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Abstract

Ageing population and health challenges associated with it shows us the importance of continuous
and remote health monitoring using inexpensive, low-power, sustainable, and simple to use Lab-on-
Chip (LoC) devices. LoC systems aim to bring in the whole laboratory process onto a small chip.
Although crucial effort has been invested into this field, a marketable product is yet difficult to attain.
An important reason is that LoC systems are developed via the integration of different devices and
even technologies that are tailored for an individual task. A streamlined integration of these on a
single platform is challenging, especially considering complicated fabrication processes. There are
two fundamental mechanisms that have important roles in development of a LoC device; i.e. sensing

and fluid manipulation.

The aim of this thesis is to investigate a new method of bringing biosensing and fluid manipulation
capabilities on a single structure that can be integrated in various biosensing platforms. The sensing
capability is realised using metamaterial-based electromagnetic split ring resonators (SRR), and the
fluid manipulation capability is realised using surface acoustic waves (SAWs). The functionalities
are performed on a single structure fabricated on different rigid and flexible substrates. SRR-based
sensors have drawn much attention in different fields such as material characterisation, biosensing,
strain sensing and remote sensing attributed to their simple design and fabrication, reliability and high
quality factor. SRRs are metallic structures that are fabricated on a dielectric substrate and operate at
certain resonant frequencies. Their operational frequency depends on their geometry and the effective
permittivity of the materials surrounding them. However, these structures are incapable of manipulat-
ing fluids. On the other hand, SAW actuators have been extensively studied for their ability in different
microfluidic functionalities, namely, streaming, pumping, separation, jetting and nebulisation. SAW
actuators consist of Interdigital Transducers (IDTs) that are patterned on a piezoelectric substrate. By
applying radio frequency (RF) power to the IDTs travelling surface waves are generated, which is the

driver of the microfluidic functions.

In this thesis, a general methodology for the integration of sensing and fluid manipulation capabil-
ities in a single device is described based on four different designs introduced as separate chapters,
which can be beneficial in LoC applications. These fabricated devices have been employed as wire-
less sensors in microwave frequency range and utilised as a SAW actuator by applying power in radio
frequency range. In addition, a flexible embroidered SRR is also introduced in this thesis that can be

utilised in daily items based on fabrics towards continuous monitoring applications.
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Chapter 1

Introduction

Lifestyle related diseases such as obesity, diabetes, and cancer are rising on a global scale due
to poor diet, inactivity, smoking, and excessive alcohol consumption [1]. One of the main chal-
lenges remains delivering efficient healthcare that is affordable and sustainable. Enhancement of
Point-of-Care Testing (PoCT) devices can significantly improve global health [2]. PoCT devices
are referred to devices that can perform near patient testing without a need for laboratory testing
[3]. PoCT development aims for devices that are quicker, more sensitive and provide more specific
results. Emerging PoCT technologies include different platforms such as Lab-on-chip (LoC) plat-
forms, Paper-based assays, Cell-phone (CP) based technologies. Extensive research is conducted
in recent years to improve in these areas [4]. The demand for PoCT devices is increasing attributed
to their widespread applications in various health conditions. Also, the number of people in need
for continuous health monitoring is a factor driving the increase demand for PoCT devices. Some
examples of PoCT devices include glucose sensors, blood coagulation meters and biosensors for
infectious disease detection. The market for these devices has been expanding in parallel to the
increase in the variety of devices. In 2019, the market for PoCT diagnostics was USD 28.5 billion

and it is anticipated to reach USD 46.7 billion by 2024 [5].

A LoC device as it name suggests aims to combine the entire laboratory process onto a small chip
, and therefore, usually is an integration of various platforms that are capable of liquid prepara-
tion, separation, and sensing functionalities [6]. These capabilities translate in advancement of

microfluidics and biosensing technologies [4]. LoC devices are capable of sampling and process-



Chapter 1 - Introduction

ing trivial amount of liquid under investigation, which can lead to faster analysis, reduced sample
and solvent size, can be non-invasive, with low-power consumption, highly sensitive, and accu-
rate. Number of elements play an important role in developing a successful LoC device including
simplicity, robustness and reliability. However, there are challenges in developing a market-ready
product, and there are multiple factors that need to be addressed. These include but are not limited
to successful integration of various parts with different functionalities (i.e. sensing and sample
collection) that comprise the whole lab-on-chip device, achieving a sustainable small size de-

vice.

The research explained in this thesis is focused to combine acoustofluidic devices with their capa-
bilities in liquid sampling and electromagnetic metamaterials with their wireless sensing capabili-
ties on a single geometry. In other words, the aim of this research is to develop an integrated and
simplified platform of sensing and actuation employing a single structure as a potential lab-on-chip
device. The objectives include designing, simulating, and characterising a single structure, which
can act as a split-ring resonator (SRR) sensor in microwave frequencies, and also characterising
the same structure as a surface acoustic wave (SAW) actuator in radio frequencies. In line with the
aim of the research, an embroidered rectangular SRR is also introduced in this thesis for wireless

sensing applications. The contents of the following chapters are as below:

In the second chapter, a literature review will be provided on sensors and acoustic wave actua-

tors.

In the third chapter, a SAW device with curved interdigital transducers (IDTs) fabricated on a
lithium niobate substrate is proposed as the first proof of concept. In the radio frequency region,
different microfluid functionalities such as streaming, pumping and jetting have been explored by
applying power to the electrodes of the IDTs. The fabricated device has been utilised as an SRR
within 3-5 GHz, and has been investigated for its sensitivity to various concentrations of glucose
inside a droplet as well as the location of the droplet relative to the device. This chapter is the first

demonstration of the proposed idea and has been validated successfully.

In the fourth chapter, a circular geometry inspired by dual split-ring resonators (DSRR) on a
lithium niobate surface has been tested for its capabilities in sensing and in streaming. DSRRs

are commonly used sensors to lower the operating frequency of the device or can favour minia-



turisation for a target frequency by increasing the effective capacitance. Although DSRRs are
among conventional designs that have been employed in metamaterials, they are not common in
acoustofluidics. The fabricated device has been interrogated using a loop antenna within 3-4 GHz
and has been utilised to perform various sensing experiments. At the end, the device has been char-
acterised in radio frequencies and has been utilised for streaming of polystyrene particles inside a

droplet.

In the fifth chapter, a woven carbon fiber coated with polyimide and zinc oxide was used as a
flexible piezoelectric substrate and a straight conventional IDT design was patterned on top of
it. The device has been investigated for temperature control in a liquid droplet utilising surface
acoustic waves and also the sensitivity of the device to various UV intensities was measured in
its acoustic frequency. The device was further utilised as a sensor measuring different glucose

concentrations in microwave frequencies.

In the sixth chapter, straight IDTs composing a rectangular design have been patterned on polyvinyli-
dene fluoride (PVDF) substrate. PVDF is a flexible piezoelectric substrate and applicability of the
proposed concept on a flexible polymer substrate has been investigated. The So;, and Sp; fre-
quency response of the device has been obtained in microwave and radio frequencies respectively.
Different electromagnetic excitation conditions have been applied to simulate device and to char-

acterise the potential behaviour of the device within 3-4.5 GHz.

In the seventh chapter, the concept towards developing flexible sensors have been investigated
by employing embroidered rectangular SRRs. The behaviour of the device in microwave regime
has been explored under various electromagnetic excitation configurations through simulations
and experiments, and the device’s ability in various dielectric material characterisation has been

tested.

The conclusion and future directions are presented in the last chapter.






Chapter 2

Literature Review

In the following, a literature review on several types of sensors and actuators is provided.

2.1 Sensors

Significant advancements in engineering and material science have led to improvements in sensor
fabrication. The sensor field is astonishingly so broad that almost every major in science plays an
import role in its development. For example, ongoing improvements in material science have let
scientists choose the most suitable material for the intended application while reducing the cost
and enhancing reliability of the sensors. It is difficult to come up with a universal definition for
sensors or to categorise them. There have been various descriptions depending on the field that the

sensor was developed [1], [7], [8].

From a broad perspective a sensor can be described as “a device that receives a stimulus and
responds with an electrical signal” [9]. Transducer or detector are other words that have often been
synonymously and interchangeably used for sensor. Instrument Society of America has defined
transducer as “A device which provides a usable output in response to a specified measurand” [10].
A measurand can be a physical, chemical or biological property or condition to be measured and

a usable output can be electrical, chemical, optical, or a mechanical signal.

Sensors exist since centuries, and it is a difficult task to find the first created sensor. For example,

Mercury-in-glass thermometer was created in 1714 by Daniel Gabriel Fahrenheit and it is based
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on the thermal expansion of the mercury to indicate the temperature. However, first thermostat
developed by Warren S. Johnson in 1883 is considered to be the first modern sensor [1], [11],
as it combines thermal sensor with an electrical output which allows to control a system. Ever
since, many more sensors based on various working principles have been developed. Over time,
by advancement of other fields such as communication and cloud computing in parallel, sensors
have become more capable and sophisticated than the first invented versions. Figure 2.1 illustrates

the development of sensors over time.
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Figure 2.1: Sensor generations over time (Image is adapted from [8]).

The transition between the second and third generations of sensor, as shown in Figure 2.1, hap-
pened recently. One example is sensing in the medical industry. Up until recently, medical sensors
have been predominantly employed in hospitals within expensive medical equipment. However,
by progress of technology and sensors, they have become cheaper to manufacture, their size has
been reduced while their accuracy has been increased. Due to these, medical sensors have become
available outside hospital environment to individuals who are seeking to actively monitor their
health and wellness. One example is oximeters; oximeters first were made as a standalone device
and were mostly utilised in clinical settings, and miniaturisation helped to integrate them within

smartwatches and wristbands that can be worn every day.

The main drivers for sensor development are factors regarding environment, health and fitness,

economy, public health, national security, and Internet of Things [1]. Sensors have numerous
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applications in various fields, including but not limited to product testing, quality control and
assessment, food processing, air quality measurements, and medical devices. Depending on which
field the sensors are used, some factors have to be considered. These parameters can be distributed

into three categories [8]:

Environmental: Sensors can be built in a protected environment such as smartphones, where
the major dangers are heat from nearby components or a shock from falling on the ground. On
the other hand, sensors can require specific protection in order to be able to produce an accurate
output. Such environmental parameters can be the resistance to temperature and humidity, the

power consumption, the corrosion or the resistance to electromagnetic interferences.

Economic: Even if advancement in technology made sensors more accessible, the cost of a sensor
can remain high depending on its manufacturing technique, materials used and the quality of the
materials. Another major economical parameter is the sensor’s lifetime; an expensive sensor can
offer a cost-effective solution if that sensor can be used over a very long time, whereas some

sensors such as a pregnancy test can only be used once.

Characteristics: Some notable characteristics are the accuracy, the repeatability, the sensitivity,
the range and the linearity. Sensor applications influence the choice of sensors characteristics.
A thermostat made for consumable market does not usually require the levels of accuracy and

sensitivity as compared to its counterpart for medical device market.

2.2 Electrochemical Sensors

A working (or sensing) and a reference electrode are the key components of an electrochemical
sensor. These electrodes will be placed in a medium consisting of liquid or solid electrolytes and
the interaction of the electrodes with the electrolyte can be translated to a sensing mechanism.
Depending on the used electrolyte, these sensors can be operational between -30° C to 1600 ° C

[12].

The conventional liquid electrolyte-based electrochemical sensors can be typically used to monitor
and measure the conductivity, pH, dissolved ions and gas in an electrolyte in lower temperatures.
On the other hand, in higher temperatures, solid electrolytes are used to measure the melted metals

or exhaustive gases [1].
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Although high sensitivity and low power consumption are among the advantages of these types
of sensors, environmental conditions such as pressure and temperature can severely affect the
selectivity, sensitivity, and operational lifetime of these sensors. Also, oversaturation and cross-

sensitivity can be other limitations of electrochemical sensors [1], [12].

Voltametric and Amperometric sensors are among the most commonly used electrochemical sen-

SOrs.

2.2.1 Voltammetric Sensors

Voltammetric sensors measure the current resulting due to a time-dependent potential applied to
an electrochemical cell. The result is a function of the applied potential, and the plot it produces
is called a voltammogram whose role is to provide information about the analysed species in the
oxidation or reduction action [13]. This technique has been introduced by Jaroslav Heyrovsky
in 1920 for creating the polarography technique, which awarded him the Nobel Prize in Chem-
istry in 1959. Early voltammetry methods were using two electrodes, while modern ones use
three. The working electrode receives a time-dependent potential excitation signal while the ref-
erence electrode keeps a fixed potential. The measured current between the working electrode
and counter electrode gives the voltammogram [14]. Different materials exist for the working
electrode, such as carbon, silver, gold, platinum and mercury. Platinum is commonly used for the
auxiliary electrode and the reference electrode usually is an Ag/AgCl or a saturated calomel elec-
trode (SCE). When oxidizing or reducing an analyte at the working electrode, the generated current
from the reduction-oxidation (redox) reactions is called a faradaic current. Voltametric sensors are
mainly used for quantitative applications. In environmental samples, trace metals detection in wa-
ter samples is one major application of voltammetry to ensure the non-toxicity of water. Clinical
examinations apply voltammetry to detect trace metal in urine, tissue and blood samples. Lead
concentration in blood is small and voltammetry method is one of the most appropriate methods

to detect lead poisoning [15].

Voltammetric sensors have been used and improved since the introduction of voltammetry tech-
nique by Heyrovsky in 1920. In 1996, Palecek improved the adsorptive transfer stripping voltam-
metry (AdTSV) technique by developing nucleic acid-modified electrodes for the aim of reducing

DNA sample size required in the experiments [16]. Nyein et al. developed a wearable voltammet-
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ric sensor to monitor ionized calcium and pH in biofluids [17].

2.2.2 Amperometric

Amperometry is another sub-category of electrochemical sensors. Amperometric sensors measure
changes in current. The working electrode potential is set to a fixed value proportionally to the
reference electrode and the changes in current are measured over a period of time. The current is
then related to the concentration of the analyte. This type of sensor has been commonly used in
biosensors and immunoassays [18]. During the electrolyse, reduction-oxidation (redox) reactions
happen at the electrode surface due to the applied potential [19]. The measured current is propor-
tional to the redox concentration of specific active species from which the sensing electrode has
been designed. These sensors are used in oxygen-sensing applications, gas detection such as toxic

gases (e.g. chlorine Cl), or fire detection (through detecting CO) [1].

Amperometric sensors have seen an evolution over time, which have led to improvements in their
characteristics. One of the first amperometric sensors is a Clark oxygen sensor developed by L.C.
Clark in 1956, made to measure dissolved oxygen in blood [20]. In this sensor, a thin electrolyte
solution that separates the working electrode from an oxygen-permeable membrane is used. The
oxygen goes under reduction at the cathode. The sensor delivers a current proportional to the con-
centration of oxygen that has been dissolved. More recently in 2001, Pividori et al. developed an
amperometric biosensor to detect staphylococcus aureus, utilising an epoxy-graphite composite
electrode and peroxidase with a thin nylon membrane. This method significantly reduced the time
of the analysis and detection from 4-5 days to 36 hours [21]. In 2020, Muthusankarl et al. de-
veloped an amperometric sensor based on phosphotungstic acid—assisted PDPA/ZnO nanohybrid
composite to detect glucose. The combination of diphenoquinone diamine (DPDI?**) and phos-
photungstic acid anion improved the glucose oxidation, which led to a rapid sensor response of

less than 2 seconds [22].

Both amperometric and voltametric sensors require direct electrical connection for measurements.
This requirement is not favourable for applications where remote measurements are needed. A
method of implementing remote measurements is to design sensors that can interact with elec-
tromagnetic waves. Inductive-capacitive (LC) resonators are used in wireless sensors that enable

remote monitoring. Following is a literature review on LC resonators.
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2.3 Inductive-Capacitive Resonators

Wireless sensors that operate within the radio frequency band of electromagnetic radiation, have
attracted so much attention in recent years. Radio frequency identification (RFID) is a popular ex-
ample of wireless sensors and is mainly utilised for tracking and identification purposes; In RFID
sensors, a signal sent from a reader is received by a tag to be identified [23]. Radio frequency
band in electromagnetic spectrum covers frequencies from 3 kHz up to 300 GHz and is divided
into sub-categories based on the frequency (or wavelength) as following: low frequency, medium
frequency, high frequency, ultra-high frequency, super high frequency, and extremely high fre-

quency. The radio frequency spectrum in electromagnetic radiation is presented in Figure 2.2

[24].
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Figure 2.2: Radio and optical spectra in electromagnetic radiation (Image is adapted from [24]).

The frequencies in the range of 300 MHz to 300 GHz are also known as microwaves and usually
are considered as a subcategory in radio frequency band. However, some conventional definitions
separate radio and microwave frequency bands from each other. Based on the conventional def-
inition, radio frequency (RF) band covers frequencies of 3 kHz-300 MHz and microwave band

covers frequencies of 300 MHz-300 GHz [25]. The latter definition will be used throughout this

thesis.
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The section below covers basics of RF and microwaves.

2.3.1 Basics of RF and microwaves

RF and microwave signals propagate as electromagnetic waves. The initial investigations lead-
ing to our understanding of electromagnetic spectrum, originated from early studies in optics,
electricity, and magnetism. Before the 19" century, electricity and magnetism were considered
as two separate forces. However, in 1820, @rsted found that electric currents exerted a force on
magnets and in 1831, Faraday realised that changing a magnetic field induces electrical currents
[26]. Maxwell concluded these discoveries in his paper “A Dynamical Theory of the Electromag-
netic Field” [27] in 1864, which has led to our modern understanding of electromagnetism [26].
Electromagnetic wave is a transverse wave consisting of perpendicular vibrations of electric and
magnetic fields that propagate with the speed of light through vacuum. The basis of the study and
the application of the wave propagation in a medium starts with Maxwell’s equations, which show
the relation between electric and magnetic fields through coupled spatial and temporal differential

equations.

Maxwell’s Equations

Maxwell’s equations in differential form are presented in Table 2.1, in which D and B are the
electric and magnetic flux densities respectively. E and H are the electric and magnetic fields.

Penc 1S the enclosed electric charge, and J is the current.

11
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Table 2.1: Maxwell’s equations in differential format

. Relates net electric flux density to net
Gauss’s law VD = penc
enclosed electric charge.

Relates net magnetic flux to net en-
Gauss’s law for magnetism V-B=0 closed magnetic charge; there are no

magnetic monopoles.

. . Relates induced electric field to chang-
Faraday’s law VxFE= —%—f
ing magnetic flux.

S - Relates induced magnetic field to
Ampere-Maxwell’s law VxH=J+ %
changing electric flux and to current.

5, E, J can be written as:

D =¢E 2.1)
B =puH (2.2)
J=0oE (2.3)

Where €, i1, o are the electric permittivity, magnetic permeability, and conductivity respectively.
Derived from Maxwell’s equations, the speed of light in vacuum (c), in a medium (v), and hence

the refractive index (n) can be defined as:

e 1 (2.4)
Veolo
oo (2.5)
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c VEr
n=-= = Jerlir (2.6)
v \/€lo a

Where ¢ and p are the electric permittivity and magnetic permeability of the vacuum, € and p
are the electric permittivity and magnetic permeability of the medium, €,, and p, are the relative

permittivity and relative permeability respectively.

Maxwell unified the theories of electricity, magnetism, and optics, and he formed the basis of
electromagnetic-based communication. Hertz, Tesla, and Marconi continued Maxwell’s work and
contributed to the electromagnetic theory and the early practical applications of electromagnetic-
based communications; in 1887, Hertz demonstrated that electromagnetic wave could travel dis-
tances between a basic spark-gap transmitter and receiver and also linked the speed of those waves
to the speed of light. In 1891, and in 1893 Tesla demonstrated wireless power transmission and
wireless telegraphy. He also filed for a US patent for a radio in 1897. In 1901, and 1902 Marconi

demonstrated the trans-Atlantic communication using a kite flown antenna [26].

There are several instruments used to measure the RF and microwave signals. Since the major-
ity of performance parameters, design constraints, and regulations for RF and microwaves are
presented in frequency domain, measurements usually take the form of power versus frequency.
Instruments include spectrum analysers to capture power in frequency domain, signal generators
to produce carriers and modulated signals, as well as network analysers to measure S-parameters,

impedances, and other frequency responses [26].

A brief introduction is given on S-parameters in section below.

S-Parameters

Several matrix representations are available for characterising circuits in different frequency re-
gions. These include admittance parameters (Y-parameters), impedance parameters (Z-parameters),
ABCD or chain matrix, scattering parameters (S-parameters) [28]. S-parameters are widely used

for microwave, and radio frequency ranges.

A two-port vector network analyser, illustrated in Figure 2.3, was utilised to capture the scattering

parameters of the devices proposed in this thesis.
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Figure 2.3: Schematic of a two-port vector network analyser.

The S matrix for a two port network analyser is:

S11 S
5_ 11 O12 @7

So1 S22
In which, elements of the matrix are complex numbers with amplitude and phase. S1;, and S92
are reflection coefficients, and measure the ratio of the reflected wave to the incident wave at port
1 and 2 respectively. So1 and S1s, are transmission coefficients representing the transmitted power

from port one to two and vice versa [29].

Typically, Decibels (dB) is used when discussing power in RF and microwave systems. Decibels

is a unitless measure representing the ratio of power/voltage to a reference power/voltage;

power

dB = 10log

(2.8)

reference power

It
dB = 20log —20"49°

2.9
reference voltage 29)

For instance, S21 = 0 dB means that all the incident power to port 1 is 100% transmitted to port

2.

One of the main categories of wireless sensors are Inductive-capacitive sensors (also known LC
resonators, LC tanks). These sensors can be modelled as lumped elements with an effective in-
ductance and capacitance, and the fundamental resonant frequency, f, can be calculated by the

following equation [30]:
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1
= — 2.10
/ 21/ LC ( )

Where L is the effective inductance in henrys and C'is the effective capacitance in farads and are
determined by the geometry of the resonator and its surrounding dielectric medium. By altering
one of these parameters, the frequency of the resonator can be modulated. Changes made to the
inductor or capacitor with physical or chemical elements can also affect the bandwidth, or the
quality factor. The delivered energy coupled with the passive components that composed the LC
circuits make LC resonators a useful candidate for RF and microwave sensors which do not need
batteries. In addition to these characteristics, the resonant sensors do not require any external chip

or device to work, which eases their manufacturing process and allows to miniaturise them.

LC resonators have applications in various areas including medical [31]-[35], food industry [36]-
[41], and environment [42]-[45]. The frequency response of the resonators can be altered when
there is change in relative permittivity or permeability. This mechanism can help characterise and
differentiate healthy from cancerous tissues. In food industry, resonators can be utilised to ensure
the quality of the food. In environmental applications these resonators can be employed in harsh

environment, where direct access to the sensing area is neither ideal nor possible.

Mannoor et al. designed an antenna with bacteria binder which allows the resonance frequency to
react to the bacterial concentration. This project was mounted on tooth enamel to monitor bacteria
staying on the tooth [32]. Huang et al. presented a method for food processing management. In
their method, the changes of the pH level in food was captured via a flexible pH sensor lodged
in a deformable batteryless RF transponder [41]. In another study, Potyrailo et al., proposed a
method in order to measure the freshness of the packaged milk by monitoring bacterial load within
milk package [40]. Jun et al. made a wireless and flexible gas sensor to detect volatile organic
compounds such as ammonia and acetic acid. The sensor gives the possibility to measure 0.1
part per million of ammonia vapour with the difference in reflection coefficient at the resonance

frequency [46].

One very common type of LC resonators is split-ring resonators (SRR), which are building blocks

of metamaterials. A brief literature review is therefore presented on metamaterials and SRRs:
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2.3.2 Metamaterials

Meta means “beyond” in Greek and metamaterials, as their name suggests, are artificially engi-
neered structures that exhibit properties that are not readily available in natural materials. These
properties are having negative values of permittivity and permeability simultaneously over a fre-
quency band, resulting in a negative refractive index. The concept of negative refractive index was
first conceptualised by Victor Veselago in 1967 [47] . He categorised materials as right-handed
materials (RHM) and left-handed materials (LHM). Negative refractive index materials were a rep-
resentation of LHM because of the formed left-handed triad by electric, and magnetic fields and
the propagation vector, supporting backward wave propagation. Since this behaviour is not avail-
able in natural materials, his studies were not practiced experimentally over 30 years. In 2000,
Smith et al proposed an array of two-dimensional metallic split-ring resonators and wires, and

proved the existence of metamaterials experimentally based on Pendry’s work [48], [49].

Electromagnetic metamaterials are usually sub-wavelength metallic elements that present a unique
capability in manipulating electromagnetic waves and can operate at certain frequencies. The early
examples of metamaterials were operating at microwave frequencies and so far efforts have been
made to broaden the operating frequency range to optical frequencies [50] to explore various
application including biosensing [35], [S1]-[55], prefect absorption [56]-[58], super lenses [59]—
[61], and cloaking [62]-[64].

2.3.3 Split-Ring Resonator

Split-Ring resonators (SRRs) are basic building blocks of metamaterials. SRRs are composed of
metallic rings containing one or more splits and are fabricated on a dielectric substrate. The most
conventional split-ring resonators have circular or rectangular geometries [65] and are shown in

Figure 2.4.
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Figure 2.4: Commonly used SRRs. (a) Circular split-ting resonator (b) Circular dual split-ring resonator
(c) Rectangular split-ring resonator (d) Rectangular dual split-ring resonator.

When SRRs are exposed to electromagnetic waves, they couple with the EM waves and depend-
ing on the excitation condition and the directions of the electric and magnetic fields, SRRs are
capable of exhibiting different types of resonance; electric or magnetic. A magnetic resonant fre-
quency is when a circulating current is induced inside the ring, which can happen under certain

circumstances based on the electric and magnetic field directions relative to the device.

SRRs can be excited wirelessly, and when operating in their fundamental magnetic frequency, they
can be modelled as a simple LC resonator. Therefore, by changing the size and dimensions of the
structure, the effective inductance or capacitance changes and this effect is reflected in the value
of magnetic frequency. This feature together with achievable high quality factor resonances, and

simple fabrication process make them a suitable candidate for sensors.

SRRs can be utilised to sense physical, chemical, and biological properties for various applications
including biomedical [66]-[70], environmental [71]-[73], and food industry [74], [75]. Torun et
al proposed a circular SRR coupled with monopole antennas to monitor the interactions between
heparin and fibroblast growth factor 2 (FGF-2) [53]. Lee et al developed a planar split ring res-

onator to detect biomolecules such as cortisol hormones and prostate cancer marker [70]. Tseng et
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al fabricated a split-ring resonator sensor on a dielectric substrate, which was bio-responsive and
its thickness was dependant on biomolecules and ions; consequently, it resulted in a change in the
frequency response of the sensor [33]. Naqui et al. developed an alignment and 2D displacement
sensor utilising coplanar wave guides loaded with SRRs [76]. Abdolrazzaghi et al. designed a dual
mode SRR sensor operating at microwave frequencies with the objective of eliminating the erro-
neous impact of relative humidity on chemical sensing of uncontrolled environments [58]. A 3-D
printed SRR embedded in a cavity was proposed as a chemical sensor by Salim et al. [77]. They
also developed a complementary split-ring resonator (CSRR) integrated with microfluid channels

to measure low concentrations of ethanol in trivial amounts [78].

Although SRRs are desirable for non-invasive, reliable, real-time and wireless sensing, they lack
the capability of manipulating fluids, a requirement for liquid sampling. So, SRRs cannot effec-

tively form a LoC device on their own.

A conventional type of actuators that have been explored for their capability in fluid manipulation

is based on acoustic waves. Following is a literature review on this type of actuators.

2.4 Acoustic Wave Actuators

Over the past few decades, microfluidics has inspired researchers in different fields. It has shown
promising solutions for fluid sampling related problems by reducing the sample size needed for
analysis. Microfluidic manipulation is performed at the micro-scale level in micro-channels or
by use of sessile droplets. The objective of using this technology in different fields is replacing
each course of action in macro-scale level by a micro-scale equivalent and uniting the components
without undermining their merits. Despite dealing with small volumes, being cost-effective, and
their ability in processing and control, microfluidics have limitations in their traditional form when
it comes to actuation, as they rely on an external bench-top pneumatic pump linked by a tangle
of tubes [79]. Operation on such a system with hand-held version is challenging for both experts
and non-experts in laboratories. Bioassays are one of the most noteworthy applications used for
lab-on-chip devices, however, these biological assays need mixing. Some solutions have been in-
troduced such as passive mixers [80]. Although they can provide solutions for some cases, they

need intricate architectures. According to Sackmann et al., it is not enough for microfluidics to
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emulate the steps at macro-scale level into micro-scale levels and achieve an equivalent perfor-
mance; microfluidics must do better than that in order to compete with larger technologies [81]. In
the following, it will be discussed how actuation via the use of acoustic waves can deal with such

problems and help fulfil the promise of microfluidics.

Acoustic waves operate based on vibration. Vibration can manipulate the particles both within
fluids and gases; this feature has been studied by Chladni et al., Kundt et al., and Faraday et al.
and have affected other scientific works later done [82]-[84]. Fluid actuation with the help of
acoustic waves are demanding in terms of analysis, however, it is practical since it only requires a

small hardware for operation providing broad actuation forces and force gradients.

Acoustic waves have been utilised for decades and have applications in various fields, ranging
from communications to automotive and environmental sensing [85]-[89]. Acoustic wave-based
sensors and actuators rely on piezoelectric property of their substrate; applying an alternating
current (AC) or radio frequency (RF) excitation to electrodes patterned on a piezoelectric material
generates an acoustic wave that propagates in the direction perpendicular to the surface of the
material into the bulk medium (bulk acoustic wave, BAW) or along the surface of the material
(surface acoustic wave, SAW). Figure 2.5 shows the different modes of BAWs and SAWs (adapted
from [90]).

‘Acoustic Wave Modes‘
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|Bulk Acoustic Waves (BAWs)‘ ‘Surface Acoustic Waves (SAWs)‘
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Shear BAW Longitudinal BAW | |Film Acoustic Wave Lamb Waves Sezawa Rayleigh SAW Shear SAW

(S-BAW) (L-BAW) (FBAR) (R-SAW) (S-SAW)
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Figure 2.5: Key modes of BAWs and SAWs (adapted from [90])

A literature review is provided on working principles of acoustic waves, Bulk Acoustic Waves,

and Surface Acoustic Waves respectively with the focus being centred on SAWs.

2.4.1 Working Principles: Piezoelectric Effect

The piezoelectric effect is the generation of an electric charge by a crystal that is under strain or
pressure. This phenomenon was discovered by Pierre and Jacques Curie in 1880 when applying

a mechanical stress to multiple types of crystal. The converse piezoelectric effect, i.e. applying
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a mechanical stretch instead of pressure, was mathematically derived by Lippman in 1881, and it
was verified by the Curie brothers during the same year [91]. A few decades had to pass before a
practical use was found. In 1917, Professor P. Langevin applied the piezoelectric effect onto cut
plates of quartz (SiO3) in order to analyse the electrostatic properties of seawater, which is the

base of the sonar development [92].

When applying a mechanical stress onto a piezoelectric material, the dipole moments get self-
reorientated, causing electric polarization variations of molecules. These variations produce an
electrical potential on the surface material. The opposite is also true; applying an electrical poten-
tial on the piezoelectric material results in a deformation of the material structure [93]. In 1927,
A. Meissner proposed a simplified explanatory model of the phenomenon with a quartz crystal, as

shown in Figure 2.6 [94].
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Figure 2.6: Scheme of the piezoelectrical effect on a quartz crystal. (a) represents a cut in a quartz crystal
at equilibrium moments. (b) represents a mechanical pressure applied. (c) represents a mechanical
stretch applied.

Piezoelectric effect can only happen on materials with specific characteristics. The material has
to be polarized and should present a spontaneous polarization when a mechanical stress is ap-
plied, as shown in Figure 2.6. These include crystals like quartz, or man-made ceramics that are
artificially polarized. Some polymers like polyvinylidene fluoride(PVDF) also possess a piezo-
electric property. On a more general aspect, all ferroelectric materials and pyroeletric materials
are piezoelectric materials, and so have high piezoelectric capability [95], [96]. At the beginning
of piezoelectric research, natural crystals such as quartz were used. Langevin’s research for sonar
application was reused later by modifying the quartz with Rochelle salt crystals which have better
electromechanical coupling properties [97], [98]. As research in this field became more impor-

tant, the need of having an efficient piezoelectric material at lower cost and with better physical
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properties emerged. Synthetic piezoelectric materials with higher piezoelectric performance have
been researched, with improved reliability and reproducibility [99]-[101]. Artificially polarized
ceramics are among the mostly used materials in the piezoelectric field nowadays [94], [102]-

[104].

Piezoelectric sensors have advantages compared to other sensor types. Their manufacturing pro-
cess makes them easy and low-cost to fabricate, with durable quality and advanced mechanical
properties. Piezoelectric sensors are called passive sensors, or self-generating sensors, meaning
that they do not require an external power source in order to work [7]. This is an important
advantage to include them in biosensors and more specifically wearable biosensors. An exam-
ple can be a sweat metabolites monitor [105]. This proof-of-concept of self-powered sensor still
needs to be tested on the accuracy and lifespan aspects. Saravanakumar et al. researched a self-
powered piezoelectric sensor that can measure pH [106], [107]. Karki et al. compared wearable
biosensors materials for heart rate and respiration cycle measurements with piezoelectric PVDF
and electromechanical film [108], [109]. Other studies have experimented harvesting energy from

physical motion with piezoelectric sensors on wearable devices [105], [110], [111].

2.4.2 Bulk Acoustic Waves

Bulk acoustic waves (BAW) propagate through the bulk of the piezoelectric material. The most
common BAW devices are Quartz Crystal Microbalances (QCM), for which sensing principle has
been explained in 1959 by Sauerbrey [112]. QCM are made of quartz crystal sandwiched between
two metalllic electrodes, typically gold. The wave mode in QCM is a Thickness Shear Mode
(TSM), which can be used in liquid and dry environments. In order to sense the measurand, QCM
applies the gravimetric method of mass change [113]. The resonant frequency changes when the
mass of a molecule, absorbed or deposited, is applied on the QCM surface. Using Sauerbrey

equation, it is possible to obtain an estimation of the change in frequency [113]:

Af = _ 20 4, @2.11)

Ay/uqPq

Where Af is the change in resonant frequency (Hz), fo is the unloaded crystal’s resonant fre-

quency (Hz), A is the active area of the QCM, u, is the shear modulus of the quartz, p, is the
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quartz density (g/cm3) and Am is the deposited molecule mass (g) [113].

Another wave mode for BAW is called Shear BAW (SBAW). This mode consists of shear hori-

zontal BAWSs for which the propagation is just beneath the substrate surface.

One other type of BAWs that is used for sensing applications is Film Bulk Acoustic Resonator
(FBAR), an example of which is shown in Figure 2.7. Sharing similar structure with the QCM, the
advantage of FBAR is its dimensions that are much smaller. The operating frequency of FBARs
can range from sub GHz up to tens of GHz. FBARs also have the advantages of being highly
sensitive and their manufacturing process is low-cost [114]. However, having a small size impacts
the FBAR with such a sensitivity that detects many different parameters and therefore adds more

noise in the obtained signal.

Top Electrode
Piezoelectric Film

Bottom Electrode

Figure 2.7: Schematic of a back trench Film Bulk Acoustic Resonator (FBAR).

2.4.3 Surface Acoustic Waves

Surface acoustic waves (SAWs), also known as Rayleigh waves, were initially reported by Lord
Rayleigh back in 1885 [115]. These mechanical waves need a medium to propagate. The propaga-
tion will be done parallel to an elastic surface where high energy concentration can be found [116].
SAWSs not only propagate along the symmetrical crystal axes but they can also propagate along
different rotated cuts. This will enable many applications including SAW filters. These filters are

widely used in wireless communication systems to provide sharp and clean signals [79].

By implementing interdigital transducers (IDTs) on a piezoelectric substrate, it is possible to gen-
erate SAWSs [79]. One important factor in the design of a SAW device is the number of fingers,
which affects its quality factor. A common SAW device employs at least one set of interdigi-
tal transducers assembled on the surface of a piezoelectric substrate [117]. Generally interdigital
transducers enable high frequency SAWs. The minimum working frequency of a SAW device
is limited by the substrate thickness. The frequency of generated waves is typically in the order

of tens to hundreds of MHz, which makes it suitable to work with microfluidics. SAW devices
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are made up of anisotropic materials and their crystal structure orientation specifies the type of
the wave form they will generate. Power efficiency is an important issue while designing SAW
devices which can be improved by adding reflectors in the design. Reflectors are the replication

of fingers deployed one wavelength away from them [79].

The most commonly used substrates in surface acoustic wave devices include quartz, lithium nio-
bate (LiNbOs3), lithium tantalate (LiTaO3), ZnO, cadmium sulfide (CdS) and gallium arsenide

(GaAs) [118].

SAWs can be utilised for both actuation and sensing, which will be discussed further in more detail
in the following subsections.

Droplet Actuation

By applying RF power to the electrodes of a SAW device at its acoustic frequency, surface acoustic
waves are generated and will travel without much attenuation on the piezoelectric substrate. How-
ever, when generated SAWs encounter a liquid droplet, the waves are dissipated into the droplet

and seem to quickly attenuate in the droplet and the substrate [79]. This mechanism is illustrated

IDT A‘\K‘ Droplet

in Figure 2.8.

SAW Leaky SAW Substrate

Figure 2.8: Schematic view of SAWs propagating through a droplet. The energy is dissipated within the
liquid at the Rayleigh angle.

The intensity of SAWs that are “leaked” in the droplet diminishes and are therefore called Leaky
SAWs (LSAWSs). These LSAWs travel through the liquid with a streaming angle named the

Rayleigh angle 6,..

Rayleigh angle is calculated using the Rayleigh SAW velocity onto the substrate, vg, and using

the SAW velocity within the liquid, vy, by the following equation:
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0, = arcsin <VL> (2.12)

Vs

This decay factor happens along a certain length onto the piezoelectric substrate. This length is

called the attenuation length, and is calculated by the following equation:

-1 _ pSVg'
prvrf

2.13)

Where o~ is the attenuation length, pg and p;, are the densities of substrate material and liquid
respectively. The attenuation of the SAW along the Rayleigh angle is even more drastic and

follows another equation as below:

3
PLVT,

gt =
472 [, (31 + 1)

(2.14)

Where 1 and 1" are the shear and bulk viscosities of the fluid respectively [79].

The acoustic wave that is leaked into the droplet will set up pressure fields along the Rayleigh
angle. At lower applied powers above a certain level, an internal streaming inside the droplet will
emerge. By further increasing the RF power applied to the electrodes, the leaked SAW energy
intensifies, and the droplet will start to lean towards the direction of the Rayleigh angle. If the
leaked surface power reaches a certain threshold where it overcomes the pinning force between
the droplet and the substrate, then the droplet can be pumped. Increasing the applied power even

further can lead to jetting and the nebulisation of the droplet.

Examples from literature on these microfluidic functions are presented in more detail in the fol-

lowing sections:

Streaming

Streaming is a phenomenon happening when acoustic waves of high oscillation and high amplitude
are absorbed in a fluid. It can be used for pumping and mixing applications in a continuous flow

and digital microfluidics [119], [120].

Wixforth developed a microfluid processor and explored internal streaming inside very small
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amounts of sessile droplets (~ tens of nanoliter) employing SAWs [121]. Acoustic streaming
has multiple advantages such as speeding up biochemical reactions as well as improving the speed

of hybridization reaction when examining DNA and protein [122]-[124].

When particles flow inside a droplet, the common shapes are vortexes that are formed in a butterfly
pattern as shown in Figure 2.9. The shapes depend on multiple factors such as the number and

types of IDTs used, the hydrophobicity of the substrate, and the size of the droplet [90].

Figure 2.9: Flow patterns of acoustic streaming in a droplet induced by ZnO/Si SAWs: (a) Top view,
where a single IDT on the left causes the butterfly streaming patterns inside the droplet; (b) the front-
side view of butterfly streaming patterns induced by the ZnO/Si SAW; (c) the corresponding simulated
streaming pattern using finite volume software induced by a SAW launched from the left [90].

The acoustic streaming also contributes to moving smaller droplets on a surface. This can be seen
in Figure 2.10, where two droplets of water are mixed together using a single set of IDTs to move
and mix the droplets. The transportation of a droplet depends on the same factors affecting the

mixing shapes, and it also depends on the RF power applied.

(a) ‘ (b) S~ (c) (d) (e) :
0N O

Figure 2.10: Acoustic mixing of a water droplet with a red dye droplet at different intervals induced by
a ZnO/Si SAW device with the SAW launched from the left side [90].

Kulkarni et al. used SAWs to explore the in-gel sample processing by mixing reactants in a 40
L droplet until all the reactions happened [125]. This process revealed to be substantially faster
than conventional methods as all reactions were completed in dozens of minutes. Frommelt et al.
developed a traveling SAW (TSAW)-based droplet mixing device using two tapered IDTs [126].
They observed that the SAW amplitude and frequency have a direct impact on the mixing speed,

and that change in the input signals would modify the flow patterns.
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Pumping

A challenge in pumping of the micro-scale sessile droplets in a LoC device is to avoid evapora-
tion of the droplet during this process [127]. Although, pumping is mostly performed utilizing
continuously filled channels, digitised pumping of sessile droplets can be achieved using SAW ac-
tuators. When the leaked surface acoustic wave inside the droplet reaches certain level, the droplet
is deformed and leaned in the direction of the Rayleigh angle. At this point, further increasing
the applied power to the electrode will cause the LSAW to overcome the pinning force between

substrate and the droplet, and consequently, pumping will be achieved.

Wixforth et al developed a microfluid processor with predefined trajectories for pumping droplets
in nanolitre range [128]. Renaudin et al. demonstrated that the pumping of a droplet depends on
the RF power applied and that the threshold power in hydrophobic surfaces to achieve pumping
is lower [129]. Actuation of sessile droplets utilising low powers was explored by Baudoin et
al. [130]. They realised that vibrating the droplet can substantially reduce the amount of power
required for pumping. This process can play an important role, where it is necessary to keep the
temperature of the droplet constant during the pumping process. Ai et al. explored the effect of
focused IDTs on pumping [131]. They observed that focused IDTs translate the droplet on the
focal distance, five times faster than straight IDTs. Figure 2.11 illustrates the splitting of a 3 L of
droplet into two equal-size sub droplets and their translation. In this experiment, two SAW devices
fabricated on a lithium niobate substrate were placed on the opposite side of each other with an

offset [132].

50 ms

Figure 2.11: Splitting and translation of 3uL droplet into two 1.5 L droplets over time [132].

Jetting

Generally, the inertial force should overcome the surface tension force so that jetting can happen

and can depend on various factors including the viscosity and size of the droplet. Applying a
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high acoustic power on a SAW device electrode combined with hydrophobicity of the surface,
can overcome the surface tension and jetting of a small droplet into the air will be possible [133].
The concept of droplet jetting using SAW was proposed by Shiokawa et al. in 1990 [134]. They
observed that, when high-intensity acoustic waves were generated on a SAW device, small liquid
droplets were ejected at Rayleigh angle from the original droplet. Figure 2.12 represents an ex-
ample of jetting, in which two IDTs placed at opposite sides of the droplet are used to generate
the SAWs. SAWs are pushing the droplet in its centre, and the Rayleigh angle applies a vertical
force. Hence, the droplet is deformed and elongated upward, until it is entirely ejected from the
SAW device. This jetting solution presents an advantage compared to traditional nozzle-based
droplet ejector as they would be more cost-effective [90]. Another method of droplet jetting is to
use circular IDTs. Although this solution has a higher energy efficiency, continuous droplet jetting
is not easily feasible by this method, as it requires the droplet to be precisely placed at the centre
of the IDTs. However, in the aforementioned case with two opposite IDTs, a microchannel can be

integrated on the device to provide continuous flow of the droplet [90].

(a) (b) (c) (d) (e) (f) . (B} (h)

Figure 2.12: Vertical liquid jetting of a 2 uL droplet actuated by ZnO/Si SAWs from two opposite IDTs.
The SAWs are launched from two sides of the droplet, thus the droplet is pushed up from both sides
by the opposing waves at the Rayleigh angle, i.e., (a) to (c). The leaky waves propagate inside the
droplet and reach the surfaces of the deformed liquid and then are reflected back into the liquid, thus
further pushing the liquid upwards, i.e., (c) to (f). The vertical jetting of the droplet continues until the
elongated liquid beam break up into small droplets, i.e., (g) and (h) [90].

Multiple research groups have studied jetting technique to improve its efficiency. Bennes et al.
investigated the choice of the substrate [135]. They observed that when a hydrophilic substrate is
used, the jetting would produce a spray. However, a proper jet is produced when the surface of the

substrate is hydrophobic. Later, Pang et al. applied different thickness of ZnO and ultrananocrys-
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talline diamond (UNCD) on the substrate to observe their possible effect on jetting [136]. The
UNCD improved the energy transfer between the substrate and the droplet. Darmawan and Byun
observed that super hydrophobic substrates have a higher droplet detachment time compared to

hydrophobic substrates because of the SAW propagation area [137].

Sensing with Acoustic Waves

SAW devices can be employed as sensors, as SAW has high sensitivity to different types of per-
turbations such as mechanical, chemical or optical stimuli [138], [139]. The main technique to
sense with acoustic wave devices is to measure the variations of the acoustic phase velocity. This

velocity is linked to the resonant frequency by the following equation [90]:

Ir= (2.15)

14
A
Where f, is the resonant frequency, v is the acoustic phase velocity and X is the wavelength. Many

factors can induce a change in the acoustic phase velocity, such as mass loading, conductivity,

temperature, and pressure. Their impact is modelled in the following equation:

AF A
f 0 B Vacoustic
(2.16)
1/ 0v ov ov ov ov 191%

Where v is the acoustic phase velocity, m is the mass load, o is the conductivity, 7" is the tempera-
ture, c is the mechanical constant, ¢ is the dielectric constant, and P is the pressure. This equation

assumes that all external factors are small.

Two different structures exist to use a SAW device as a sensor, one being delay line structures and
the other being SAW resonators [140]. Delay line structures are used to analyse the velocity of
the surface waves altered by a measurand. The velocity follows a round trip delay of the readout
signals [141]. Multiple reflectors are placed at different distances from the IDT in order to track

this delay.
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Piezoelectric
Input IDT SubSltrate Output IDT

I« (A
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A Delay length

Figure 2.13: Surface Acoustic Wave configured as a delay line (adapted from [140]).

In a delay-line structure, the SAW-sensor will generate acoustic waves from an IDT emitter to
another IDT receiver. This configuration can be seen in Figure 2.13, where a 2-ports SAW config-
uration is shown. It is possible to use a 1-port SAW configuration too. In this configuration, one
SAW port, is acting as a wave emitter and receiver, and is surrounded by reflectors [142]. Such
configuration can be seen in Figure 2.16.

IDT Reflectors

Figure 2.14: One-port SAW reflective delay line (adapted from [141]).

SAW resonators act as LC resonators, in which the measurand has influence on the resonance fre-
quency. Multiple SAW resonators can be used on a single system to improve the sensing sensitivity
and robustness. Buff W. et al. were the first to investigate the use of two SAW resonators with
a differential evaluation [143]. This configuration cancels out the possible disturbances coming

from impedance changes, as well as improving the signal quality.
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Figure 2.15: Surface Acoustic Wave configured as resonator (adapted from [140]).

A one-port SAW resonator is illustrated in Figure 2.16

Input and Output
Reflector IDT Reflector

Piezoelectric
Substrate

Figure 2.16: One-port SAW resonator device (adapted from [141]).

The parameters and mode of the SAW-based sensors are to be chosen depending on the application.
These parameters, such as wavelength of the IDTs will have a direct influence on the sensor

resonant frequency as well as its sensitivity [90].

2.4.4 Design considerations in SAWs

The selection of the piezoelectric film plays an important role in the design and successful inte-
gration of SAW devices for sensing and actuation purposes. There are several factors to consider
for the choice of the piezoelectric film. These mainly include microstructure and piezoelectric
properties, fabrication considerations, and the intended application. More details are explained

below [90]:
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Microstructure properties:

The film must have strong texture, dense structure with low porosity. Also, the film’s micro-
structure and thickness must be uniform. Other parameters include good stoichiometry (e.g. Zn/O

or Al/N ratio), and high crystallinity with low defect density.

Piezoelectric properties:

The film must have the following characteristics: high electromechanical coupling coefficient (k?),
good thermal stability (low thermal coefficient of frequency, or velocity), high quality factor, with

low acoustic loss and low damping.

Fabrication considerations:

Low film stress, easy deposition and good adhesion of the films on various substrates, cost, repro-
ducibility, compatibility with other technologies e.g. CMOS/MEMS, easy patterning/processing/etching
of the films are among the considerations, which are needed to be taken into account in the fabri-

cation step.

Microfluidics applications:

For microfluidic actuation purposes, the following characteristics for the film are needed to be
taken into consideration: being chemically inert, robustness or flexibility based on the intended
use, easy surface modification, ability to handle high powers without causing fractures in the struc-
ture, hydrophilicity/hydrophobicity of the surface (e.g. the surface needs to be hydrophobic for
pumping of microfluids), compatibility with other technologies for integration, optically accessi-

ble to monitor the process.

Sensing applications:

High sensitivity, selectivity, resolution, and low noise levels are important for sensing applica-
tions. In general, the following characteristics are taken into consideration for design of the
sensors: high quality factor (), low environment dependency, high thermal stability, substrate
flexibility/rigidity depending on the application, fast response and low hysteresis. If the sen-

sor is designed for bio-applications, additional parameters such as biocompatibility, easy surface
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modification/functionalisation, and chemical inertness are also considered. Some of the quanti-
tative measures, explained earlier in the design considerations, are defined in more detail below
[90]:

Responsivity

The Responsivity of a sensor, R, to any external perturbation x is defined as:

_ g fletAr)— f(z) _df
RiAlgzgo Az T dx

2.17)

where it reflects the shift in frequency caused by Az or the variation factors such as temperature,

pressure, mass, density, viscosity or conductivity.

Quality Factor, Q:

The quality factor, Q, can be utilised as an indication of the performance of acoustic wave res-
onators. The quality factor is influenced by ohmic losses in contacts and electrodes, acoustic
wave leakage into the substrate, dielectric losses of the piezoelectric films, cracks and defects,

surface/interface roughness.
The quality factor can be experimentally obtained by the well-known 3-dB method as below:

Jo

©= Af 3B

(2.18)
where A f_34p is the bandwidth at -3dB of the resonant peak of the admittance at fj.

The electromechanical coupling coefficient, k2:
Electromechanical coefficient, k2, is a function of piezoelectric coefficient of the acoustic wave

resonator and is defined as below:

2
B2 = 8L (2.19)
C11€33

where e?ﬂ is electric field, c;; is the elastic constant of the material, and €33 is the permittivity at
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a constant strain. Electromechanical coefficient of a SAW device can be experimentally obtained

by:

G
p2= <) (2.20)
AN \B/ j—p,

where N is the number of SAW device finger pairs; G is the conductance (real part) and B is
the susceptance (imaginary part) of the electrical admittance Y (Y = G + jB), at the central
frequency, respectively. Using a network analyser, G and B values can be extracted from the

Smith Chart of the transmission or reflection coefficients at the central resonant frequency.

The Effect of IDT Design in SAWSs

The SAW devices shown in Figures 2.13 and 2.16 generate acoustic waves in two directions us-
ing standard bidirectional IDTs. While this is useful in a one-part SAW configuration, there is
an energy loss when using a two-port SAW configuration. Hanma and Hunsinger researched a
single-phase unidirectional transducer (SPUDT), which uses unidirectional IDTs that have built-
in reflectors among the fingers to force the acoustic waves to go into one direction [144]-[146].
An example of a SPUDT can be seen in Figure 2.17. Their disadvantage is that the total SAW
energy is reduced compared to standard IDTs. They are an essential component for microfluidics
applications as they maintain the SAW sensor at the most optimal operation conditions.

Piezoelectric

Substrate
|
|

I

Acoustic Wave
Propagation Direction

Reflector SPUDT

Figure 2.17: Single-phase unidirectional transducer design scheme.

In slant IDTs the operating frequency can continuously vary as a result of the modification in elec-
trode periodicity. Salnted IDTs have the advantage of changing the moving direction of a droplet

by changing the operating frequency continuously. Their disadvantage is their broad bandwidth.
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An schematic of these IDTs is shown in Figure 2.18(a). To improve the mixing and pumpinp
characteristic of a SAW device, circular IDTs can be implemented. Their design produces higher
sensitivity and resolution in sensing by focusing acoustic energy in its centre. Figure 2.18(b)

shows an illustration of circular IDTs [90].

/
(@) (b)

Figure 2.18: (a) Slant IDT design scheme (b) Circular IDTs [90].

Film thickness and dispersion effects

Thin film acoustic wave devices have considerable dispersion effects; The thickness of the film
influences the quality factor, acoustic wave velocity, resonant frequency, and electromechanical
coefficient significantly [147]. The ratio between the wavelength and the thickness of the thin film
saw devices is a dominant factor in determining the wave modes and their velocities. This can
be characterised by normalised thickness, which is hk, where h is the film thickness, and k is the

wave vector (k=27/)) [90].

For thin film SAW devices, if the piezoelectric film thickness is larger or comparable to the wave-
length of the SAW, the waves will mainly propagate inside the piezoelectric layer. Therefore, the
acoustic wave velocity will be that of the Rayleigh waves for the thin film layer. For example, the
speed of the wave would be 2800 m/s for ZnO, and 5600 m/s for AIN). On the other hand, if the
film thickness is much smaller than one wavelength, the SAW energy will be mainly dissipated
in the substrate, and thus, the wave velocity would be that of Rayleigh velocity of the substrate
material. Therefore, the velocity of the SAW devices can be tuned between acoustic velocities of
thin film or substrate material by adjusting the ratio between the film thickness and the wavelength
of the SAWs. There is a cut-off film thickness in the order of tens of nanometres or ~ 10% of

wavelength of the SAW, below which no significant SAW can be generated. This is due to the
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very low electromechanical coupling coefficient and limited piezoelectric effect for very thin films

[90].

Furthermore, by increasing the film thickness 1% and higher modes of Sezawa modes can be
detected [90], [148], [149]. Sezawa modes can also be generated through multi-layered device
designs, where the acoustic wave velocity in the substrate is higher than that of the top layer
[90], [150], [151]. However, multi-layered structures would be more complex as the material and

thickness of each layer will have an impact on the wave propagation [152]-[155].

Sezawa waves exhibit higher phase velocities and resonant frequencies compared to Rayleigh
waves for a given thickness, which would render the SAW device more suitable for higher fre-
quency applications [90], [156]. For example, for biosensing applications, higher order Sezawa

mode with higher frequency shows better sensitivity compared to Rayleigh mode.
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Chapter 3

A Fully Integrated Biosensing Platform
Combining Acoustofluidics and

Electromagnetic Metamaterials

In this chapter, an implementation for an integrated device based on electromagnetic metamaterial
sensors and acoustofluidic transducers is described. The sensing and actuation capabilities of this

device are investigated for a single geometry fabricated on a piezoelectric substrate.
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Abstract

A key challenge in biosensing technology is to develop integrated approaches with the multiple
capabilities of bio-sampling, fluid manipulation, high-precision detection and wireless operation.
In this work, we present a new concept of integrated biosensing technology using the functional-
ities of electromagnetic metamaterials and acoustofluidic technology onto a single platform. The
new concept of using a single structure to perform microfluidic functions at acoustic frequencies
and to detect the characteristics of liquid at microwave frequencies will enable the development of
improved lab-on-a-chip devices. As a case study, we demonstrated efficient acoustofluidic func-
tions of mixing and pumping using the designed surface acoustic wave (SAW) device on a LiNbO3
substrate in an experimental setup that also allows the measurement of the electromagnetic char-
acteristics of the interdigitated transducer (IDT) pattern of the same device. We demonstrated
microfluidic functions at 10-25 MHz. The device also exhibits electromagnetic resonance at 4.4
GHz with a quality factor value of 294. We showed the device can be used for glucose detection

with a good sensitivity of 28 MHz/(mg/ml).

3.1 Introduction

Wireless health monitoring has become a reality attributed to the development of novel biosensors
for a diverse range of applications such as glucometers, blood pressure sensors, and pulse oxime-
ters. Breadth of these applications have been expanding with the development of new sensing and
manipulation methods in microsystems. Microsystems technology offers various methods for ma-
nipulation of biological fluids for biosampling and preparation purposes, including electromechan-
ical pumping, electrophoresis, and ultrasonic/acoustic actuation. Surface Acoustic Wave (SAW)
actuators have been successfully demonstrated for various microfluidic functions including liquid
mixing, transport, jetting and nebulisation [1]. SAWs are based on generation of nanometre-scale
vibrations on a solid surface. Advantages include freedom from mechanically moving parts and
easy-integration into microfluidic systems [2], [3]. In addition to conventional SAW devices on
rigid substrates, mechanically flexible and bendable thin film-based acoustic wave devices that are

suitable for wearable applications have also been demonstrated [4], [5].

SAW structures can also be used for sensing based on the piezoelectric effect. The resonant fre-
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quency of an acoustic transducer is shifted when an analyte is adsorbed on its surface due to
mass loading, or in other cases, changes in elasticity, viscosity or conductivity, thus the frequency
of the transducer can be used to detect molecular interactions. However, their major challenges
for sensing remain unresolved. The sensitivity of SAW sensors increases significantly with their
centre frequencies are increased, favouring smaller devices with resonant frequencies up to GHz
levels [6]. Yet, this results in a higher energy attenuation along the interfacing surface with the
contacting fluid [7]. In addition, smaller devices require stringent control in manufacturing. As
an alternative technology, film bulk acoustic resonators (FBAR) have been used for sensing. The
operation principle of the FBAR transducers is based on resonating bulk waves between two elec-
trodes separated with a piezoelectric film layer. FBAR transducers generally favour being smaller,
thus are operated at higher frequencies, offering a much higher sensitivity. FBAR devices can be
used for liquid sampling but their liquid manipulation and microfluidic function are rather limited
compared to that of SAW transducers [5]. Thus, it is very challenging to optimise a single acoustic
wave transducer for both sensing and actuation. In addition, the selectivity of the acoustic sensors
is relatively poor, and the resonant frequency is significantly affected by variations in ambient
conditions, including non-specific mass loading and temperature [5], [6]. Different approaches
have been utilised to address these challenges. For example, exciting shear horizontal waves on
the surface of the SAW devices or exciting them using later electric fields can significantly reduce
the loss in acoustic energy into the liquid environment. Efficient devices using these approaches
have been demonstrated for sensing applications [8]-[10]. Furthermore, combining sensing and
actuation capabilities will pave the path for an integrated biosensing platform with efficient sample

handling and high precision detection capabilities.

A promising sensing technology with high quality factors at frequencies higher than those of
acoustic wave devices is electromagnetic metamaterials. Metamaterials exhibit electromagnetic
properties, which are not present in the conventional materials. These include negative values of
electric permittivity and magnetic permeability that can be achieved simultaneously [11]. Among
different geometrical configurations, split-ring resonators (SRRs) are one of the most common
structures for electromagnetic metamaterials. A conventional SRR is simply a ring with a split,
which is preferably made of a highly-conductive metal on a dielectric substrate. In addition to

their favourable electromagnetic characteristics, SRR devices can be realised in a simple and cost-
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effective manner with various flexible configurations. An SRR structure electrically forms an LC
resonator at its magnetic resonance when a circulating resonant current is induced along its sur-
face with the resonant frequency, inductance and capacitance determined by the geometry of the
structure. SRR structures in centimetre to millimetre-scale, similar to SAW devices, are usually
used for applications in microwave bands. Unlike the conventional types of passive resonators,
an SRR structure typically exhibits very sharp resonant behaviour with quality factors larger than
1,000 at microwave frequencies [12]. Owing to their high-quality factors, the change in the reso-
nant frequency of an SRR structure can be effectively used as a sensing mechanism, and it can be
induced by a change in dielectric properties of the surrounding medium. Different SRR biosensors
have been demonstrated, for which binding of biomolecules on top of an SRR structure alters the
device capacitance [13]-[15]. In addition to their high sensitivity, these structures offer advan-
tages over acoustic wave devices in terms of specificity, e.g., they are not significantly affected by

non-specific mass loading and temperature.

In this chapter, we, for the first time, introduce a new concept of integrating a SAW device and
an electromagnetic metamaterial using a single-electrode structure. The structure is inspired by
SRRs with their capability of inducing resonating current for electromagnetic sensing. The SRR-
inspired electromagnetic metamaterial structure allows wireless measurements with high quality
factors. In addition, the single-electrode structure defines an acoustofluidic device on a piezoelec-
tric substrate. The focus of our concept is to achieve a dual functionality using acoustic transduc-
tion and metamaterial-based sensing capable of providing non-invasive, portable, fast, affordable,
and accurate biosensors. We report the fluid manipulation capabilities of an acoustic transducer
together with its electromagnetic detection capability based on its metamaterial functionality, and

successfully demonstrate our device for glucose sensing.

3.2 Experimental Section

Standard photolithography and lift-off processes were applied to develop semi-annular aluminium
interdigitated electrodes with wavelength of 100 pm on a lithium niobate substrate. For acoustic
wave characterisation, electrode pads were connected to one port of a portable vector network
analyser (KEYSIGHT N9913A) and Sy; characteristics of the device was obtained. For testing

actuation capability of the device for different microfluidic functions, the surface of the substrate
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was treated with 1% CYTOP (Asahi Glass Co.) solution by drop-coating to make it hydrophobic.
The droplet was placed on the treated surface of the device using a micropipette. A function
generator (Marconi Instruments 2024) was utilised for generating SAWs on the surface. To do this,
the function generator was set to operate at the intended resonant frequency based on the achieved
S11 characterisation. The output of the function generator was fed to an amplifier (Amplifier
Research 75A250) and the output of the amplifier was connected to the electrode pads of the
IDTs. An RF power meter (Racal Instruments 9104) was utilised to measure the output power of
the amplifier in Watts. For electromagnetic characterisation, monopole antennas were fabricated
on an FR4 (Flame Retardant 4) substrate utilising a standard printing circuit board manufacturing
technique. FR4 is the most commonly used dielectric for fabricating circuit boards due to reasons
such as low cost, high integrability with electronics, thermal and mechanical properties [16]. All
of which makes this material highly popular among other alternatives. Monopole Antennas were
connected to ports of a vector network analyser (Agilent Technologies N5230A) to interrogate the

device. Transmission spectrum was captured by the vector network analyser.

3.3 Results and Discussion

3.3.1 Acoustofluidic Characteristics

We have used a SAW device fabricated on a lithium niobate (LiNbOj3) substrate. The transducer
has curved interdigitated (IDT) electrodes configured in a semi-annular pattern with an outer radius
of 4 mm. The period of IDT electrodes is 100 um. The IDT electrodes were defined using sput-
tered aluminium and a standard photolithographic lift-off process. We coupled this device with a
pair of monopole patch antennas realised on a standard printed circuit board substrate (FR4, glass-
reinforced epoxy laminate material) as conceptually shown in Figure 3.1. The antennas are 26 mm
in length and 3 mm in width. We connect the antennas to the ports of a vector network analyser
(VNA) to excite the device electromagnetically and to measure the scattering parameters of the
device between the antennas. In addition, the IDT pads allow us to excite the SAW device elec-
trically by applying an RF signal for liquid manipulation experiments. During these experiments,
we treat the surface of the structure with CYTOP, which is an amorphous fluoropolymer providing
water and oil repellency, thus increased hydrophobicity. Figure 3.1(b) shows the cross-sectional

schematic of the device depicting the layers. FR4 and LiNbOs3 provide dielectric substrates with
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permittivity values of 4.3 for FR4 and €17 = 85, €33 = 29.5 for LiNbO3.

(a)
droplet
IDT water
BN W oo e pmwm CYTOP
Al
substrate LiNbOs
(b)

Figure 3.1: (a) Illustration of a SAW device on a LiNbOg3 substrate which is placed on a FR4 substrate
including antennas for electromagnetic excitation. (b) Cross-sectional schematic of the device [17].

We measured the S1; (reflection coefficient from the port) spectrum of the SAW device at acoustic

frequencies between the ports defined by the IDT pads. We observed four distinct frequencies

between 10-25 MHz range as shown in Figure 3.2.
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Figure 3.2: Sy; spectrum of the SAW device at acoustic frequencies. We used a network analyser to
measure the spectrum between the ports defined by the padsof the IDT electrodes [17].

The period of the IDT electrodes in the particular device is not constant and has some variation

among the finger pairs as shown in Figure 3.3. We systematically measured the wavelength and

observed a variation between 210 ym and 330 pym. The variation in the wavelength results in

r

500 pm

distinct fundamental resonant frequencies.

Figure 3.3: Micrographs of two sections of the IDT electrodes illustrating the variations in the finger
widths of the IDT electrodes [17].

(b)

Among these, we observed the SAW device is efficient at 10.8 and 22 MHz. The wavelength of
the IDTs determine the wavelength of the acoustic wave () travelling over the surface, so its ratio
to the acoustic wave velocity () determines the acoustic resonant frequency (f = v/\). On the
other hand, the wavelength of the IDTs may alter the electromagnetic resonant frequency of the

structure through the surface capacitance and inductance as explained in the next section.
The curved IDT electrode facilitates a focusing mechanism for the acoustic waves propagating
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over the substrate. The acoustic wave energy is designed to be focused to the focal point due
to the concentration of propagating waves. This was shown to be an effective way of mixing in
microfluidics [18]. Consequently, we tested the mixing capability of our SAW device. Figure
3.4 shows the summary of mixing experiments. First, we treated the surface with a thin layer of
CYTOP of ~500 nm thick. Then, we placed a sessile droplet of deionized water with a volume of
2 uL at the focal point of the SAW device. The water droplet comprised of polystyrene microbeads
with a diameter of 10 um. First, we applied an RF signal at 10.8 MHz and observed the motion
of polystyrene microbeads using a video camera. Figures 3.4(a) and 3.4(b) show the streamlines
depicting the trajectories of the particles inside the droplet from a cross-sectional view. Upon the
application of the RF excitation, the particles first started moving at a power of 0.5 W (Figure
3.4(a)), then gradually formed a steady streaming pattern (Figure 3.4(b)). We also observed the
motion of the particles from the top view at a power of 0.44 W as shown in Figures 3.4(c) and
3.4(d). Digital particle image velocimetry results indicate circular mixing patterns in clockwise
direction at steady state. We used a digital particle image velocimetry method to calculate the
stream velocity inside the droplet [19], and Figure 3.4(e) shows the calculated distribution of

velocity magnitudes of the particles at a steady state of steaming shown in Figure 3.4(d).
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Figure 3.4: Experimental demonstration of streaming using polystyrene particles inside a droplet with a
volume of 2 uL, (a-b) cross-section viewand (c-d) top view. (e) The distribution of velocity magnitudes
in a time instant shown in subplot-(d) [17].

We then performed liquid pumping experiments using the same SAW device. We placed a droplet
of deionized water with a volume of 1 uL on the CYTOP-treated surface along the central axis
of the IDT electrodes. Then, we applied RF signals at various power levels and observed the
motion of pumped droplets using a video camera. Figure 3.5(a-d) shows a sequence of snapshots
while the droplet was pumped along the surface. Snapshots show consistent droplet shapes in
linear translation over the surface. We repeated this experiment at 22 MHz and measured the
speed of another droplet with the same volume of 1 uL by varying the power of the RF signal.
The pumping of the droplet started at a threshold power of 4.3 W, below which the dominant
function was mixing. Figure 3.5(e) depicts the speed of the droplet as a function of power. Each
data point includes 5 different measurements and each error bar denotes the standard deviation of
the measured speed. The speed (mm/s) increases with power (W) within the experimental range

following a power law with an exponent of —3.6.
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Figure 3.5: Experimental demonstration of pumping function. Subfigures (a-d) show a sequence of
snapshots while a droplet with a volume of 1 pL is pumped along the surface.(e) Pumping speed, s,
increases with power level, P, following P « s736 [17].

After mixing and pumping experiments, we used the device for liquid jetting experiments. The
location of the droplet on the substrate is particularly important for this device since the travel-
ling SAW is focused due to the circular nature of IDT electrodes. We observed that the droplets
placed on the focal point can be manipulated vertically. The intensity of SAW is concentrated over
a relatively small area at the focal point, so liquid manipulation functions can be implemented
effectively. Figures 3.6(a) to 3.6(c) show snapshots of a droplet with a volume of 1 uL placed
at the focal point of the IDT when a power of 2.9 W at 22 MHz was applied to the IDTs. The
droplet did not move from its resting location but was actuated along the vertical axis away from
the substrate. We repeated this experiment at different power levels and measured the height of
manipulated droplet with increasing power. The maximum height reaches a settled value of 2
mm above its original height at its resting position. The relationship between the ejected high (h)

and the applied power (P) can be described using the following equation for the specific experi-
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Figure 3.6: Experimental demonstration of jetting function. Subfigures (a-c) show snapshots while a
droplet with a volume of 1 uL is manipulated at a fixed location over the surface.(d) The height of the
manipulated droplet measured from its original height increases with applied power [17].

3.3.2 Electromagnetic Characteristics

In addition to the above microfluidic functionalities, we also characterised electromagnetic prop-
erties of the structure. When the transducer is electromagnetically excited using the antenna pair
of Figure 3.1, the magnetic field perpendicular to the SAW IDT supports circulating current at its
electromagnetic resonant frequency which is determined by the geometry of the IDTs. The reso-

nant frequency, fy, and quality factor, (), of the resonator can be expressed as follows [20].

1

o= e TG O

(3.2)
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1 Ly,
“=rVa. o (3-3)

Where C, is the capacitance of the structure and C}, is the effective capacitance of the liquid

sample placed within the vicinity of the resonator. L,, is the inductance of the structure and R is
the equivalent resistance of the structure and the sample. Since the resonant frequency depends on
total capacitance of the structure, which in turn depends on the relative permittivity of the sample,

any changes in the physical property of the sample can be observed as changes in fj and Q).

Figure 3.7(a) shows the simulated So; spectrum (transmission coefficient between the ports) of the
device. We have used commercially available electromagnetic simulation software (CST Studio
Suite, Darmstadt, Germany) for all our simulations. The energy is dissipated across the transducer
at the resonance, resulting in a sharp dip signature in the So; spectrum measured between the
antenna ports. The spectrum indicates a sharp dip at the resonant frequency of 4.41 GHz with a
quality factor of 294. A closer examination of the surface current density at the resonance reveals
the pattern of circulating current along the IDT electrodes as shown in Figure 3.7(b). It is possible
to obtain an electromagnetic resonant frequency at 4.41 GHz using a structure with an outer radius
of 4 mm, attributed to the SRR-inspired metamaterial configuration that allows the miniaturising

of the device to a subwavelength.
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Figure 3.7: Simulated (a) So; spectrum of the SAW device, (b) profile of surface current density at the
resonance [17].

Both the circulating current pattern and the electromagnetic resonant frequency of the device are
changed when a liquid droplet is placed within the vicinity of the structure. This can be utilised
as a sensing mechanism for the location of the droplet. We characterised this mechanism by mov-
ing a deionized water droplet with a volume of 2 ul over the surface of the substrate by 4 mm.
Figure 3.8(a) and (b) shows the simulated and experimentally obtained Sg; spectra of the sensor
while the droplet is moving, respectively. When the droplet was placed 1.5 mm away from the

edge of the IDT electrodes, the resonant frequency of the device was dropped to 4 GHz due to

67



Chapter 3 - A Fully Integrated Biosensing Platform Combining Acoustofluidics and
Electromagnetic Metamaterials

the increased value of Cj. Then, the droplet was gradually moved away from the device along the
direction shown in the inset in Figure 3.8(b). As the droplet was moved away, the value of Cj, was
decreased, so the resonant frequency of the device was gradually increased. Figure 3.8(c) shows
the simulated and experimentally obtained relationship between the resonant frequency and the
droplet distance relative to the edge of the IDT electrodes. During the experiments, we used a vec-
tor network analyser to measure the So; spectra of the device between the antenna ports depicted
in Figure 3.1. We observed a linear relationship within the measured displacement range. The
slope of the linear fit lines to the experimental and simulated data sets are 28.9 MHz/mm and 35.3
MHz/mm, respectively. The experimentally obtained values of resonant frequency are lower than
the simulated ones, which may indicate lower values of dielectric constants in the simulated model
as compared with the fabricated device. However, we have used nominal values of the material
properties in the material library of the simulator without any fitting parameters. Nevertheless, the

simulation results are in a good agreement with that of the experimental ones.
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Figure 3.8: Simulated, b) measured Ss; spectra of the SAW device while a liquid droplet with a volume
of 2 pl is actuated on its substrate. (c) The shift in the resonant frequency of the SAW device due to the
movement of a liquid droplet with a volume of 2 ul. The distance of the droplet is measured from the
edge of the IDT [17].

When the location of the droplet is fixed on the substrate, the composition of the droplet can be

measured by monitoring the electromagnetic resonant frequency of the device. This approach is
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simple to implement and relies mainly on the interaction of the sample and the structure under
an electromagnetic field. This method is applicable to detect concentration of molecules inside a
droplet. In this work, we have used our method for the detection of glucose as an exemplar of the
wider applicability of our approach. The permittivity of a droplet of glucose solution decreases
with increasing concentration of glucose [21], [22]. Therefore, Cj decreases with concentration
of glucose, whereas L,,, generally stays constant. Thus, the resonant frequency increases with the

glucose concentration as demonstrated before [23].
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Figure 3.9: (a) Measured So; spectra of the device while the concentration of glucose in a 2 pL-droplet
is increased. (b) Change in the resonant frequency of the device with concentration of glucose [17].
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We prepared glucose solutions with various concentrations within a physiological range of 10-500
mg/dl in droplets of 2 ul. Then, we placed the droplets sequentially to the same location over the
substrate while monitoring the So; spectra of the sensor between the ports of the pair of anten-
nas. Between the application of each droplet, we cleaned the surface using deionized water and
dried the sample surface carefully. Figure 3.9(a) shows the recorded Ss; spectra for the samples
with different glucose concentrations. The electromagnetic resonant frequency of the transducer
increases with glucose concentration as shown in Figure 3.8(b). We repeated the experiments 10
times and the error bars indicate the standard error of the mean. We observe a linear relationship
between the resonant frequency and the concentration within its measurement range with a sen-
sitivity of 28 MHz/(mg/ml), corresponding to 5.05 MHz/mM. This level is comparable to SAW-
based acoustofluidic glucose sensors with reported sensitivities of 7.184 MHz/mM [24], 1.589
MHz/mM [25] and 0.93 MHz/log(M) [26]. Based on the above results, we can confirm that this
newly developed concept and device can realise the integrated functions of both acoustofluidics

and biosensing.

3.4 Conclusion

In summary, we present a new concept towards the realisation of integrated biosensing platforms.
We have successfully demonstrated that a conventional SAW transducer can be employed as a
metamaterial-based sensor, the readout of which can be implemented wirelessly using a simple

setup.

In this work, we have used a curved IDT SAW device fabricated on a LiNbOg substrate. We
demonstrated liquid mixing, pumping and jetting functions at power levels of 0.2-7 W. In addition
to conventional acoustofluidic functionalities, the SAW device acts as an effective electromagnetic
metamaterial under electromagnetic excitation. We used a simple setup comprising of a pair of
monopole patch antennas on a FR4 substrate for the excitation. The nominal resonant frequency

of the device is at 4.41 GHz and the quality factor is 294.

We present the liquid sensing capability of the wireless sensing architecture in two scenarios.
Firstly, the droplet motion over the substrate can be measured effectively by monitoring the res-

onant frequency of the device. Secondly, for a droplet at a fixed location over the substrate, the
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composition of the droplet can be measured. Consequently, we have used our device for glucose
sensing. Our experiments confirm that the concentration of glucose in deionized water droplets
with volumes of 2 ul can be measured with a sensitivity of 28 MHz/(mg/ml) within a range of
10-500 mg/dl. Moving the droplet further from the resonator, decreased the effective capacitance
and therefore, the resonance was shifted towards higher frequencies. The obtained results were

confirmed through simulations.

We expect the impact of our work will be beyond the case study with the potential of delivering
portable, fast, affordable and accurate monitoring microsystems with intervention capabilities. In
the next chapter, a geometry comprising circular IDTs on a LiNbOj3 substrate that is inspired by
dual split-ring resonators (DSRRs) is proposed for an integrated biosensing platform. DSRRs are
used conventionally in metamaterial-based sensors with high quality factors in order to lower the
operating frequency of the device in microwave regime. DSRRs can also contribute to miniatur-
isation of the device for a target frequency by increasing the effective capacitance of the system.
However, this geometry has not been explored in acoustic frequencies for microfluidic applica-
tions. The sensing capability of the proposed geometry is investigated through various experi-
ments in microwave frequency band and in radio frequencies. Also, the streaming capability of

the resonator is characterised by applying power to the electrodes of the device.
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Chapter 4

DSRR-Inspired Geometry for
Integration of Metamaterial-Based
Sensing and Acoustofluidic-Based

Streaming

In this chapter, a new single structure is defined, which can be utilised to generate streaming inside
microfluids and also can be used for sensing purposes. The structures defining circular interdigi-
tated electrodes, inspired by a dual split ring resonator geometry, are patterned on a piezoelectric
substrate as an integrated device for sensing and actuation. The wireless-sensing capability of
the device is presented based on detection of electrical permittivity of the samples followed by a
case study in monitoring the fermentation process of yeast cells. Also, streaming is achieved us-
ing the same device to demonstrate the microfluidic manipulation capability of the actuator. This
structure has the potential to be effectively integrated into Lab-on-chip systems for point-of-care

applications.

This chapter is a modified version of a published article in Sensors & Diagnostics'.
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We propose a new device based on circular interdigitated transducers that are configured in a dual
split ring resonator (DSRR) geometry. The DSRR includes two individual SRRs with gaps posi-
tioned on the opposite direction from each other. The DSRRs are utilised to increase the effective
capacitance of the resonator. This can be advantageous in several domains including lowering
the resonant frequency in a specific frequency band, to be employed as multi-band sensors, con-
trolling the frequency by altering the position of the gap on one of the resonators, and can help
design a more compact device at a target frequency [1], [2]. Also, circular design of IDTs focuses
traveling surface acoustic waves in a focal point and acoustic energy from various directions are
accumulated in this point, which can be beneficial for effective mixing/streaming of the particle,
efficient jetting and nebulisation [3]-[5]. In this chapter, we describe the design, fabrication and
characterization of this device. Also, we demonstrate sensing capabilities of the device based on
different experiments where we measured glucose concentration of droplets and monitored yeast

fermentation process over time.

4.1 Fabrication and Materials

A device comprising two sets of circular IDT patterns based on a dual split-ring resonator ge-
ometry, DSRR (as shown in inset of Figure 4.1), was fabricated by patterning 20/100 nm Cr/Au
circular interdigitated electrodes on a 500-um thick piezoelectric Lithium Niobate (LiNbO3) sub-
strate through standard photolithography and lift-off processes. Each set of rings consists of 15
pairs of IDTs with the wavelength of A = 200um. The smaller ring has an inner radius of 4.4 mm,
and an outer radius of 11 mm. The larger ring has an inner radius of 11 mm and an outer radius of

13.95 mm. The gap of each split is 1.2 mm.

4.2 Results and Discussions

4.2.1 Electromagnetic Characterisation

We characterised the electromagnetic properties of our design through simulations and experimen-

tally. The obtained results are illustrated in Figure 4.1. Depending on the excitation conditions

C Department of Integrated Devices and Systems, MESA+ Institute, University of Twente, Enschede, 7522
NB, The Netherlands
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and the directions of electric and magnetic fields, the structure would behave differently; the na-
ture of each excited resonant frequency in the device can be electric, magnetic, or a combination
of electric and magnetic resonances [6]. If a circulating current path is induced inside the device,
then the resonant frequency is called a magnetic resonance and the fundamental magnetic resonant
frequency can be modelled as a resistor-inductor-capacitor (RLC) resonator. A circulating current
path can be induced inside the structure in various scenarios: a) when magnetic field is perpendic-
ular to the plane of the device; b) when electric field is inducing polarization across the structure
and generating a circulating current; ¢) when magnetic field is perpendicular to the plane of the
structure and at the same time, electric field is supporting the circulation of the current through po-
larisation. The fundamental magnetic resonant frequency, and the quality factor, of the resonance
in a structure can be calculated using a basic lumped RLC model [7]-[9] (fo = W with
Cetr = Ciurface + Cyap; the L is the effective inductance, and Copr , Ciyyrface » and Cyq are effective
capacitance, surface capacitance attributed to the induced current inside the ring, and the capac-

itance resulted from the slits as well as IDTs of the structure; ) = % (Lj;; ; R is the equivalent

resistance of the device respectively). These parameters are determined by the geometry of the
device, and the dielectric constant of the medium. Altering any of these parameters will translate
into a shift in the resonant frequency, and therefore, this principle can be employed as a sensing

mechanism.

In order to understand the behaviour of the resonator and the nature of the resonances, we used a
commercially available electromagnetic simulation software (CST Studio Suite, Darmstadt, Ger-
many). The boundary conditions in the simulation model were set so that the magnetic field is
along x-axis, electric field is along y-axis and the propagation vector is perpendicular to the plane
of the device. The directions of the electric and magnetic fields used in simulation are illustrated
in the inset of Figure 4.1(a) with respect to the device. In this case, electric field polarizes the
device in y-direction and supports two circulating current paths on right and left sides of the ring,
resulting in a magnetic resonant frequency of 3.68 GHz. In the next step, we placed a cone-shape
structure to model a droplet inside the inner circle of the device with varying electric permittivity
to investigate the effects of changing the dielectric constant of the medium in the vicinity of the
device. In one setting, the relative permittivity was set (¢, = 1) to mimic vacuum, and in the other

setting, the permittivity was set to (¢, = 80) to model water as the droplet material. The reflection
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scattering parameters (S11) for both cases are presented in Figure 4.1 (a). For a higher dielectric
constant (¢, = 80) of the material of the droplet, the resonant frequency shifted 11 MHz towards
higher frequencies. We also extracted current density patterns that are induced in the device in
both cases for a better understanding of the behaviour of the device. The results are depicted in
Figure 4.1 (c-d). The current circulation is more intense in the case of vacuum compared to the
case in which (e, = 80); This phenomenon itself is an indicator of stronger effective capacitance
and inductance in this excitation setting, and therefore explains a lower magnetic frequency of

vacuum compared to the water droplet.

4.2.2 Experimental Setup

We performed experiments to confirm our simulation results in the next phase. We used a cop-
per loop antenna with the perimeter of 8.8 cm and connected it to one port of a Vector Network
Analyser (VNA) and recorded S1; spectrum. The electromagnetic wave is fluctuated around the
antenna and the direction and strength of electric and magnetic fields vary spatially and temporally
with respect to antenna position. The direction of the electric and magnetic fields can excite the
device under study differently, and lead to a distinct resonant behaviour [6], [10]. We placed the
fabricated resonator underneath of the loop antenna to couple with each other as shown in inset
of Figure 4.1(b). After measuring the reflection parameters of the coupled system, we added a
droplet of 30 uL of deionised water (DI) water at the centre of the inner circle and measured the
S11 spectrum again as shown in Figure 4.1(b). The resonant frequency of the device shifts towards
higher frequencies (21 MHz) with the presence of DI droplet as predicted by the simulations. The
slight discrepancies between simulations and experiments can be due to several factors; one of
them can be because the use of the loop antenna in the experimental setup, whereas planar bound-
aries were used in simulations to excite the resonator. Also, in simulations, the ideal environment
is considered for ease of use and there might be inevitable differences between material properties

loaded from the simulator library and the actual experimental setting.
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Figure 4.1: Simulation and experimental characterisation of the fabricated device. (a) Simulated reflec-
tion (S11) spectrum of the device where magnetic field is along x-axis, electric field is along y-axis and
propagation vector is perpendicular to the plane of the device when a water droplet is defined inside the
inner circle with ,, = 1 (blue), and with £, = 80 (red) (b) Measured S1; spectrum of the device in the
absence (¢, = 1) and presence (¢, = 80) of 30u:L of DI droplet. The simulated current density patterns
are shown (c) at 3.678 GHz for e, = 1, and (d) at 3.678 GHz for ¢, = 80 [11].

4.2.3 Glucose Sensing

We investigated the sensing capability of the fabricated device by only altering the dielectric con-
stant of the medium. For this purpose, we selected the inner circle area of the resonator for the
location of droplets with different permittivity, the same as in the experimental characterisation
measurements. As a case study, we prepared various glucose concentrations ranging from 0O to
250 mg/dL. Increasing the glucose concentration, decreases the relative permittivity [12], and
therefore, reduces the effective capacitance. This translates to higher resonant frequency of the
device for higher concentrations. We first captured the frequency of the device (fy) without pres-
ence of any droplet. In the next step, we added a drop 30 L. from each concentration ( feoncentration)
on the sensing area and noted the resonant frequency of the system. We calculated the difference
in resonant frequency in each case per concentration with respect to the resonant frequency of the

device in the absence of the droplet as below:
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Af = fconcentration - fO “.1)

We repeated the measurements for each concentration for at least five times to ensure the repeata-
bility of the process. The average of A f versus different concentrations of glucose is plotted in
Figure 4.2, the error bars represent the standard deviation of the shift in frequency. The inset of
the figure includes S1; spectra of the DI and several concentrations of glucose to demonstrate the
shift in the frequency more clearly. Increasing the concentration of glucose led to a shift towards
higher resonant frequencies as predicted. The sensitivity of the resonator for this location is 18

kHz/mg/dL, which is the slope of the plotted figure.
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Figure 4.2: Effect of different glucose concentrations on the operational frequency of the device.
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4.2.4 Dielectric Material Characterisation

In these set of experiments, we investigated the influence of various materials on the operating fre-
quency of the resonator. We started the experiment by fixing the position of the device with regards
to the loop antenna, where there is an apparent magnetic frequency with a high quality factor and
then we recorded the data. As the simulation results can be a guidance towards selecting the most
sensitive location of the electromagnetic frequency of the device, we referred back to simulation
results to decide the most suitable location on the device for this round of our experiments. As
can be seen from the simulation results in Figure 4.2(c-d), the current density is more prominent
around the outer edges of the gap of the inner circular IDTs. Therefore, in order to investigate
the effects of different substances on the resonant frequency of the device, we chose a container
with the capacity of 2 mL, which covers the area around the gap when it is placed properly on the
device. The picture of the setup is inserted as the inset in Figure 4.3(b). We first obtained the S1;
characterisation of the device, when the container was empty. For the next steps, we used identical
containers that were filled with 0.1 g of dried yeast, 0.1 g of glucose powder, glucose solution with
concentration of 0.1 g/mL, and 1 mL of water. We repeated the experiment by placing each spe-
cific container on the exact position: the gap of the inner circular IDTs and recorded the data. The
obtained results are plotted in Figure 4.3(a). The dielectric properties of the measured materials
are summarised in Table 4.1. The frequency of the device, when there is no container placed on top
of it, is 3.5 GHz. By utilising the glass container together with different materials, the dielectric
constant of the area around the resonator is altered and increased compared to the case where there
is no container. This results in a change in the effective capacitance of the sensor. Increasing the
dielectric constant results in higher effective capacitance, and therefore, lower resonant frequency.
Among the materials inside the container, air (empty glass container) has the lowest relative per-
mittivity (¢, = 1) and water has the highest value (¢, = 80). The relative permittivity of dried
yeast powder and glucose powder are 2 [13] and 3-4, [14] respectively and the relative permittivity
of the glucose solution would be 76 [12], which is slightly lower than the DI water. Hence, it is
expected that among these materials, water would have the lowest frequency, whereas the empty
bottle would exhibit the highest frequency. Our results in Figure 4.3 (a) are in agreement with our
expectations. We repeated the experiment for each container for at least five times to ensure the

reliability and repeatability of the sensor. The shift of resonant frequency of each container with
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respect to the resonance of the device is calculated and summarised in Figure 4.3(b). The points in
the Figure 4.3(b) represent the average shift in resonant frequency of the device in the presence of
an external substance for all the repeated experiments for each container. The error bars represent
the standard deviation of obtained shift in frequency for each set of experiments per container.
The average shifts of the resonance per container for empty bottle, dried yeast, glucose powder,
glucose solution and water with respect to the operating frequency of the device are 9, 11.5, 11,

19.81, 22.31 MHz respectively towards lower frequencies.

Af = fcontainer - fO 4.2)

Where fj, is the reference frequency of the resonator without the presence of the container.
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Figure 4.3: Effects of different materials inside the container on the frequency of the device. (a) Sy;
spectra of the materials that were used in the experiment. (b) Measured shift in the resonant frequency
with and without the container for different materials. Setup is shown in the inset.

Table 4.1: Material properties and the measured shift in the frequencies for different materials[11].

Average Resonant

Material Relative Permittivity Standard Deviation (MHz)
Frequency Shift (MHz)
Water 80 -22. 31 1.15
Glucose Solution 76 -19.81 0.84
Glucose Powder  3-4 -11 0.35
Dried Yeast 2 -11.5 0.5
Air 1 -9 0.5

86



4.2 - Results and Discussions

4.2.5 Yeast Fermentation Process

In the next experiment in Figure 4.4, we monitored the fermentation process of the yeast. The
fermentation is the natural process in which a micro-organism consumes carbohydrates such as
glucose and produces alcohol or acid. The fermentation process is commonly used in producing
alcoholic beverages as well as bread. The fermentation process of the yeast can be written as

below [15]:
CgH1206 (glucose) — 2 CaHsOH (ethanol) + 2 CO3 (carbon dioxide)

This is a metabolic reaction, in which yeast cells consume glucose to obtain energy, and ethanol
and carbon dioxide are produced as by-products. Where the amount of oxygen is limited during
the process, not enough ATP for yeast cells are produced and therefore, after some time, ethanol

will accumulate and the fermentation will stop [15].

For our experiment, we prepared a solution of glucose with the concentration of 0.1 g/ml. In the
next step, we added 0.1 g of dried yeast on top of the solution. Afterwards, we placed the container
to the specified location in the previous experiment, covering the gap of the inner circular IDTs of
the resonator for duration of 140 minutes and recorded the S1; spectra every 10 minutes. The S1;
spectra are presented in Figure 4.4(b). A narrower range in x-axis of S spectra is also selected to
illustrate the shift more clearly and is presented as an inset in Figure 4.4(b). After positioning the
container, we noted the initial resonant frequency before the process as the reference frequency of
the system. We observed that during this experiment, the resonant frequency was shifted towards
lower frequencies and stabilized after about an hour. The results of the shift in frequency over time
is plotted in Figure 4.4(a). During the monitoring time duration, the glucose concentration in the
solution decreases, so relative permittivity increases around the sensor. At the same time, ethanol
is produced which has higher relative permittivity compared to air and the same principle applies
[16], [17]. The fermentation reaction leads to an increase in effective capacitance of the device
and a as a result, to a lower resonant frequency. Also, by accumulation of the ethanol over time,

the fermentation will cease leading to stabilization of the resonant frequency.

87



Chapter 4 - DSRR-Inspired Geometry for Integration of Metamaterial-Based Sensing and
Acoustofluidic-Based Streaming

A curve with a dash-line representation was fitted to the obtained data in Figure 4.4(a) using
the Curve Fitting Tool in MATLAB, which effectively shows the occurring reaction during the

fermentation process and follows the equation below:

y = 4.618¢0-029657 _ 3 533 (4.3)

We also performed a control experiment, in which we repeated the same steps utilising a yeast-only
solution. For the control experiment, we added 1 mL of water to 0.1 g of dried yeast and placed the
container on the nominated location for 80 minutes. We noted the initial resonant frequency as the
reference frequency of the system and we monitored the resonant frequency in every 10 minutes.
We observed that during this time, the resonant frequency remained almost constant during these
intervals. The measured shift in frequency is presented in Figure 4.4 (c) and the S;; spectra for
several intervals are plotted in Figure 4.4 (d). The minor fluctuations in Figure 4.4 (c) is attributed

to slight movements of yeast lumps in water.

The fermentation process is summarised in Figure 4.4 (a-b), the control experiments are illus-
trated in Figure 4.4(c-d) and the photos of the container used in fermentation reaction are pre-
sented in Figure 4.4 (e-g) over time from the beginning towards the end of the experiment respec-

tively.
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Figure 4.4: Yeast fermentation process and yeast control experiment. (a) measured shift in resonant
frequency of the system over time. (b) S1; spectra of various intervals of time in fermentation process,
including an inset representing a narrower range of frequency in reflection spectra of the system. (c)
measured shift in resonant frequency of the control experiment (d) reflection spectra of different intervals
of time for the control experiment. (e-g) the container used in fermentation process from beginning of
the experiment towards the end respectively.
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4.2.6 Acoustofluidic-based Characterisation

When RF power is applied to the IDT electrode pads at a certain frequency, surface acoustic
waves (SAW) can be generated and utilised to manipulate micro droplets. The frequency of the
structure for generating SAW depends on the period of the interdigitated transducers and also
the speed of the acoustic wave in the piezoelectric substrate (f = v/)\). We characterized the
device by measuring the reflection efficient from the port (S11) of a network analyser in acoustic
frequency range. We observed multiple peaks between the ranges of 5-30 MHz and the reason is
that acoustic waves travel in various speeds along x, and y axes in LiNbOj3 piezoelectric substrate
due to its anisotropic crystalline structure. The S1; characterisation of the device is demonstrated

in Figure 4.5 in the frequency range of 5-30 MHz.

'3.1 L L 1 L
5 10 15 20 25 30

Frequency (MHz)

Figure 4.5: S1; characterisation of DSRR device within the range of 5-20MHz.

For actuation purposes, we used a signal generator to produce power at a certain frequency and
we fed the output of the signal generator to an amplifier to intensify the signal. We connected the
output of the amplifier to the electrode pads of the device to generate surface acoustic waves. The
circular IDTs are used to intensify the traveling surface acoustic wave in the focal point of the
actuator and can be efficiently utilised as mechanisms for microfluidic function such as streaming,

jetting and nebulisation [3]-[5].

90



4.3 - Conclusion

To demonstrate the streaming/mixing phenomenon, we diluted polystyrene microbeads with diam-
eter of 10 ym in DI water and utilised droplets of this solution to perform the experiment. Figure
4.6(a-f) depicts the top-view results of the mixing of polystyrene particles in a 10 pL droplet of
the prepared solution, and when a power of ~ 0.5 W is applied at 18 MHz to the electrode pads
of the IDTs from beginning towards the end of the experiments. We analyzed particle movements

using a digital particle image velocimetry, PIVlab tool, in MATLAB [18].

Figure 4.6: (a-f) Streaming patterns of polystyrene particles inside a 10 pL droplet over time when the
power applied to the electrode is 0.5 W at the frequency of 18 MHz.

When the RF power is applied to the electrodes of a circular IDT device, generated surface acoustic
waves, from various directions, travel towards and focus in the center. When the acoustic energy
is accumulated in the center, circulation of the particles inside the droplet starts and momentum
increases over time till the application of the power is ceased. This function can be effectively

used for mixing particles with each other inside a droplet.

4.3 Conclusion

We designed and fabricated a device consisting of circular IDTs based on a dual split ring resonator
geometry on LiNbOj3 substrates. We characterized the device for its sensing and acoustofluidic
manipulation capabilities. For the sensing part, the centre location of the device was used to mon-
itor glucose concentration in liquid droplets, and the location on the inner gap of the resonator was
used to characterize different dielectric materials inside a glass container. We also presented a case
study where the device was employed to monitor the yeast fermentation process. For acoustoflu-

idic manipulation, the device was investigated for its capability in streaming. The obtained results
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demonstrate that the structure has the potential to be employed and integrated in LoC and PoC

applications.

In the next chapter, a conventional straight IDT design that is fabricated on a woven carbon fibre
coated with polyimide and ZnO is proposed. The device’s capability as a temperature control
sensor for liquid droplets in its acoustic frequency is explored. Also, the response of the device to
various intensities of UV exposure within this region is monitored. The sensing capability of the
devices by placing a droplet with different concentration of glucose on a specific location on the

device is demonstrated in microwave band.
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Chapter 5

Flexible and Integrated Sensing
Platform of Acoustic Waves and
Metamaterials based on
Polyimide-Coated Woven Carbon
Fibers

In this chapter, the integration concept is explored by fabricating straight IDTs on a thin zinc oxide
film deposited on a carbon fiber substrate. The difference of this chapter is that the generated
surface acoustic waves are utilised for controlling the temperature of a microfluid and also for
sensing various UV intensities. The same device is used for characterising different concentrations

of glucose solutions similar to previous chapters in microwave frequencies.

This chapter is based on a published manuscript in ACS Sensors'.
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Abstract

Versatile, in situ sensing and continuous monitoring capabilities are critically needed, but chal-
lenging, for components made of solid woven carbon fibers in aerospace, electronics, and medical
applications. In this work, we proposed a unique concept of integrated sensing technology on
woven carbon fibers through integration of thin-film surface acoustic wave (SAW) technology and
electromagnetic metamaterials, with capabilities of noninvasive, in situ, and continuous moni-
toring of environmental parameters and biomolecules wirelessly. First, we fabricated composite
materials using a three-layer composite design, in which the woven carbon fiber cloth was first
coated with a polyimide (PI) layer followed by a layer of ZnO film. Integrated SAW and metama-
terials devices were then fabricated on this composite structure. The temperature of the functional
area of the device could be controlled precisely using the SAW devices, which could provide a
proper incubation environment for biosampling processes. As an ultraviolet light sensor, the SAW
device could achieve a good sensitivity of 56.86 ppm/(mW/cm?). On the same integrated platform,
an electromagnetic resonator based on the metamaterials was demonstrated to work as a glucose

concentration monitor with a sensitivity of 0.34 MHz/(mg/dL).

5.1 Introduction

Solid woven carbon fibers are widely used in various fields such as aerospace [1] electronics
[2], [3] and medical transducers[4], where low weight, high stiffness, and high conductivity are
critically required. For these applications, in situ, versatile sensing and continuous monitoring
capabilities are often required. For example, built-in sensors are often required for monitoring
structural health of composite aircrafts made of woven carbon fibers [5] to detect crack generation
and propagation in these structures [6]. However, currently few studies are focused on new types
of applications using carbon fiber-based composites for various environmental applications such
as temperature and ultraviolet (UV) light sensing or biological applications such as biomolecu-
lar and biochemical sensing. For these applications, a key challenge is to develop an integrated
approach with the capabilities of efficient biosampling, liquid actuation, high-precision detection,

and wireless operation/monitoring capabilities.

Surface acoustic wave (SAW) devices including those thin-film ones based on ZnO and AIN have
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been extensively explored for a wide range of applications including gas sensing [7], [8] envi-
ronmental sensing [9], [10] biomolecular detection [11], [12] microfluidics [13]-[15] acoustic
tweezers [16], [17] and lab-on-a-chip [18], [19]. SAW sensors have the capability to be developed
into a wireless operation platform, which can be realized by integrating antennas to the electrodes
for signal transmission [20], [21]. Alternatively, a new approach of utilizing the same SAW struc-
ture as an electromagnetic resonator or metamaterials has been introduced recently [22]. This is
based on defining an electromagnetic metamaterial-based resonator on the SAW device structure,
which can be excited using external antennas [23]. It allows a new mode of sensing based on
subwavelength-sized structures defined by the SAW geometries that are usually made of metals
on dielectric substrates, and the changes of electromagnetic resonant frequencies of this structure
can be applied to monitor parameters of interest for sensing applications [22]. Using this new
design, the operation using metamaterials can be utilized in addition to the conventional operation
of SAWs for sensing or acoustofluidics, where the interdigitated transducers (IDTs) are powered

directly and remotely.

In this study, we explored a new concept of integrated sensing technology on woven carbon fibers
through the integration of electromagnetic metamaterials and thin-film acoustic wave sensors, with
capabilities of noninvasive, in situ, and continuous monitoring of environmental parameters and
biomolecules wirelessly. It is well known that the woven structure of carbon fibers poses chal-
lenges to define efficient SAW and electromagnetic resonators due to its highly flexible, extremely
porous, and rough surface, which causes significant difficulties in coating uniform piezoelectric
layers such as ZnO. In addition to mechanical imperfections, the porosity and flexibility of the wo-
ven structure could lead to significant damping and reduction of quality factor for both the SAW
and metamaterials devices[24]. We addressed this challenge by fabricating composite materials
using a three-layer composite design. The carbon fiber was first coated with a polyimide (PI) layer,
and then a ZnO film was deposited onto this PI/carbon fiber structure. We then fabricated SAW and
metamaterials devices on this composite material using a conventional photolithography method
and optimized the electrodes of the designs for integrated functions including liquid temperature

control, UV sensing, and glucose monitoring as case studies for different applications.
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5.2 Experimental Section

A ZnO thin film (5 pm thick) was deposited on the PI-coated carbon fiber substrate using a DC
magnetron sputter with the sputtering power of 400 W, Ar/Oy gas flow rate of 10/15 sccm, and
chamber pressure of 4 x 10~ mbar. A zinc target with 99.99% purity was used, while the sample
holder was rotated during the deposition to achieve the uniformity of the film thickness. The IDTs
were patterned using the conventional photolithography and lift-off process, where Cr/Au films
with thicknesses of 10 nm/120 nm were selected as the electrode materials and deposited using a

thermal evaporator (EDWARDS AUTO306).

The crystal orientation and surface roughness of the sputtered ZnO thin film were characterized
using X-ray diffraction (XRD, SIEMENS D5000) and atomic force microscopy (AFM, Veeco
Dimension 3100), respectively. The reflection and transmission spectra of the integrated plat-
form were acquired continuously during the UV- and glucose-sensing experiments using a high-
frequency network analyzer (Agilent N5230A) with a LabVIEW data acquisition program. The
SAW devices were acoustically excited using a signal generator and a power amplifier while
the temperature of the droplet placed on top of the device was recorded using an infrared cam-

cra.

The finite element analysis (FEA) simulation of SAWs in this work was performed using the
COMSOL software with solid mechanics and electrostatics modules. A two-dimensional (2D)
model with a simplified SAW structure was used comprising the carbon fiber layer, PI layer, ZnO
thin film, and IDT fingers from bottom to top, with thicknesses of 600 ym, 150 ym, 5 um, and
130 nm, respectively. The width of the model was defined by the wavelengths of the SAW devices,
varying from 64 to 160 um. The wave modes and reflection spectra S1; of SAWs were obtained

from the simulation results, with periodic boundary conditions.

The electromagnetic behavior of the coupled device with a wavelength of 64 pum was studied
using a commercially available simulator (CST Studio Suite, Darmstadt, Germany). The compu-
tational environment was created based on the geometry, and the waveguide ports were defined
to obtain scattering parameters. The mesh sizes were refined considering the convergence of the

simulations. Plane wave excitations were used during the simulations.
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5.3 Results and Discussion

Design and Characterization of the Integrated Platform

The design of SAW devices relies on the definition of the IDTs so that the device supports specified
acoustic wave modes. Rayleigh waves are generated when the IDTs are excited electrically at their
resonant frequencies, which are determined by the velocity of sound on the composite structure
and the wavelength of the IDT: e.g., fo = v/, where v is the acoustic phase velocity and A is
the designed wavelength. Since the phase velocity of piezoelectric materials is altered by different
factors, the resonant frequency of the SAW devices can be monitored to track these changes, based

on Equation 2.7 [25].

Meanwhile, this structure of a single-metallic layer on a dielectric substrate is also an ideal plat-
form to realize a metamaterial-based electromagnetic resonator at microwave frequencies. The
structure supports circulating currents along the metallic layer when the device is excited appro-
priately. For example, when the magnetic field is perpendicular to the device, a circulating current

path is generated due to the induced current on the metallic layer as shown in Figure 5.1(a).
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Figure 5.1: (a) Schematic illustration of the integrated platform combining surface acoustic waves and
metamaterials with the equivalent circuit of the device at resonance. (b) Schematic illustration of the
integrated platform. Schematic illustrations of the experimental setups for (c) glucose sensing, (d) UV
sensing, and (e) temperature control [26].

The induced current can be supported at a specific resonant frequency determined by the geometry
of the structure; therefore, its resonant frequency depends on the electrical characteristics imposed
by the device geometry. Along the path, the equivalent circuit components can be simplified using
lumped elements as labeled in Figure 5.1(a). The resonant frequency and the quality factor of the

device can be expressed using Equations 5.1 and 5.2 [27].

1
- 5.1
fo 2n/ICop (5.1)
1 L
S 2
Q 7\ Cy (5.2)

where L is the inductance of the structure, R is the equivalent resistance of the structure, and
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Cep is the effective capacitance of the structure. The effective capacitance is determined by the
combination of the capacitive elements along the current path including those of the IDTs, gap,
and substrate surface. Therefore, any changes in the effective inductance and the capacitance of
the structure will alter the resonant frequency of the device. We designed this type of metamaterial
device, which is sensitive to the changes in relative permittivity of its substrate and of a sample
placed within its vicinity. The changes in the relative permittivity of the device or the sample result
in a change in the effective capacitance, thus altering the resonant frequency of the device. The
resonant frequency of the device can be simply measured using a pair of monopole patch antennas

as shown in Figure 5.1(b).

In this configuration, the sensing structure is electrically passive and electromagnetically coupled
to the readout antennas. This eliminates the need for active electronics and power transfer on
the sensing structure; therefore, the sensor can be realized in a smaller footprint and consumes
negligible power on itself. In comparison, conventional wireless sensing architectures are based

on electrically active sensors that are powered using inductively coupled coils [28], [29].

To integrate SAW and metamaterials devices on the woven carbon fiber surfaces, we created a
trilayer structure, as shown in Figure 5.1(a). The commercially available woven carbon fiber layer
with a thickness of ~ 1 mm was coated with a layer of 150 pm thick polyimide (PI) to create a
relatively smooth surface for the subsequent processes. Then, a ZnO film layer with a thickness of
~ 5 pum was deposited using a DC magnetron sputter. The metallic layer was then patterned on
top of the ZnO layer to form the IDTs using a standard lift-off process. The IDTs were made of
20/120 nm thick Cr/Au layers evaporated on the surface. We fabricated devices with different IDT
wavelengths of 64, 100, and 160 pm, where the width, length, and gap of the pattern (see Figure

1b) are w =9 mm, [; = 5.6 mm, o = 6.2 mm, /3 =4 mm, and g = 3.2 mm.

Figure 5.2(a) shows the XRD pattern of the fabricated tri-layer composite material. There is a
dominant peak at 20 = 34°, suggesting that the ZnO film is composed of polycrystalline phases
with a strong texture along the c-axis (e.g., with strong (0002) orientation). The topographic
image of the ZnO film over an area of 10 x 10 um? obtained using the AFM reveals that its

surface roughness is ~ 38.6 nm (see Figure 5.2(b)).
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Figure 5.2: (a) XRD patterns of the ZnO/PI/carbon fiber tri-layer structure. (b) AFM image of the ZnO
thin film. (c) Reflection spectra S1; of SAWs with the designed wavelengths of 64, 100, and 160 pm.
(d) Transmission spectrum So; of the electromagnetic resonator of the SAW device with a wavelength
of 64 um [26].

The reflection spectra S11 of SAW devices were measured using a vector network analyzer con-
nected to their electrodes, and the results are shown in Figure 5.2(c). The obtained frequencies
of the Rayleigh wave (Rp) modes are decreased from 14.95 to 5.92 MHz with the wavelength
increased from 64 to 160 ym. On the other hand, the electromagnetic resonance of the devices
with a wavelength of 64 um was also characterized, and the results of transmission spectra So; are
shown in Figure 5.2(d). The electromagnetic resonant frequency was measured as 4.98 GHz. In
this design, the wavelength of the IDT does not alter the resonant frequency as the C, parameter

of Equation 5.2 is dominated by the surface capacitance of the structure.

Acoustic Wave Modes and Electromagnetic Fields

FEA methods were used to investigate the Rayleigh wave modes and reflection spectra of SAW
devices based on ZnO/ Pl/carbon fibers. Figure 5.3(a) displays the surface vibration modes of
Rayleigh waves with wavelength of 64 and 160 um. Since the Young’s modulus of the carbon
fiber (97-228 GPa)[30] is much larger than that of PI (~2.5 GPa), the acoustic wave-induced me-
chanical energy is largely confined within the ZnO/PI structure. As the wavelength is increased

and becomes comparable to the thickness of the trilayer structure, more energy becomes dissi-
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pated into the carbon fiber substrate as shown in Figure 5.3(a). Simulation results present a similar
changing trend of Ry frequency with increasing wavelength to those obtained from the experi-
ments (Figure 5.3(b)). There is a minor divergence between experimental and simulation results
(comparing the results shown in Figures 5.2(b) and 5.3(b)), which could be explained by the
following reasons: (a) the chosen material parameters were obtained from those reported in the
literature [31]—[33] (b) periodic boundary conditions were applied during the simulation, and (c)

only one pair of IDT fingers were chosen during the simulation.
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Figure 5.3: FEA simulation of vibration modes of SAW devices based on the ZnO/PI/carbon fiber struc-
ture: (a) Rayleigh wave modes with A = 64 m and A = 160 pm and (b) reflection spectra S1; of devices
with A = 64, 10, and 160 pm. Simulated patterns of (c) Ss; spectrum of the electromagnetic resonator
(the corresponding coupled SAW has a wavelength of 64 pm) and (d) profile of surface current density
at the resonance (the corresponding coupled SAW has a wavelength of 64 um) [26].

We also simulated the electromagnetic behavior of the device with a wavelength of 64 um using
a commercially available simulator. Figure 5.3(c) shows the transmission spectrum So; of the
device within a frequency range of 1-10 GHz, where the sharp dips at 4.6 and 8.1 GHz indicate
two resonance modes. Here, the electric field is along the electrodes inducing electric polarization
on the opposite bonding pads, which results in a circulating current pattern at 4.6 GHz as shown
in Figure 5.3(d). The electromagnetic signal is dissipated in the device at this frequency due to the
induced current. A higher order resonance at 8.1 GHz results in a different pattern of circulating

current as shown in Figure 5.3(d). However, the resonance at 4.6 GHz is stronger than that at 8.1
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GHz as the dip magnitude of the resonance is larger as observed in Figure 5.3(c). Thus, we used

this 4.6 GHz resonance for the metamaterial sensing work.

5.3.1 Demonstration of Liquid Temperature Control using the Integrated Plat-

form

Precise temperature control of droplets is often desired for biosensors and bioreactors requiring
biomolecular functionalization[34]. The SAW devices can be used to increase and maintain the
temperature of the liquid samples placed in the functional region of the sensor above the envi-
ronmental temperature. The temperature rise in the liquid mainly results from an acousto-thermal
heating phenomenon[35], depending on the input energy density of the acoustic waves and the
energy dissipation into the liquid (mainly determined by the intrinsic properties of the liquid and
its volume). Compared to the Al foil substrate, which we previously reported for use in the flexible
SAW devices[36], the woven carbon fiber cloth substrate (which is polymer matrix based) has a
relatively lower thermal conductivity on the order of 1-10 W/m - K[37]. Together with the PI
film between the ZnO layer and the carbon fiber substrate having an even smaller thermal conduc-
tivity of 0.12 W/m - K, most of the acoustic heat has been confined on the surface of the SAW

device.
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Figure 5.4: Measured average temperatures of a 5 L distilled water droplet on top of the SAW device
with increasing input power. The inset shows that the average temperature is controlled by the input
power (23 W) over time [26].

We used the setup schematically shown in Figure 5.1(e) to measure the temperature of a droplet

while the SAW device was activated. As a proof-of-concept demonstration, Figure 5.4 shows the
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average temperature of a 5 L distilled water droplet on top of the SAW device with a wavelength
of 160 um controlled by the input SAW power. The obtained temperature readings are changed
according to the following relationship with the applied power: 7' = 23.34 (°C) + 0.67 P (W),
in which T is the droplet temperature and P is the input power applied to the IDTs at 12.33
MHz (Sezawa mode wave). The inset of Figure 5.4 displays an example of a heating cycle. The
temperature was increased immediately after the power was applied, taking ~ 10 s to reach the set
value of 37.5 °C. Then, it was maintained at the set temperature for 1 min with a minor fluctuation
of 0.1 °C. Clearly, SAW devices can be used to precisely control the liquid temperature, which

can meet the requirements of biological processes.

Multiple Sensing Functions Based on the Integrated Platform

5.3.2 UV Sensing using SAW

The SAW device with a wavelength of 64 um was used for demonstration of sensing functions
such as UV sensing. We used the setup schematically shown in Figure 5.1(d) to measure the shift
in resonant frequency of the SAW device under the UV exposure. As shown in Figure 5.5(a), the
device was exposed to the UV light with different controlled intensities (from 0 mW/cm? to 151.2
mW/cm? ) at durations of 20-40 s and then kept in the dark environment for another 20 s until the
external UV irradiation influence disappeared, while the resonant frequency shift was continuously
recorded for the whole process. As the device was exposed to the UV light, the frequency shift of
the Iy mode was increased linearly for the first 10-15 s and then saturated at the corresponding
intensity values until UV light was switched off. Afterward, the frequency shift was decreased
to zero as the device recovered to the equilibrium state. Figure 5.5(b) shows that there is a linear
relationship between the frequency shift and UV intensity, which produces an estimated sensitivity
of 0.85 kHz/(mW/cm? ). Considering that the initial frequency is 14.95 MHz, the sensitivity can

also be written as 56.86 ppm/ (mW/cm?).
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Figure 5.5: (a) Real-time frequency shift of the SAW UV sensor with a wavelength of 64 ym under UV
light. (b) Total frequency shift varying with the UV intensity. (c) Sheet conductance varying with the
UV intensity. (d) Temperature-change-induced frequency shift A fr and the ratio between A fr and the
total shift varying with the UV intensity. The inset shows the temperature increase with the UV intensity
[26].

According to Equation 2.7,the frequency shift caused by the UV light is mainly composed of two
parts: i.e., (a) from the conductivity change of ZnO thin films; and (b) from the increase of the
temperature. For the frequency shift due to the changes of conductivity, the following equation is

generally applied [38], [39].

Af _Av K1
T w213l (5-3)

where k2 is the coupling coefficient, C; is the capacitance per unit length of the surface, and
o the sheet conductivity. By measuring the current-voltage (I — V') curves of the device under
different intensities of the UV illumination , the obtained sheet conductance G5 is shown in Figure
5.5(c), and the readings increase with the UV intensity. As o, is proportional to G, the sheet
conductivity is also increased with the UV intensity, thus contributing to the increase of the total

frequency shift.
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However, thermal heating effect can also be generated in the device during the UV illumination due
to the actuation of SAW and the low thermal conductivity of the PI-coated carbon fiber composites.
This will surely change the shift of the frequency. We have also measured the temperature of the
device as a function of UV exposure duration. The surface temperature rise was 0.3-2.3 K during
the 20 s exposure at different UV intensities (Figure 5.5(d)). To evaluate the temperature-induced
frequency shift, the temperature coefficient of frequency (TCF) of the same SAW device was
measured and calculated, and the obtained reading was 465 ppm/K (with the initial frequency fy

= 14.95 MHz). The frequency shift A f7 can be calculated using the following equation

Afr = fo AT TCF (5.4)

where AT is the change of temperature. Therefore, the temperature-induced frequency shift was
estimated to be -2 to -16 kHz, which contributes to less than 25% of the total frequency shift as
shown in Figure 5.5(d). Besides, this fraction was decreased as the UV intensity was increased and
saturated at 12%. In addition to temperature, humidity as another key environmental parameter can
also affect the UV-sensing performance of SAW sensors. We have previously explored this effect
for Al-foil-based flexible SAW sensors and explained how the measurements can be decoupled

[38].

Our experimental results showed that the SAW resonant frequency can be used for UV sensing
and indicated the conductivity change of the ZnO thin film is dominant in the physical mecha-

nism.

5.3.3 Glucose Concentration Monitoring using the Electromagnetic Resonator

The same SAW device (with the wavelength of 64 pm) was further used as the metamaterial de-
vice to measure glucose concentrations in a droplet of deionized water with a volume of 0.5 L
placed directly on top of the IDTs (see Figure 5.1(c) for the schematics of the experimental setup).
We kept the droplet at the exactly same location on the device with a position error of less than
0.2 mm using the IDT itself as the marker under the video camera. We then varied the concen-
trations of glucose within a range of 10-500 mg/dL and also washed the surface with deionized

water between each measurement to clean the residues. Figure 5.6(a) shows an exemplary set
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of recorded So; spectra at different glucose concentrations. We repeated each measurement at
a particular glucose concentration for 10 times and repeated the measurement protocol on three
different days. Figure 5.6(b) shows the variation of the resonant frequency with the concentration
of glucose, where the error bars represent the standard error of the mean values. The resonant fre-
quency of the metamaterial device increases with the concentration of glucose. This is expected
since the permittivity of a droplet of glucose solution decreases with increased concentration of
glucose[22]. We observed a linear decrease in resonant frequency within the measurement range
with a sensitivity of 0.34 MHz/(mg/dL). This level allows measurement of glucose with a resolu-

tion of 3 pg/dL with a frequency resolution of 1 kHz at the measurement band.
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Figure 5.6: (a) So; spectra of the device with droplets with varying concentrations of glucose and (b)
frequency shift of the device with glucose concentration, measured on three different days. The concen-
tration values for each day were the same at 10, 100, 200, 300, 400, and 500 mg/dL. The markers in the
figures are shifted slightly in the horizontal direction for better readability [26].
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5.4 Conclusions

A flexible and integrated platform of acoustic waves and electromagnetic metamaterials based on
polyimide-coated woven carbon fibres was proposed in this work for potential application in bioas-
says and multifunction sensing. The designed platform was based on a SAW device, where the
acoustic wave was agitated to control the temperature of a liquid droplet placed in the functional

area and was also used as a UV sensor with the sensitivity of 56.86 ppm/(mW/cm?).

Meanwhile, the same device presented excellent performance in glucose concentration moni-
toring when it worked as an electromagnetic metamaterial device, giving a sensitivity of 0.34
MHz/(mg/dL). Our integrated platform has shown its capability for versatile sensing functions in a

liquid environment as well as the capability to simulate the biological incubating conditions.

In the next chapter, PVDF is used a piezoelectric flexible substrate with straight IDTs patterned on
top of it using laser milling. The device is investigated for its electromagnetic behaviour under dif-
ferent excitation conditions through simulations and possible resonant frequencies in microwave
regime are identified. Next, the device is characterised with a network analyser to obtain its elec-
tromagnetic and acoustic response. The acoustic response is further investigated by placing the

fabricated device on a bare lithium niobate substrate.
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Chapter 6

A Flexible PVDF-based Platform
Combining Acoustofluidics and

Electromagnetic Metamaterials

In this chapter, the feasibility of the proposed concept for integration is investigated on a flexible
piezoelectric polymer. For this purpose, a rectangular geometry containing straight interdigital
transducers is fabricated on a polyvinylidene fluoride (PVDF) substrate and the device is charac-

terised in radio and microwave frequency bands.

This chapter is based on a conference paper presented in 2020 IEEE International Conference on

Flexible and Printable Sensors and Systems (FLEPS), IEEE, 2020
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Abstract

Acoustofluidic devices have been demonstrated effectively for liquid manipulation functionalities.
Likewise, electromagnetic metamaterials have been employed as highly sensitive and wireless
sensors. In this work, we introduced a new design combining the concepts of acoustofluidics
and electromagnetic metamaterials on a single device realised on a flexible PVDF substrate. We
characterise the operation of the device at acoustic and microwave frequencies. The device can
be used in wearable biosensors with integrated liquid sampling and continuous wireless sensing

capabilities.

6.1 Introduction

A major focus in wearable biosensing technology is on the development of devices and methods to
realise liquid manipulation, highly sensitive detection and wireless operation on flexible platforms.
Although these functionalities have been demonstrated using individual devices, the need for a
comprehensive approach to integrate these functionalities and beyond on a single platform towards
a next generation of wearable devices still remains. Among different technologies, acoustofluidic
devices have been proven to be effective for liquid manipulation and actuation with some promise
to realise sensitive detection and wireless operation [1], [2]. On the other hand, electromagnetic

metamaterials offer excellent capabilities for sensitive and wireless detection [3], [4].

In this work, we show the feasibility for a wearable sensing platform integrating two emerging
technologies: electromagnetic metamaterial sensors and piezoelectric polymer-based acoustoflu-
idic actuators on a single device. This platform will enable us to address three key challenges for
future wearable devices: i) wireless and sensitive detection; ii) liquid manipulation and actuation;
iii) personalisation. Metamaterials will enable fast, accurate, and wireless sensing capabilities,
whereas piezoelectric polymers will enable liquid actuation capabilities with energy harvesting
options in flexible implementations. There has been significant amount of work recently for the
development of these individual technologies, however, our research is focused on the integration
of these technologies on a single device for the development of a new affordable, scalable, and
customised platform for wearable devices. In this work, we used polyvinylidene fluoride (PVDF)

metallised with patterned electrodes to realise the devices.
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6.2 - Design and Fabrication of the Devices

PVDF is a functional piezopolymer that has found several applications, such as an electrical in-
sulator, a binder in lithium ion batteries or as a membrane for protein blotting attributed to its
distinct chemical, mechanical, and electrical properties. Additionally, the piezoelectric properties
of PVDF have been exploited for manufacturing electroacoustic transducers, tactile sensors, and
actuators [5]. Unlike its state-of-the-art stiff and fragile piezoelectric material counterparts, PVDF
can be easily shaped and is suitable for bending, a requirement for wearable sensors. Another
advantage of PVDF is that its mechanical and electric properties can be tailored by copolymeriz-
ing PVDF with monomers such as trifluoroethylene (TrFE), chlorotrifluoroethylene (CTFE) and
HFP (hexafluoropropylene). PVDF is also a piezoelectric building block in magnetically coupled

piezoelectric devices and magnetoelectric composites.

6.2 Design and Fabrication of the Devices

Surface acoustic wave (SAW) resonators are one of the building blocks of acoustofluidic devices

where a metallised interdigitated transducer (IDT) is defined on a piezoelectric substrate.

6 mm
——
IDT
5 mm 100 nm “Li 7gold
PVDF
0.5 mm
he 1 mm
. silver
bonding PVDF 152 Hm
pads
fe————> silver

()

®—> =y

IV

Figure 6.1: (a) Schematics of the metallised layer on a PVDF substrate, (b) cross-sectional overview of
the fabricated devices, (c) induced circulating current and the equivalent circuit of the device operating
as an electromagnetic metamaterial [6].
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The characteristics of the resonator are determined by the geometry of the IDT and are relatively
independent to the geometry of the conductors connecting the IDT to the bonding pads where
electrical connection is made. Careful design of the conducting line, bonding pad and the IDT can
define an electromagnetic resonator at the resonant frequency of which induced current can circu-
late as we demonstrated recently [7]. Figure 6.1(a) shows a design where we designed the metallic
layer to serve both functionalities. The IDT comprises 20 pairs of fingers with a wavelength of
300 pm to generate surface acoustic waves on the PVDF substrate. We fabricated two variations
of devices using a single gold layer sputtered on a PVDF layer and double silver ink layers on
another PVDF layer as shown in Figure 6.1(b). Under an electromagnetic field excitation, the
metallic structure electrically forms an LC resonator at its magnetic resonance as schematically
shown in Figure 6.1(c). A circulating resonant current is induced along its surface with its reso-
nant frequency being determined by the geometry of the structure. The inductance (L) is given
by the conductor geometry, the capacitance is determined by the gap (Cy), the IDT (Crpr) and
the surface (C;) of the structure. These resonators in centimetre to millimetre-scale are usually
used for applications in microwave bands, exhibiting very sharp resonant behaviour with qual-
ity factors larger than 1,000 unlike conventional types of passive resonators [8]. Owing to high
quality factors, the change in resonant frequency of an SRR structure can effectively be used as a
sensing mechanism, which can be induced by a change in dielectric properties of the medium and

the geometry of the structure.

6.3 Characterisation of the Devices

We characterised the acoustic and electromagnetic characteristics of the fabricated devices. First,
we measured the reflection spectra (S11) of the devices at acoustic frequencies by connecting the
bonding pads to a vector network analyser. Figure 6.2 shows the fundamental resonant frequency
of the PVDF/silver-electrode device is 3.2 MHz. This corresponds to a speed of sound in the

PVDF sample as 960 m/s.
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Figure 6.2: S7; spectra of the PVDF/silver-electrode device measured between the bonding pads [6].

We repeated this measurement after placing the PVDF sample on top of a LiNbO3 plate. The
resonant frequency is shifted to 7 MHz, corresponding to a speed of sound of 2100 m/s. The PVDF
film is thin and travelling waves can be transmitted to the LiNbOs3 plate resulting in increased

frequency and effective speed of sound.

In addition to acoustic characterisation, we excited the devices electromagnetically using a pair
of monopole antennas to measure the electromagnetic resonant frequency of them. We used
monopole patch antennas that are 26 mm in length and 3 mm in width, realised on a 35 pm-thick
Cu layer on a PCB substrate. We connect the antennas to the ports of a vector network analyser to
excite the device electromagnetically and to measure the transmission (S21) spectra of the devices
between the antennas. Figure 6.3 shows the S2; spectrum of a device with a fundamental resonant

frequency of 3.4 GHz and a quality factor of 300.
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Figure 6.3: So; spectra of the PVDF/gold-electrode device measured using a pair of monopole antennas
connected to a vector network analyser [6].

The measured electromagnetic resonant frequency of the device corresponds to a case where cir-
culating current is induced along the conducting path shown in Figure 6.1(c). We investigated the
electromagnetic resonances based on different excitations of the device as shown in Fig 4 using
an electromagnetic simulator (CST Microwave Studio). When the electric field is along the gap
(Figure 6.4(a) and Figure fig:c4-4 (b)), the field can polarise the opposing pads resulting in a cir-
culating current. Likewise, when the magnetic field is normal to the device (Figure 6.4(b) and
Figure 6.4(c)), a circulating current is induced. In addition, when the electric current is also per-
pendicular the fingers (Figure 6.4(c)), the alternating fingers can be polarised resulting in complex
current paths on the IDT area. This excites additional resonances as observed in Figure 6.4(c).
When neither the magnetic field is normal to the device nor the electric field polarises the gap, no

resonance is observed within the range of 3-4.5 GHz (Figure 6.4(d)).
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We tested the device for its capability in microfluidic actuation using a similar experimental setup
explained in previous chapters. However, we found out that the device in its acoustic frequency
is not efficient to perform any microfluidic function. One reason could be the excessive acoustic
power attenuated in the polymer substrate. The other reason could be the technology involved in
the fabrication process for patterning the IDTs; surface acoustic actuation relies on at least a pair
of IDTs patterned on a piezoelectric substrate. In this set of devices, laser milling was utilised
to develop the IDTs on PVDEFE. This technique can cause localised heating in the substrate and
as a result, the PVDF film may have lost its piezoelectric material property after the fabrication
due to the heating. Therefore, optimisation in fabrication parameters and further experiments are

required to be able to proceed further.

6.4 Conclusions

In this work, we introduced a new design combining surface acoustic waves and electromagnetic
metamaterials on a single device realised on a PVDF substrate. The device exhibits an acoustic
resonance at 3.2 MHz and an electromagnetic resonance at 3.4 GHz. The acoustic resonance can
be used for liquid manipulation whereas the electromagnetic resonance can be used for sensing
functionalities. However, the device optimisation and further experiments are needed to achieve

these objectives.

In the next chapter, the focus is on design and fabrication of a flexible sensor for characterising
dielectric materials. For this purpose, an embroidered rectangular SRR is fabricated on a cloth.
The device is wrapped around a bottle and has been excited utilising monopole antennas. The
behaviour of the device is identified through simulations and is verified by experiments. Next,
the bottle is filled with various dielectric materials per experiment. The change in frequency by

altering material is observed in microwave regime.
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Chapter 7

Embroidered Rectangular Split-Ring
Resonators for the Characterization of

Dielectric Materials

Another key progress towards fabrication of next-generation sensing platforms is development of
flexible wireless sensors; the focus is centred on this objective within this chapter. For this purpose,
a rectangular split-ring resonator is embroidered on a cloth and is wrapped around a bottle. The
SRR is excited by monopole antennas and the frequency response of the device is monitored in

microwave frequencies when the bottle is filled with various chemical substances.

This chapter is based on a manuscript published in IEEE Sensors!.
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Abstract

In this chapter, we report an embroidered rectangular split-ring resonator (SRR) operating at S
band for material characterization based on the differences in dielectric parameters. We designed,
fabricated and characterized SRR sensors on a conventional fabric that can be conformally at-
tached over the surface of samples under investigation. The structures are made of conductive
threads and can be embroidered on any dielectric fabric at low cost using conventional embroi-
dery methods. We have demonstrated material characterization capability of the sensors using
a specific design with a length of 60 mm and a width of 30 mm. We wrapped the sensors on
low-density polyethylene (LDPE) bottles filled with deionized (DI) water and common solvents
(ethanol, methanol, isopropanol and acetone) in our experiments. We measured the nominal res-
onant frequency of a specific sensor wrapped around an empty bottle as 2.07 GHz. The shifts in
resonant frequencies when the bottle was filled with the solvents follow the dielectric constants of

the solvents.

7.1 Introduction

Split-ring resonators (SRR) are the basic building blocks for metamaterials. SRR structures have
been successfully demonstrated for the control and manipulation of electromagnetic waves in a
broad spectral range from microwaves [1] to terahertz [2] and infrared [3]. The geometry of the
structure, usually a circular or rectangular metallic ring with one or multiple splits, determines the
frequency of operation. Structures with millimeter- to centimeter-scale are usually employed as
microwave resonators. The structures are driven in electrical resonance when they polarize electric
field or when they support induced circulating current over their surface. The resonance is known
as an electric resonance in the former case, and a magnetic resonance in the latter case. Any
change in the geometry or electrical characteristics of the medium alters the resonant frequency as
the polarization of the electric field or induction of the circulating current relies on the effective ca-
pacitance and inductance defined by the structure. Tracking the changes in resonant frequency has
been exploited as an effective sensing mechanism to determine changes in the geometry of SRR
structures [4] and in the permittivity of the environment [S]-[10]. This is especially advantageous

since the quality factor of the resonators can be over 1000 in microwave band [11].
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Flexible sensors have been at the focus of delivering mechanically conformal structures for various
applications including smart skins, wearable devices and microfluidic platforms. SRR structures
fabricated on thin flexible substrates have been introduced as flexible devices. Among these,
different configurations based on conventional metallic electrodes on flexible substrates such as
polypropylene [12], polyimide [13] and poly-ethylene terephthalate(PET) [14] have been reported.
Another configuration is based on inkjet-printed electrodes on PET [15]. The electrodes can also
be defined using silver conductive paint as reported for strain sensing on a flexible latex substrate
[4]. In an unconventional implementation, liquid metal (Galinstan) electrodes were employed
in a microfluidic channel made of polydimethylsiloxane (PDMS) [16]. Also, a substrate-free

configuration made of conductive rubber was reported for strain sensing applications [17].

An emerging field for the realization of flexible devices is embroidery that has been used to de-
liver electronic textiles using inherently flexible conductive threads on flexible fabric substrates.
The developments in new electronic elements and interconnects in electronic textiles have made it
possible to develop devices for a range of wearable applications from sensors to computers [18],
[19]. Conductive threads, as the basic interconnect element that are inherently flexible has en-
abled the realization of metallic structures on conventional fabrics. Antennas are typical examples
for which the whole structure can be implemented using only conductive threads [20]. Similar
to antennas, metamaterials based on SRRs [21]-[23] and radio frequency identification (RFID)
tags [24] are usually realized using a few layers of metallic structures on fabrics for sensing and

electromagnetic signal conditioning applications.

In this work, we report an embroidered rectangular SRR operating at S band for material char-
acterization based on the differences in dielectric parameters. The SRR geometry is based on a
previous work of ours, using which we investigated the operating principles of rectangular SRRs
and explained an unexpected observation based on a particular excitation of the structures that
induces magnetic resonance [25], [26]. The rectangular SRR configuration with the particular
excitation method is advantageous for sensing applications. We fabricated a new structure using
a conductive thread, which contains 316L stainless steel fibers on a calico cotton fabric. We em-
ployed this structure as a flexible sensor that can be wrapped around samples to measure their
electromagnetic properties. The sensor is electrically passive and can be measured wirelessly.

Our method can be used for the measurement of arbitrary geometries for material characterization
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applications attributed to the mechanically conformal structure and the wireless readout capabil-
ity. The breadth of applications in material characterization using microwave-based sensors have
been expanding including biosensing, impurity measurements, ensuring food safety and quality

assessment [27]-[34].

7.2 Materials and Methods

We fabricated the SRR sensors using an embroidery machine (Brother PR1050X) with stainless-
steel conductive threads (Sparkfun). A typical sensor and its dimensions are shown in Figure 7.1.
We fabricated the designs using a 6 mm wide design consisting of a 4 mm wide satin ‘fill” stitch,
an overlapping line stitch around the edge with a zig-zag width of 1.5 mm, both with a stitch
density of 4.5 lines/mm and 7 rows of under sewing to reduce the resonator impedance. We mea-
sured the sheet resistance of the resonator as 4.67 m {2-per-square. We implemented an inverted
methodology to create the stitch patterns, whereby we placed the conductive thread in the lower
bobbin of the embroidery machine, while we used standard polyester thread (#50, Brother) as the
top spool thread. We used high thread tensions to reduce the amount of polyester thread visible
on the conductive side of the design and to ensure the correct dimensions of the resonator design.
Furthermore, we used the combined satin fill stitch and line edging pattern to ensure accuracy of
the design width, as previous experiments using a wider satin stitch without an edge were gener-
ally too thin, compared to their design parameters, caused by this stitch pull-through effect. This
approach ensured that the parameters of the fabricated resonator matched that of the design. We
also used tear away stabilizer on the underside of the design to provide additional stability and to

reduce fabric gather, which could have further affected the critical dimensions.
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60 mm

Figure 7.1: Photograph of the fabricated SRR structure with a single split using an inverted embroidery
method [26].

Then, we attached the embroidered sensor on curved surfaces of low-density polyethylene (LDPE)
bottles for measurements using a vector network analyzer (VNA, Agilent N5230A PNA — L) as
shown in Figure 7.2. We used a pair of monopole patch antennas with a length of 30 mm and a
width of 3.5 mm to excite the resonators while we measured Sy; spectra between the ports of the
VNA. During our measurements, we measured the spectra when the LDPE bottle was empty and
filled with deionized water and different solvents of ethanol, methanol, and isopropanol (IPA) and

acetone. We repeated the measurements for each case for 15 times.

.. antennas

Figure 7.2: Photograph of the experimental setup where an embroidered sensor is attached to an LDPE
bottle filled with solvents [26].

We modelled the electromagnetic behavior of the resonators using commercially available elec-
tromagnetic simulation software (CST Studio Suite, Darmstadt Germany). We used plane wave
conditions for the excitation of the structures with different boundary conditions. We varied the

relative permittivity of the medium in our simulations to model the presence of the fabric substrate
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and the LDPE bottle during the measurements. We used an effective relative permittivity value of

1.4 that matches well with the different modes of resonances we report in this chapter.

7.3 Results and Discussion

Figure 7.3(a) shows the simulated So; spectra for a specific excitation condition, where the electric
field is along short sides of the SRR, the magnetic field is along long sides of the SRR, and the
propagation vector is perpendicular to the surface of the resonator. When the electric field is along
the short sides, the field can induce dipole formation along the direction of electric field. If the
field is strong enough for the dipole formation and if the geometry of the structure can support this,
two similar circulating current paths that are flowing in opposite directions are created as shown in
Figure 7.3 (b). We observe this formation indicating an electric-field assisted magnetic resonance
at two distinct frequencies. When we aligned the antennas to support this excitation, we clearly
observed the second resonance at 2.07 GHz. Our experimental results show the first resonance in
this band to be broad and at 1.74 GHz. The experimental spectrum is presented after the values are
normalized to the maximum value of So; in the measurement band. The monopoles antennas have
omnidirectional radiation pattern and can be used to excite different modes of resonances. Hence,
it is also possible to excite a coupled mode, and the experimentally measured first resonance can
be a result of a coupled mode. We varied the directions of field vectors to observe different modes

of resonances using our simulation model.
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Figure 7.3: (a) Simulation and experimental results (b) Current density patterns at 1.81, and 2.07 GHz
for the excitation configuration shown in the figure [26].

Figure 7.4(a) shows the simulation results for another excitation condition, where the propagation
vector is along short sides of the resonator, the electric field is along long sides of the resonator,
and the magnetic field is perpendicular to the surface of the SRR. When the electric field is along
the long side of the structure, it is possible to form an electrical dipole along this side rather than
forming patterns of circulating current. Thus, this configuration excites electric resonances. Figure
7.4(b) shows the patterns of current densities at four different resonant frequencies in this band.
The resonances within the simulation range indicates the incidences of electric field polarization.
The efficient polarization occurs at 2.07 GHz where the incident power is dissipated effectively
across the resonator as observed with a deeper signature of So; spectrum. We also measured the
spectrum after we aligned the antennas to excite these resonances. Figure 7.4(a) shows the exper-

imentally obtained spectrum after the values are normalized to the maximum value of So; in the
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measurement band. The additional resonance at 1.95 GHz observed in Figure 7.4(a) as compared
to the results of Figure 7.3(a) indicates the excitation of the device supports the polarization of the
electric field along the gap. This resonance corresponds to the resonance we observed at 1.93 GHz

in our simulations.

-0 — Simulation
Experiment
.60 &
1.8 2 2.2

frequency (GHz)

Figure 7.4: (a) Simulation and experimental results (b) Current density patterns at 1.75, 1.93, 2.05, and
2.07 GHz for the excitation setting shown in the figure [26].

Experimentally obtained spectra shown in Figure 7.3(a) and Figure 7.4(a) show different resonant
frequencies that can be used for sensing applications. The electromagnetic simulations help us to
understand the nature of these resonances. Among these, the second resonance in Figure 7.3(a) at
2.07 GHz exhibits the highest quality factor with a value of 2070. In addition, it is the result of a
magnetic resonance where the current path can be altered easily when the dielectric parameters of

the medium are altered. Consequently, we monitored this resonance for sensing applications. The
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resonant frequency, fo, is determined by the effective capacitance, C,p, and the inductance, L.y,

of the device along the path of the circulating current as given in Equation 7.1.

1

fo= s
270 \/ LogCopy

(7.1

The circulating current density for the second resonance in Figure 7.3(b) at 2.07 GHz reveals two
identical paths where the effective capacitance is determined by the nodal points, i.e. the gap
and the mid-point along the long side of the rectangle to the left of the gap. The capacitance
associated with the surface charges is known as surface capacitance and is contributing to the
effective capacitance in addition to the gap capacitance [1]. Each capacitance term is proportional
to the permittivity of the medium. Hence, the change in permittivity results in a change in resonant
frequency. The structure can be optimized for permittivity sensing based on a specific resonant

mode by ensuring the current is interacting with the environment.

We tracked the resonant frequency of the resonator when it was attached to LDPE bottles filled
with DI water, methanol, ethanol, IPA, and acetone. Each solvent has a different relative permit-
tivity, leading to a different value of effective capacitance along the current path shown in Figure
7.3(b). Thus, a change in relative permittivity results in a change in resonant frequency. The rel-
ative permittivity for DI water, methanol, ethanol, acetone, IPA, and air are 80, 32.6, 22.4, 20.6,

18.3, and 1 respectively [35].

Figure 7.5(a) shows a set of experimentally obtained So; spectra for different solvents and the
empty bottle. Each spectrum is presented after it is normalized in the measurement band. The
measured frequencies for DI water, methanol, ethanol, acetone, IPA, and empty bottles are 1.88,
1.89, 1.90, 2.01, 2.05, and 2.07 GHz, respectively. The values of quality factor at resonance are
in the range of 2010 and 5265. The measured values of quality factor correspond to a frequency
resolution of 1 MHz within the measurement range. This is a narrower range as compared to the
spectra of Figure 7.3, tracking the second frequency in that figure. The order of frequencies is in
agreement with the values of relative permittivity for the samples. The dependency of the resonant
frequency to the value of relative permittivity is shown in Figure 7.5(b). We measured samples
with relative permittivity values distributed in a wide range within which we do not observe linear

response. This is expected based on the operation of the sensor. The relative permittivity of the
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samples determines part of the effective capacitance term of equation 1 as the effective capacitance
comprises the capacitance terms of the fabric, the bottle and the sample inside the bottle. The shifts
in resonant frequencies indicate the changes in real part of the permittivity. The imaginary value of
the permittivity contributes to the loss of the resonator and affects the quality factor at resonance.
The quality factor of the resonator is determined by all the loss mechanisms in the system including
the radiation loss of the resonator and the antennas together with the losses in the fabric, bottle
and the sample. We have not observed significant and repeatable changes in quality factor of the

resonator during our measurements.
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Figure 7.5: (a) Normalized So; spectra of the SRR structure, where the sensor is wrapped around the
LDPE bottles filled with DI water, methanol, ethanol, acetone, IPA, and empty bottle. (b) Measured
resonant frequencies for different bottles [26].

We repeated the measurement for 15 times to assess the repeatability. Figure 7.6 depicts the his-

tograms of the measured frequencies for the solvents and the empty bottle. Table 7.1 summarizes

the material properties and the mean values of measured frequencies.
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Figure 7.6: Histogram and mean value of the set of experiments for solvents and empty bottle [26].

Table 7.1: Material properties and the mean value of the measured frequencies for solvents.

Resonant Frequency

Material Relative Permittivity ~ (Mean + Standard

Deviation) (GHz)

Deionised Water 80 1.88 £ 0.0027
Methanol 32.6 1.894 £ 0.0042
Ethanol 243 1.895 £ 0.0016
Acetone 20.7 2.016 £0.0112
Isopropanol 18.3 2.05 £ 0.0057
Air 1 2.069 +£ 0.0050
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7.4 Conclusion

In this chapter, an embroidered rectangular SRR for material characterisation applications is intro-
duced. The SRR has been fabricated using a conductive thread by implementing embroidery meth-
ods on an ordinary fabric substrate. The architecture is advantageous for the applications where
the sensor needs to be conformally covering sample surfaces. As a case study, the SRR sensor has
been wrapped around LDPE bottles filled with DI water and different solvents to demonstrate that
the solvents can be identified by tracking the resonant frequency of the SRR, exploiting the fact
that the changes in relative permittivity of the samples result in changes in resonant frequency.
Also, different modes of resonances are investigated with the help of electromagnetic simulations
to select the optimum one for sensing applications. The embroidery method is advantageous for
the fabrication of SRR-based sensors where the active device can be defined using a single layer
of metallization. This method can be applied to define SRR-based sensors, filters and absorbers
on flexible substrates and daily items such as cloth. The study is focused on a device that can be
used as a method for substance characterization and has a potential in identifying impurities in
liquids for contamination measurements. This configuration can be extended to wearable sensing
scenarios where the sensors can be implemented on a conformal structure that can be wrapped
around arbitrary shapes depending on the needs. The fabrication method is simple, cost-effective

and allows the realization of the sensors very quickly.
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Chapter 8

Conclusion and Future Outlook

In summary, the aim of this thesis is to develop a new method of integrating biosensing and fluid
manipulation capabilities in a single structure for LoC applications. This is realised by combining
SRR-based electromagnetic sensors and SAW actuators in a single geometry that can be employed
for multiple applications in various frequency bands. The proposed device can be employed as an
SRR-based sensor when excited wirelessly under microwave frequencies and the same geometry
can be utilised to generate acoustic waves on the surface when RF power is applied to its elec-
trodes. As a result, microfluidic functions can be accomplished. Some parameters are needed
to be taken into consideration: the design of the device should include interdigitated transducers
(IDTs) fabricated on a piezoelectric substrate; this would satisfy the generation of acoustic waves.
Another factor is that the electrode pads should be designed close to each other with a gap sim-
ilar to splits in SRRs, as the effective capacitance is dominated by gap capacitance and surface
capacitance, and also the substrate should be a dielectric material to satisfy the condition needed

for SRR-based sensing.

The concept of the integrated system is presented for different designs in this thesis. In chapter
3, as a proof of concept, a geometry with curved IDT patterns was introduced and fabricated on a
lithium niobate substrate. Streaming, pumping and jetting functions were achieved when the RF
power of 0.2-7 W was applied to the electrode pads. The device was characterised by simulation
and experiments and its electromagnetic resonant frequency was identified. Monopole antennas

were utilised to generate electromagnetic waves and to excite the device wirelessly in microwave
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frequencies. The device had a fundamental magnetic frequency of 4.41 GHz with a quality factor
of 294. To demonstrate the sensing capability of the resonator, a droplet of 2 uL with different
glucose concentrations was placed on the device and as expected the resonant frequency shifted
towards higher frequencies by increasing the concentration. The reason is that by increasing the
glucose concentration in a solution, the relative permittivity is reduced and therefore, the effect
capacitance decreases. The sensitivity of 28 MHz/(mg/ml) was achieved. In another experiment,
the shift in resonant frequency of the device was monitored by changing the location of the DI

droplet that was placed close to the sensor.

In chapter 4, the design composed of circular IDTs patterned on a lithium niobate substrate was
based on a dual split ring resonator geometry (DSRRs). Although DSRRs can be commonly
used in metamaterial-based sensing application, they are not among conventional geometries in
acoustofluidics. The sensing capability of the resonator was verified by monitoring the shift in
frequency when a droplet with a volume of 30 ;L was placed in the center of the rings. In another
experiment, a glass container filled with various materials was placed on the gap area of the inner
resonator and the frequency response of the device was obtained. The materials with a higher
relative permittivity resulted in a lower resonant frequency. Yeast fermentation process was also
monitored as a case study using this device. The device had acoustic frequencies between 5-30
MHz and 18 MHz was picked to mix polystyrene particles inside a DI droplet that was placed on

the center of the device.

In chapter 5, straight IDTs were patterned on a woven carbon fiber substrate that was coated with
polyimide and ZnO. The device was utilised to control temperature inside a liquid droplet using
acoustic waves and also was utilised as a UV sensor with sensitivity of 56.86 ppm/(mW/cm?). The
sensing capability of the device was investigated by placing droplets with different concentrations
of glucose on a specific location on the device and by monitoring the shift in frequency by altering

the glucose concentration. The device exhibited a sensitivity of 0.34 MHz/(mg/dL).

In the next chapter, the proposed concept was implemented on a flexible PVDF substrate. Straight
IDTs were patterned on the substrate using laser milling. The resonances of the devices under
various excitation configurations were obtained through simulation. Monopole antennas were used
in experiments to excite the structure and the transmission frequency response of the device was

obtained between 3-4.5 GHz with a resonance at 3.4 GHz. The device was characterised in radio
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frequencies too and presented an acoustic resonance at 3.2 MHz. We couldn’t achieve efficient
microfluidics using this device. The reasons can be excessive attenuation of the acoustic waves in
the polymer layer, or the use of laser in fabrication process, which can disturb the polarisation of

the PVDF layer and remove its piezoelectric material property.

A key other progress towards the new-generation of sensing is the development of wireless flexible
sensors. We contributed to this objective by fabricating an embroidered rectangular SRR on a cloth
that is excited wirelessly by monopole antennas. The sensor was wrapped around a bottle and
its magnetic behaviour under different electromagnetic excitation conditions was characterised
through experimental measurements and was verified through simulations. In the next step, the
bottle was filled with various dielectric materials and the shift in frequency was monitored. As
expected, the sensor showed higher resonances when the bottle was filled with materials with
lower relative permittivity. A summary of the key findings for the individual devices presented in

each chapters are presented in the following Table:
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Table 8.1: Summary of the chapters.

Device

Functionality

Split-ring resonator (SRR)-
based Sensing

Surface acoustic wave (SAW)-
based sensing and actuation

Glucose sensing, sensitivity*:
28 MHz/(mg/dL)

Streaming, pumping and jet-
ting

* Glucose sensing, sensitivity*:
18 kHz/(mg/dL)

* Material Characterisation

* Monitoring Yeast Fermenta-
tion

* Streaming**

* Glucose sensing, sensitivity*:
0.34 MHz/(mg/dL)

* UV sensing, Sensitivity:
56.86 ppm/(mW/cm?)

* Temperature control of the
droplet.

* Electromagnetic characterisa-
tion

* Device optimisation and fur-
ther experiments are required

* Acoustic characterisation
* Device optimisation and fur-
ther experiments are required

e Material Characterisation

* Not Applicable

* Sensitivities reported for devices in each chapter are not comparable with each other, as the
location of the droplet, the droplet size, and the geometry of the device have an impact on the

achieved sensitivity.

** The actuation capability of this device wasn’t explored to its full extent and only streaming

functionality was investigated.
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8.1 Future Work

The new method is described in this thesis together with different implementations of devices.
A key advantage for wireless sensing is the capability of operating devices in array formations
where individual devices in an array can be interrogated simultaneously. This capability has not
been investigated in this thesis and is worth investigating for its limits. In an array of devices,
individual elements can be functionalised with different molecules or analytes for multi-agent

detection.

Another future direction could be the development of a portable readout unit for the presented
sensors. The devices were characterised using a vector network analyser. This is ideal for bench-
marking and fundamental analysis. However, it is not practical to use a benchtop network analyser
for a LoC application. Design of readout electronics based S1; and So; spectra presented in this

thesis can be a topic for a future study.

Packaging of these devices and their use cases require future work. It is not challenging to fab-
ricate these devices using conventional processes. However, these devices need to be packaged

appropriately considering specific applications and form factors.

Finally, clinically relevant studies need to be designed to investigate the reliability of the data that

can be collected using these devices.
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Acronyms

AC
AdTSV
Ag
AgCl

BAW

CoH50H
CsH1206
CdS

Cl
CMOS
CcO

COq

CpP

Cr

CTFE
CYTOP

Alternating Current

Adsorptive Transfer Stripping Voltammetry
Silver

Silver Chloride

Aluminium

Aluminium Nitride

Argon

Gold

Bulk Acoustic Wave

Ethanol

Glucose

Cadmium Sulfide

Chlorine

Complementary metal-oxide—semiconductor
Carbon Monoxide

Carbon Dioxide

Cell-Phone

Chromium

Chlorotrifluoroethylene

Amorphous Fluoropolymer
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Acronyms

dB
DC

DI
DNA
DPDI?*
DSRR

EM

FBAR
FEA
FGF-2
FR4

GaAs

HFP

IDT
IPA

LC
LDPE
LHM
LiNbO3
LiTaO3
LoC
LSAW

MEMS

Decibels

Direct Current

Deionised
Deoxyribonucleic Acid
Diphenoquinone Diamine

Dual Split Ring Resonator

Electromagnetic

Film Bulk Acoustic Resonator
Finite Element Analysis
Fibroblast Growth Factor 2

Flame Retardant 4: Glass-Reinforced Epoxy Laminate Material

Gallium Arsenide

Hexafluoropropylene

Interdigital Transducer

Isopropanol

Inductor Capacitor
Low-Density Polyethylene
Left Hand Material
Lithium Niobate

Lithium Tantalate
Lab-On-Chip

Leaky SAW

Microelectromechanical systems
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Acronyms

N Nitrogen

NFC Near Field Communication
O Monoxide

09 Dioxide

PDMS Polydimethylsiloxane

PET Poly-Ethylene Terephthalate
pH Potential of hydrogen

PhD Doctor of Philosophy

PI Polyimide

PoC Point-of-care

PoCT Point-of-care Testing

PVDF Polyvinylidene fluoride

QCM Quartz Crystal Microbalance
RF Radio Frequency

RFID Radio Frequency Identification
RHM Right Hand Material

RLC Resistor Inductor Capacitor
SAW Surface Acoustic Wave

SBAW Shear BAW

SCE Saturated Calomel Electrode
Si Silicon
Si09 Silicon Dioxide

SPUDT  Single-Phase Unidirectional Transducer

SRR Split Ring Resonator
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Acronyms

TCF
TrFE
TSAW
TSM

UNCD
UNN
US
USD
uv

VNA

Zn

Zn0O

Temperature Coefficient of Frequency
Trifluoroethylene

Traveling SAW

Thickness Shear Mode

Nanocrystalline Diamond

University of Northumbria, Newcastle
United States

United States Dollar

Ultraviolet

Vector Network Analyser

Zinc

Zinc Oxide
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