

Figure 5-17 shows the output DC voltage variation of the proposed design for load resistance
of 30 kQ where the input power is set at 0 dBm. The simulated maximum value of V4= 3.5
V is realized when the input data of the sensing antenna is associated with 20° bending of a
human hand. The graph shows that in a rest position the DC voltage is minimum, however,
the voltage is increasing when the hand is folded. Thus, reported work can lead to remote
actuation of a robotic arm to mimic the human hand movement in real life situation. It means

the performed movement by a person who is wearing the stretchable antenna could be

reflected by a robot.
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5.2 Stretchable RFID sensor — taking advantage of intrinsic

property of material

In the section 5.1 we explored embedding sensing capability in an antenna and results
demonstrates that it is possible to encode sensing parameter in a characteristic of an antenna
such as resonant frequency. In order to design an UHF RFID tag which has sensing capability
similar to the one explained, here we present a UHF RFID strain sensor tag using stretchable
textile in the main body of the antenna inlay. This method could add sensing capability along

with conformability to RFID garment tags which are already used in clothing industry.

5.2.1 Integrating conductive textile to commercial UHF RFID

The commercial tag I have used for this purpose is Smartrac Dogbone sensor® which is a
passive UHF single-chip sensor, operating at 8§60-960 MHz. To add stretchability to the tag,
the body of the tag was cut as shown in Figure 5-17 and a stretchable conductive textile was
replaced to those sections using a conductive glue. The polyethylene coating layer of the tag
was removed carefully using a scalpel in order to access the conductive body of the antenna
tag. The two section of the antenna which was removed then was replaced by a stretchable
commercial silver-plated knitted textile (MedTex, UK) using a silver paste. After the silver
paste was cured, connections were secured using a conductive epoxy glue. A multimetre was
used to check all sections are connected well. The realized tag was molded and Ecoflex was
poured to cover the tag completely. After 30 mins, the tag was removed from the mold and

the stretchability of the tag was checked. The tag was stretchable up to 25%.

8 Thanks to Smartrac company for proving free RFID tags.
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textile

Figure 5-18 Fabrication steps to assemble stretchable textile to the Smartrac RFID tag.

5.2.2 Wireless readout

UHF RFID systems usually operates from 860 MHz to 960 MHz depends on regional
regulations. For example, 866-869 MHz band is assigned to Europe, 940-943 MHz to China
and 902-928 MHz to US. Tagformance Pro (Voyantic Ltd, Finland) is used to characterize
the proposed tag in terms of backscattered power and reading range. Figure 5-18 shows the
measurement setup which consists Tagformance unit connected to a linear polarized antenna
(reader antenna). The tag is placed on a foam spacer to maintain the fixed distance that setup

was calibrated based on that, prior to the measurement.

| . Stretchable
tag

Reader
Antenna

Figure 5-19 Tagformance Pro setup to characterize UHF RFID tags.

We measure the backscattered power of the stretchable tag to check whether the response is
function of the antenna elongation. Figure 5-19 shows the backscattered power is increasing
when the uniaxial elongation increased up to 25%. This trend covers the entire band of UHF

RFID (860-960 MHz) however, the relation is not linear with the tag elongation.
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Figure 5-20 The backscattered power signal from the stretchable UHF tag corresponding to different uniaxial
strains.

Reading range can be considered as a sensing indicator as well. In this regard, we measured
the read range versus frequency. Figure 5-20 shows that the maximum read range that occurs
close to 900 MHz as the original (commercial) tag before tailoring, however the reading
range drops by almost 4 m compared to the original tag. The reading range was increasing
almost linear when the stretchable tag was elongated up to 25% by 50 cm at frequency range

of 860-960 MHz.
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Figure 5-21 Reading range of the stretchable RFID tag corresponding to different uniaxial strains. The read
range of the commercial tag is shown with red graph over the range of frequency of 800-1000 MHz.
Overall, the results show that it is possible to design a stretchable RFID tag with strain
sensing capability, taking advantage of intrinsic property of the conductive textile. In this
short study, we tailored the design of the commercial UHF RFID tag in a way to make it
partially stretchable. These initial results suggest that designing a stretchable sensing RFID
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using a stretchable material for instance conductive textiles or stretchable inks/pastes could
be a solution to manufacture sensing-enabled smart labels for garments and food monitoring

applications.

5.3 Summary

In this work, three versions of textile-based microstrip antennas have been designed,
fabricated, and characterized. The antenna patch has a mesh structure over meshed and
unmeshed ground plane ground planes using conductive textile. The EM characteristics of
the meshed patch antenna were compared with its metallic counterpart fabricated with
lithography. The meshed patch over solid/meshed ground plane demonstrated high
stretchability (up to 40% and 100%, respectively) upon the uniaxial tensile strain. Both
antennas presented a linear trend of their resonant frequency shift in response to increasing
elongation, with experimental sensitivities of 0.2 and 0.25, respectively. Radiation patterns
were also characterized upon the uniaxial tensile strain. 2D DIC technique was implemented
as a model for the deformed antennas to validate experimental results with FE simulation.
As a proof-of-concept, the fully meshed antenna is shown to predict the joint angle of a
human hand, which could potentially be extended to remotely control the robotic hand. Once
the information is processed (i.e., the change in the resonance frequency is acquired and
translated to a particular bending angle), it can be transferred to a robotic hand controller for
the movement of a robotic arm. A rectifying circuit including two Schottky diodes (HSMS-
2850) and an L-matching network is simulated in ADS to convert RF signal to DC voltage.
The proposed design obtained a conversion efficiency of 71% at 10 dBm input power over
the load resistor of 3 kQ. The obtained results indicate that stretchable antennas can be
designed and fabricated using conductive textile with several advantages such as low cost,
easy integration into fashion garments, and self-strain sensing capabilities. In this way, the
number of components attached to the garments can be reduced since the transmitting
antenna is also used as a strain sensor.
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Moreover, a short study also was conducted in order to evaluate the possibility of integrating
stretchable conductive textile to a commercial UHF RFID tag, taking advantage of intrinsic
property of the conductive textile. In this short study, we tailored the design of the
commercial UHF RFID by replacing the main body of the antenna with a stretchable
conductive textile. This insight suggests we can design stretchable sensing RFIDs with at
desire frequency with optimized reading range to be a solution for sensing-enabled smart

labels in garments industry and food monitoring applications.
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Chapter 6. Conclusion

The increasing use of wearable systems for wellness and health monitoring applications have
directed the attention of researchers towards wireless sensor networks (WSNs) for real-time
measurement of physiological parameters such as heart rate, body temperature, strain, body
motions, etc. Some of these wireless sensors also find application in humanoid robotics,
prosthetics, and human-machine interactions, particularly to address the issue of wiring
complexity. The flexibility, conformability and more and more functional device have been
the trend in recent years to meet the key requirements of these applications. However, the
wiring required to acquire the data is prone to damage, for example during bending in
wearable systems, and may lead to interferences between parallel signals as well as time
delays. Likewise, the increasing number of devices also raises integration challenges, in
addition to traditional challenges such as higher cost and power requirements. Considering
these challenges, a system with a similar level of functionality (as with many nodes and
sensors) and yet less complexity is much needed. Multifunctionality (e.g. communication as
well as sensing) with commonly used devices such as antennas could be an interesting way
forward. This has been demonstrated using different approaches and various fabrication
methods. The key findings and contributions in this thesis are summarized and future work

based on the findings is suggested.

6.1 Key Findings

In the context of this thesis, three approaches of presented mechanisms are examined to
develop different antennas with sensing capability. Antenna sensors are designed using

flexible/stretchable materials to provide conformability to users in wearable applications.

In the first approach, the focus was on developing the NFC based sensing tag, using the
capability of the NFC RFID chip to integrate an external sensor to achieve a complete
battery-less sensing platform. The main purpose of this work is to fabricate a cost-effective
NFC sensing tag which is suitable for green electronic applications as degradable substrate.
Additive manufacturing technique (screen printing) was implemented to reduce material
waste (e-waste) associated with conventional copper etching for standard PCBs. Moreover,
paper as low cost, easy to recycle and biodegradable substrate was chosen to reduce the cost
of each tag. Subsequently, two flexible resistive sensors developed in the group were

integrated. The temperature and strain values of those flexible sensors were converted to
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voltage values and reading carried out by NFC enabled smartphone. The circuit components
were tailored in order to demonstrate two potential applications for the developed sensing
tag: smart bandage serving in wound monitoring and smart food packaging. With studies
showing a body temperature of 35- 38 °C encourages wound healing, the bandage can also
measure the patient's temperature and send readings to a healthcare provider via a
smartphone app. Temperature and strain are also two parameters that are rarely combined
for wound assessment, making smart bandages one of the most innovative wearable devices
to enter the healthcare industry. Some of these key applications have been tested however
collaboration with clinicians are needed to translate the device’s use into real practice, a
process which takes a few years dependent on approvals. Video demonstration (115) shows

that either the temperature or strain reading are not interfering the other one reading.

In the second approach, the focus was on realization of antenna sensor using functional
materials. In the first study, a parallel inductor-capacitor resonant tank was developed on
dielectric sensitive material and sensing method is based on the change in resonance
frequency of the LC resonator when exposed to different level of pressure. The LC tank was
screen-printed on electrospun Poly-L-lactide (PLLA) nanofibers-based flexible,
biocompatible, and piezoelectric substrate. A pressure ranges from 0 to 16 kPa has been
tested. The interdigitated capacitive sensor (part of LC tank) exhibited high sensitivity 0.035
kPa! (wire measurement characterizing the capacitor using LCR meter) and 1200 Hz/kPa in
wireless measurement with excellent durability (over 1800 cycles). The LC tank-based
sensor is integrated on a compression bandage to demonstrate its potential use in the
monitoring of sub-bandage pressure, which could help regulate blood flow at wound site and
hence accelerate the healing process. Subsequently, similar to the first study, that using
functional material for realization of sensing antenna was explored a loop antenna as a
temperature sensor was designed however instead of exploiting a dielectric material, the
conductive body of the antenna itself has been considered as a functional material. In this
regard, a small part of a loop antenna which originally was printed using sliver paste was
replaced using Poly(3,4-ethylenedioxythiophene): polystyrene (PEDOT: PSS) which is one
of the most stable conductive polymers. The sensing mechanism was based on study the

resonant frequency of the antenna when the temperature changes from 25 °C to 90 °C.

In the third approach, the focus was on realization of antenna sensing exploiting geometry
modifications. In this case the external stimuli (e.g., stretching or bending) can be mapped

through studying properties of the antenna. To do so, several textile-based stretchable
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microstrip patch have been developed using rectangular serpentine units. The changes in the
resonant frequency of the meshed antennas, as a result of stretching, have been exploited to
demonstrate the intrinsic uniaxial strain sensing. The obtained results indicate that resonant
frequency decreases linearly with increasing applied strain, suggesting that the designed
antennas can also be used as strain sensors with stretchability up to 100% and a sensitivity
of 0.25. The results were validated through full-wave electromagnetic simulations and a two-
dimensional Digital Image Correlation (DIC) technique to model the antenna deformations
during the tensile tests. In terms of stretchability, the meshed textile patch antenna on a solid
ground plane showed more than a 2-fold improvement compared to a meshed gold patch
antenna, showing linear frequency shift. As potential applications, we demonstrate the use
of a highly deformable fully meshed textile antenna as a strain sensor capable of measuring
joint angles of a human limb. To do that, a novel microwave readout circuit based on RF to

DC rectifier was designed.

One important aspect for realisation of antenna sensor using smart materials with intrinsic
sensing capability is that fractional change in resonant frequency is happening due to the
variation of dielectric constant or magnetic permeability in response to the external stimuli.
To avoid problem of selectivity, the material properties (permittivity or permeability) should
not be sensitive to more than one stimulus or there must be a way to separate the responses
due to multiple stimuli. The same applies to textile antenna sensor presented in this thesis.
The properties of antenna (e.g. operation frequency, gain, etc.) are sensitive to backscattered
signals from surrounding environment. These EM interferences can degrade the
backscattered signal from the antenna sensor. Although change in resonant frequency due to
desirable mechanical deformation can be observed but in real life application (e.g. using the
antenna sensor for human-robot interaction) it is complicated to distinguish the subtle

desirable stimulus from unwanted backscattered signals.

One drawback in using flexible materials to fabricate antennas is the flexibility of the
wearable device can negatively affect the wireless communication, as the signal transmission
and reception are achieved by antennas. The electromagnetic properties of the antennas are
sensitive to the geometric deformations when the flexible device is attached to human body
due to the curvilinear nature of the body. In addition, the motion of the human body will
cause undesirable geometric modification of the antenna structure which results in a
continuous alteration of the antenna profile where it can affect the directivity, gain and the

operation frequency of the antenna (148, 222).
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6.2 Future Research Directions

The focus of this thesis has been on analysing flexible/stretchable antennas acting as sensors
exploiting the intrinsic properties of materials. Further improvements are possible in each
individual work to improve the system in terms of communication charactristic of the
antennas. The long-term future plan would be focused on increasing efficiency of the antenna
sensors. However, as short-term plans to improve the presented antenna sensors, some

suggestions are listed:

As for NFC based sensing RFID tag, presented in chapter 3, unlike conventional soldering
method which bonds effectively SMD components on rigid and flexible PCBs, the paper as
substrate cannot sustain high temperature required for soldering. Instead low-temperature
solder paste was used, however, robust electrical bonding with stable mechanical attachment
of the SMD components for long term stability needs to be further investigated. Thinning a
bare die NFC chip to make the chip flexible could be a potential solution to improve
mechanical stability of the fully flexible tag. Furthermore, the printed NFC tag can be
encapsulated with thermoplastic polyurethane (TPU). Waterproof TPU protects the skin
mounted tag against body fluids and moisture in wound monitoring application. Due to soft
nature of TPU, the encapsulation also enhances the conformability of the tag. One important
point is to replaced silver paste that was mainly used to print antenna sensors with new

formulated inks/pastes to reduce the cost of each tag.

As for the printed LC resonator, presented in chapter 4, we can expand the application of
such device towards wound healing as PLLA is biodegradable piezoelectric material. In that
case, the patch will be in direct contact with open wound hence all materials should be
biocompatible. Thus, the silver paste should be replaced by conductive biocompatible ink
for instance PEDOT: PSS. For this scenario, miniaturization of the LC resonator is
preliminary step. However, it should be considered that miniaturising the tag may not be the

best choice as it effects the quality factor of the coil antenna.

As for the stretchable textile-based antenna sensor, one of the key advantages to design an
antenna with ground plane for wearable applications is to eliminate the detuning effect of
the host object (e.g., human body or metallic surface). The meshed ground plane used in
fully meshed microstrip antenna helped to improve stretchability of the antenna strain sensor.

This modification led to increase in back lobe radiation thus the antenna efficiency
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decreased. Introducing periodic metal patches on top of the ground plane (with optimum
distance) can form a cavity-type high impedance surface (HIS). The properties of the HIS
allows the reflected wave will be in phase with incident wave, so the back radiation reduces.
Due to periodic nature of the HIS it does not limit the stretchability of the antenna but it
significantly improves the detection probability due to higher back scattered power.
Moreover, the properties of the HIS allows to further decrease the thickness of the polymeric

substrate which is highly desirable for wearable applications.
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