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ABSTRACT

ANTENNA COUPLED METAMATERIAL INSPIRED
PASSIVE SENSORS FOR GLAUCOMA MONITORING

Glaucoma is an eye disease that may cause blindness by damaging the optic
nerve due to elevation of the intraocular pressure. In this thesis, a passive metamate-
rial inspired resonator sensor for non-invasive and continuous monitoring of glaucoma
is developed to improve diagnosis accuracy and treatment of glaucoma. The geometry
of the resonator is optimized such that it can be embedded in a conventional contact
lens. The sensor is fabricated and embedded in a contact lens to be used for continu-
ous glaucoma monitoring. Finite-element based models are developed to analyse the
operation of the devices and to optimize the sensor structure. For this purpose, the
contact lens placed on the eye model is examined by the finite element method and
the displacement of the contact lens due to the increase in intraocular pressure is ana-
lyzed. Mechanical simulations are also given to examine the fabrication of the sensors.
The proposed sensor is excited and interrogated using a tunable antenna. The reso-
nant frequency of the resonator is measured by measuring the reflection characteristics
with designed antenna which is tuned to be coupled to the resonator sensor. Theo-
retical and simulation based analysis for tunable antennas are also shown. In-vitro
characterization of the antenna coupled contact lens sensor with respect to varying
intraocular pressure levels of mechanical eye model are done experimentally. Accord-
ing to the results obtained, the sensitivity of the device, i.e. the change in resonant
frequency for a unit change in pressure, is calculated as —31.09 kHz/mmHg with the
resolution of 1.98 mmHg. The experimental results supported by finite-element based
models indicate that the demonstrated device is suitable for glaucoma diagnosis and

monitoring.



OZET

GLOKOM IZLEME ICIN METAMALZEMEDEN
ESINLENILMIS ANTEN ESLENIK PASIF ALGICLAR

Glokom, goz i¢i basincinin yiikselmesi nedeniyle optik sinire zarar vererek korliige
neden olabilecek bir goz hastaligidir. Bu tezde, glokomun invazif olmayan bir yontemle
siirekli izlenmesi i¢in metamalzemeden esinlenilmis pasif bir rezonator algig, gloko-
mun teshis dogrulugunu ve tedavisini iyilestirmek icin geligtirilmistir. Rezonatoriin ge-
ometrisi, konvansiyonel bir kontakt lens i¢ine gomiilebilecek gekilde optimize edilmistir.
Algig, stirekli glokom izlemesi i¢in kullanilmak tizere iiretilmig ve bir kontakt lens
igine gomilmistiir. Sonlu elemanlar tabanli modeller, cihazlarin ¢aligmasini analiz
etmek ve algic yapisini optimize etmek igin gelistirilmigtir. Bu amacla, g6z mode-
line yerlestirilmig olan kontakt lens sonlu elemanlar yontemi ile incelenerek, goz ici
basincindaki artigtan dolay1 kontakt lensin yer degistirmesi analiz edilmigtir. Algiclarin
{iretimini incelemek i¢in mekanik simiilasyonlar da bu tezde verilmistir. Onerilen algic,
akort edilebilir bir anten kullanilarak uyarilir ve sorgulanir. Rezonatoriin rezonans
frekansi, algica eslenik bir anten yardimiyla yansitma parametrelerinin olgiilmesiyle
bulunur. Akort edilebilir antenler i¢in teorik ve simiilasyon temelli analizler de bu
tezde verilmistir. Antene eslenik kontakt lens algicin in vitro karakterizasyonu mekanik
goz modelinin degigen goz i¢i basing seviyelerine gore deneysel olarak yapilmigtir.
Elde edilen sonuglara gore, cihazin hassasiyeti, yani basinctaki bir birim degigikligi
i¢in rezonans frekansindaki degisim, 1.98 mmHg ¢6ztiniirligi ile —31.09kHz/mmHg
olarak hesaplanmigtir. Sonlu elemanlar temelli modellerle desteklenen deney sonuclari,

gosterilen cihazin glokom teshisi ve izlemesi i¢in uygun oldugunu gostermektedir.
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1. INTRODUCTION

The main objective of this thesis is to develop a passive sensor for non-invasive and
continuous monitoring of glaucoma by measuring Intraocular Pressure (IOP), which is
reported to be strongly correlated with the corneal radius of curvature (ROC). [1,2] For
this thesis, a resonator is designed so that its resonant frequency will vary with changing
ROC. The resonant frequency is measured from the reflection or the transmission
characteristics with an antenna which is tuned to be coupled to the resonator. The
sensor is fabricated and embedded in a contact lens (CL) to be used for continuous

glaucoma monitoring.

1.1. Flexible Strain Sensors

In healthcare monitoring applications, strain sensors attract a great deal of at-
tention and are used in many ways. In particular, sensors with high flexibility and
sensitivity are used in the form of strain sensors. Strain sensors respond to mechanical
deformations used for precise detection of human health and activity with changes in

electrical behavior [3].

Traditionally, complementary metal oxide semiconductor (CMOS) based sensors
have been used in health monitoring with due to high precision; however, their rigid
and brittle natures create disadvantageous applications in portable and implantable
devices. Recently, micro-electromechanical systems (MEMS) fabricated, soft, precise
and low-cost flexible sensors have been shown to have numerous advantages for next-

generation wearable devices [4].

Well-developed MEMS manufacturing processes, improvements in the materials
used in production [5], and stretchable sensor structures [6] benefit the further devel-
opment of flexible strain sensors. Currently, studies are being carried out for the use
of flexible strain sensors in the applications of electronic skin (e-skin) [7, 8], human-

machine interfaces, human-motion detection [3,9], biomedical implants [6,10,11], and



gloves [12].

In recent years, metamaterials have been used as flexible strain sensors. A strain
sensor based on a split ring resonator (SRR) on a flexible substrate operating in the L-
band of microwave region was demonstrated by Melik et al. in 2009 [13]. The operating
principle of the sensor relies on the shift in the resonant frequency with an externally
applied load to monitor the strain wirelessly. The operating mechanism of the sensor is
based on the fact that the resonance behavior of the metamaterials is highly dependent
on the geometry of the unit cell [14]. Therefore, based on this correlation between the
deformation and the shift in the resonant frequency, metamaterial structures can be

utilized to measure the strain on an object.

1.2. SRR Based Sensors

SRRs have very simple geometry which is basically a metal ring with a split.
Depending on their geometry, they can have strong resonance characteristics with very
high quality factors (Q). The conventional SRR is widely utilized in microwave and
radio frequency (RF) applications for different purposes. Their applications can be

extended to infrared (IR) or visible light regions [15].

SRR can provide a negative magnetic permeability, which derives from a 180°
phase delay between magnetic field (H) and magnetic induction (B). Therefore, SRRs
can be used to obtain negative refractive index (n) [16,17]. With these favorable

electromagnetic characteristics, they are used in optics [18] and electronics [19,20].

Moreover, SRRs can be used in biosensing applications in a simple and cost-
effective manner. One of the sensing mechanism of microwave biochemical sensors is
based on the shifts in the resonant frequency caused by the change in the electrical
characteristics of the environment; in particular, the change in the effective permit-
tivity (eesr) of the analyte solution [21,22]. Metamaterial architectures can achieve
higher resonance frequency shifts, leading to higher sensitivity and better linearity as

compared to traditional RF structures [23].



Additionally, one of the key characteristics of SRRs is that the size of the resonator
can be made smaller than the wavelength at the resonance. Thus, SRRs are suitable
for use in miniaturizing planar microwave devices such as filters [24,25] and antennas
[26-28]. By using SRR, the operating resonant frequencies with respect to the size
of the resonator can be significantly reduced (< A/20) [28]. This is very important
for sensing applications that involve transmission through soft tissue. It is reported
in [29] that the measured body loss is increased by 5.1 dB as the operational frequency
rises from 418 MHz to 916.5 MHz for a vaginally located source within a human body.
Furthermore, since biological tissues mainly consist of water, they behave neither as
a conductor nor as a dielectric, but as a dielectric with losses. Nicolas et al. (2003)
reported that the conductivity of the muscle varies from 0.3211 S/m to 0.9982 S/m as
frequency rises from 1kHz to 1 GHz. Therefore, as the operating frequency increases,
losses in the soft tissue increase. This makes SRRs very suitable for telemetric sensing
applications since it is possible o obtain relatively low resonance frequencies with small

sized resonators [30].

1.3. Application Area: Glaucoma Monitoring

1.3.1. Glaucoma

Glaucoma is reported as the second leading cause of blindness as it affects the
optic disc and damages the optical nerve due to elevated IOP [31]. There are two major
types of glaucoma, which are primary open-angle glaucoma and closed angle glaucoma.
The former is the most common type, which develops because of the blocked drainage
system in the front eye. As a result, aqueous humor builds up in the eye and this
damages the optical nerve gradually by increasing IOP. Open-angle glaucoma is a
painless and insidious disease, which may not be detected until the disease damages
the optic nerve irreversibly. The latter type of glaucoma, closed-angle glaucoma, shows
itself with an acute attack which may cause blindness suddenly because of the rapid
increase in IOP. Closed-angle glaucoma happens if the individual’s iris is close to the
drainage system. This disease develops very slowly and, in many cases, undetectably

until the iris completely blocks the drainage canals. [32-34]



1.3.2. Glaucoma Monitoring Methods

There are several methods to diagnose glaucoma, such as measuring peripheral
vision, examining the optical nerve, measuring central corneal thickness, and measur-
ing IOP [35-39]. Currently, measuring IOP using Goldmann applanation tonometer
(GAT) is the most common method to monitor glaucoma disease [39]. To measure
IOP by using GAT, a patient should go to the hospital every time for instantaneous
measurements. However, to improve the diagnosis and the management of the disease,
continuous data on the behavior of IOP is needed including data obtained during the
night at sleep. However, GAT cannot provide this continuous data. Moreover, the tip
of the GAT should be in direct contact with anesthetized cornea (Figure 1.1) [40] to

measure [OP correctly, which is a very cumbersome method for the patients.

"

Figure 1.1. Ilustration of IOP measurement with GAT [40].

A promising approach to monitor the progress of the disease is to monitor the
IOP continuously, and several invasive and noninvasive devices have been developed
for this approach. One of the examples of the invasive sensors to monitor glaucoma is
given in Figure 1.2. Chen et al. (2010) presented an implant-based wireless pressure
sensor for IOP monitoring and an implantable biocompatible material based pressure

sensor is designed for this application [41].



Figure 1.2. Microfabricated flexible-coiled wireless pressure sensor with its (left) top

and (right) bottom views [41].

Microfabricated flexible coiled wireless pressure sensor given in Figure 1.2 is ba-
sically an inductor-capacitor (LC) tank resonant circuit with inductive coils and the
pressure sensitive parallel plate capacitor at the center of the device. The shift in the
resonant frequency of the sensor is measured with an external reader coil wirelessly
by measuring the impedance phase difference. The resonant frequency is designed to
decrease with increasing aqueous humor pressure in the eye due to the increase in the
capacitance of the LC tank resonant circuit. The sensor is microfabricated on the
parylene C flexible substrate using MEMS fabrication methods. Chen et al. (2010)
presented an LC tank-based wireless pressure sensor for IOP monitoring and the dis-
advantage of this application is that the surgery is needed to implant this device into

the front part of the eye, which is an invasive method to measure [OP.

Leonardi et al. (2004) presented a minimally invasive approach to IOP monitoring
based on a sensing CL [42]. In this application, a microfabricated strain gauge is
embedded into a soft CL to measure of changes in the corneal curvature correlated
to variations in IOP. A photograph of the sensing CL is given in Figure 1.4. Sensing
resistive gauges are placed circumferentially for sensing the changes in corneal curvature
due to the variations in the IOP and compensation gauges are placed for thermal
compensation. The data is transmitted through the micro-flex connection cable which

however makes this sensor an active sensor and reduces the comfort for a patient.
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Figure 1.3. (a) Experimental setup for in vivo pressure sensing test (rabbit),(b)

measured phase-dip curves [41].
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Figure 1.4. Photograph of the sensing CL [42].



The gauges of the sensor are made of thin metallic film patterned by surface
micromachining on a polyimide flexible substrate. The sensor is embedded into silicone
CL. And then, the CLS (contact lens sensor) is tested on enucleated porcine eyes and
the measurements are compared to the ones from a needle pressure sensor. The IOP is
changed by pumping normal saline water into the enucleated porcine eye. Output signal
data are recorded by a data-processing unit. The results demonstrate that the output
signal of the device showed a linear fit with the IOP mmHg with linear regression,
R? = 0.992. The sensitivity of the sensing contact lens is reported as <0.5 mmHg with
decreasing the noise in the output signal to £1 V. However, as mentioned before,
the sensing device has a wire for power transfer, which may cause discomfort for the

patient.

To overcome the drawback of the presence of the wires required for power trans-
fer, Leonardi et al. (2008) presented a new sensing device to measure the variations
in the IOP for glaucoma monitoring [43]. A photograph of the CLS can be seen in
Figure 1.5. For this new sensor application, they kept the active strain gauges and
passive gauges for sensing the variations in the corneal curvature and thermal compen-
sation, respectively. Moreover, they removed the wire and included a microprocessor
chip and an antenna for data transmission and powering. However, the thickness of

microprocessor may cause increasing the thickness of the CLS.

SRERIA \

Passive gages

Telemetry
microprocessor

Active gages /

Figure 1.5. A photograph of the CLS [43].



1.3.3. SRR Based Sensors

Ekinci et al. (2016, 2017) presented split-ring resonator (SRR) based strain sensor
for glaucoma detection application [44,45]. In this application, an electrically passive,
wireless and low-cost sensor to measure IOP was presented and the geometry of the
sensor was optimized such that the resonant frequency of the sensor varies with the
change in the ROC due to the variations in IOP. The device is realized on a flexible
latex rubber substrate with silver conductive ink and Ekinci et al. (2016, 2017) have
showed that the device exhibited monotonic variation in the resonant frequency with

respect to the change in ROC.

antenna pair

deformed
device

air port

Figure 1.6. An illustration of the experimental setup for the SRR sensor realized on

flexible latex rubber [44].

As can be seen in Figure 1.6, a pair of monopole antennas were used to detect
resonant frequency of the sensor by measuring the transmission spectrum. The latex
rubber substrate was stretched on top of a cylindrical injection syringe and the SRR
structure is painted on the substrate using hard mask. The ROC of the device was
changed by pumping air in and out of the device by using this syringe. FEkinci et
al. (2016, 2017) suggested that SRR based sensors are promising applications for

diagnosis of glaucoma. SRR sensors realized on flexible substrates can be integrated



to soft contact lens for fully passive, noninvasive method for continuous measuring of

IOP wirelessly.

Calikoglu et al. (2017) presented a biosensor based on laser-machined metallic
split-ring resonators embedded in hydrophilic polymer matrices for glaucoma moni-
toring [2]. The SRR sensors are fabricated by laser cutting of 15 pm-thick aluminum
sheets and embedded into photo-polymerized cross-linked hydrogels, which are used to
prepare hydrophilic polymer matrices. The dimensions of the SRRs are optimized to
have resonant frequencies in the S-band. The localization of the SRR within a hydro-

gel based contact lens is determined at the point where the distension of the eyeball is

maximum.
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Figure 1.7. An illustration of the experimental setup for measuring the effect of

curvature change [2].

In Figure 1.7, an illustration of the experimental setup is given. A spherically
deformed latex rubber, which was filled with deionized (DI) water, was connected to

a syringe using a medical pipe. The SRR embedded in hydrogel was placed on top
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of the latex balloon and the curvature of the balloon was changed by pumping water

in and out using a syringe. It is reported that the resonant frequency of the device

exhibited monotonic change with respect to the change in the ROC, and the sensitivity

was obtained as —24.12 MHz/mm. The demonstrated SRR based sensor was suggested

as promising for non-invasive and continuous monitoring of glaucoma.

1.4. Thesis Contribution and Organization

The main objective of this thesis is to design and fabricate a biosensor to be

embedded in a contact lens, which enables continuous monitoring of glaucoma to im-

prove diagnosis accuracy and treatment of glaucoma. Organization of this thesis and

contribution of this thesis to the previous work is listed below:

(i)

SRR designed for glaucoma detection in the previous work [2,45] was further ana-
lyzed with finite difference time domain (FDTD) method simulations in Chapter
2.

Mechanical finite element model (FEM) simulations are shown in Chapter 2 which
are performed for:

e Contact lens (CL) placed on the fibrous layer of the anterior part of the eye
to analyze the displacements of the CL caused by the IOP level given in
Section 2.2.1 .

e Bending processes of the resonators to be embedded in CL to analyze the
feasibility of the fabrications given in Section 2.2.2.

Theoretical and simulation based analysis for tunable antennas are shown in
Chapter 3.

In Chapter 4, broadside-coupled split ring resonator (BC-SRR) based CLSs which
are coupled to the tunable antennas were designed and analyzed. BC-SRR based
sensors were further analyzed with FDTD method in terms of metal thickness
and substrate tangent loss. Further simulations were performed to analyze the
resonance behavior of the CLSs on eye-globe for changing ROC levels.
Fabrication of BC-SRR based CLSs and in-vitro characterization of the antenna

coupled CLSs with respect to varying IOP levels are given in Chapter 5.
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2. DESIGN AND SIMULATIONS OF SRR BASED
SENSOR

2.1. Microwave Modeling of the Resonator

The SRR structure consists of a circular or rectangular metallic ring with a narrow
gap. An external electromagnetic excitation can lead this structure to behave like a
Resistor-Inductor-Capacitor (RLC) circuit. If the time-varying magnetic field (H) is
transverse to the SRR surface, the magnetic field induces a circulating current on the
ring surface, which creates another magnetic field that may enhance or oppose the
incoming magnetic field. This results in a magnetic resonance at certain frequency f,.
At the resonant frequency, the SRR structures can exhibit negative permeability. The
resonant frequency strongly depends on the electrical properties of the materials and

geometry of the structure and is given by [14]:

fo= (2.1)

Here, L is the self-inductance of the split-ring made of conductive material and
C is the sum of the gap and surface capacitances (Cyqp + Csyrp). Formulae of the

self-inductance and capacitance of split ring resonators are given in Equation 2.2 [14]:

8R, 1
L = puoRy, (log htw 5) (2.2a)

C = Chap + Coury (2.2b)
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Figure 2.1. Split-ring resonator drawing [14].

where

w

h
Caap = Ecff (7w+h+w+g) (2.2d)
2¢e, 4R
Clurs = 2eeps(h+w) log —* (2.2¢)
T

where R is the inner radius, R, is the average radius, h is the height, w is the width
and g is the gap distance of SRR (Figure 2.1). Table 2.1 shows the calculated resonant
frequencies of the sensors with the self-inductance and capacitance values for different
geometries and relative permittivities (&,) and thicknesses of the substrates (hsupstrate)-

For the calculations, effective permittivity (eq) is calculated as below:

(er+1

Ceff =

8h5u strate
)50 arctan <#) (2.3)
w

where ¢ is free space permittivity.
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2.1.1. SRR Simulations

The effect of the thicknesses and permeabilities of the metal parts of the SRR
on the resonance behavior analyzed using finite difference time domain (FDTD) sim-
ulations. While analyzing the metal thickness and permeability, substrate thickness
was selected as 50 pm and substrate material was chosen as polyimide (PI). Dielectric
properties of PI are given in Figure 2.2 [46]. Based on this figure, relative permittivity
(e;) was chosen as 3.4 and loss tangent (tand) of the substrate was chosen as 0.005

while doing the simulations.

6.0 0.030
5.“: 0025 { —a—s—a—t—t—s—a—2—n—2—0
Typical adhesive of
40 PN « 0020 3-layer flex laminate
Pyralux® AP dielectric §
R T o e e e e e S S S WP W W W Y g‘
o 304 = 0015 4
| Typical adhesive of @
20 3-layer flex laminate L 0010
| Pyralux® AP dielectric
10 0,005 - LPRIARIAEY
———— g
0.0 T T T T T T T 0.000 - . . . . - . . .
00 A G (8 TR 90 2 DR UG 820 [ IR COR TR A A O S A R
Frequency (GHz) Frequency (GHz)

Figure 2.2. Dielectric properties of PI [46].

Moreover, saline water effect on SRR with Flame Retardant 4 (FR-4) substrate
was also analyzed in Section 2.1.1.3. For these simulations monopole antenna pair is

used and resonance behavior is analyzed on transmission (sy1) spectra.

2.1.1.1. SRR Metal Thickness Analysis. Simulations were performed using CST Mi-

crowave Software. For the simulations, g was 100 pm, R was 5 mm and w was 1.5 mm
to keep the dimensions of the resonators so that they can be embedded in the contact

lens.
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Thickness of the metal is an important parameter while designing the sensor as it
affects both mechanical performance of the sensor in terms of conformity to the cornea,
and resolution of the sensor. To increase the conformity of the sensor to the cornea,
substrate and also the metal layers should be chosen as thin as possible. However,
decreasing the thickness of the metal increases the resistance, which decreases the Q

factor and the resolution of the sensor.

While doing the simulations it is realized that changing the thickness of the
metal layer to values thinner than the skin depth (d5) of that metal in CST Microwave
Studio does not yield altered simulation results in terms of the Q. However, this cannot
be true in reality. It is also realized that whatever the thickness of the metal layer
modeled in CST Microwave Studio, the software defines the conductivity of the metal
layer as a constant value which is the maximum conductivity of that metal at given
frequencies. Therefore, to make the simulations more realistic, RF sheet resistance
values are calculated for several thicknesses of gold and imported to the CST Microwave

Studio as tabulated sheet resistance values of the defined new materials.

RF sheet resistance of gold for varying thicknesses is calculated using the formulae

given below. First, d is calculated from the formula:

_ [
T 24)

and RF conductivity (o5) at t is calculated using:

ot/

p

(S/m) (2.5)

05 =
RF sheet conductance (Gy) can be calculated by integrating oy to a thickness of ¢:

1 [t . ) ¢
Gs = —/ e ndt=—(1—e 3 Ss 2.6
) > ) (ssa) (2.6)
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therefore, RF sheet resistance (Rg) is:

1
R, = W (€2/sq) (2.7)

where ¢ is the thickness of the metal (m) and p is bulk resistivity (Q2m).

The calculated sheet resistance values for various various sheet thickness of gold vs
frequency can be seen in Figure 2.3(a). p of gold is defined as 2.24 12 cm. Moreover,
the effect of the frequency on RF sheet resistance can be seen in Figure 2.3(a) and

Figure 2.3(b).

s91 spectra with respect to varying values of metal thickness are given in 2.4(b)
for the model depicted in Figure 2.4(a). As can be seen in the simulation results,
decrease in the thickness of the metal layer decreases Q of the resonator due to the
increase in the RF sheet resistance. Also, given the simulation results, we can say that
results are converged in terms of Q when the thickness is increased to 1pm; however,
Figure 2.3(b) shows that at 3 GHz, RF sheet resistance continues to decrease when the
thickness is increased to values higher than 1pm. This can be explained by the loss
parameter of the substrate. Consequently, the Q is limited due to the dielectric loss of

the substrate.

As a result, using very thin metals for the resonators reduces the performance of
the sensor system as the QQ decreases with increasing resistance, which in turn lowers
the resolution of the sensor. Also, dielectric loss of the substrate is important parameter

as it limits the Q.
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Figure 2.4. (a) Simulation model and (b) s9; spectra of simulated model for various

thicknesses of gold.
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2.1.1.2. SRR Metal Permeability Analysis. The effect of metal permeability on the

resonance behavior of the SRR was analyzed with simulations using FDTD method.

Conductivity of the metal was chosen as 4.1 x 107S/m and permeability was changed

parametrically to see its effect.
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Figure 2.5. Simulated (a) s1; and (b) s9; spectra for varying values of permeability of

metal layer.
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s11 and so; spectra with respect to varying values of permeability of metal are
given in Figure 2.5(a) and Figure 2.5(b), respectively. As can be seen in the simulation
results, increase in permeability of metal layer, decreases Q of the resonator due to
the decrease in the ds which increases RF sheet resistance (Equation 2.7). As a result,
using magnetic metal layers for the resonators reduces the performance of the sensor
system as the Q factor decreases with increasing resistance, which in turn lowers the
resolution of the sensor as the resolution of the sensor depends on the amount of the

shift and the sharpness of the signal (high Q).

2.1.1.3. SRR Saline Water Effect Analysis. Saline water effect on SRR with FR-4 sub-

strate was also analyzed using CST Microwave Studio simulations. For these simula-
tions monopole antenna pair is used and resonance behavior is analyzed on so;. For
the simulations, g was 1 mm, R was 4.5mm, w was 1 mm and h was 25 pm for SRR.
FR-4 (lossy) substrate is chosen from the material library of CST Microwave Software

and thickness of the substrate was defined as 1.5 mm.

@,

Figure 2.6. Illustration of the monopole antenna pair coupled SRR on FR-4 with

water layer.
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Figure 2.6 shows the illustration of the simulated monopole antenna pair coupled
SRR with additional water layer on top of the SRR. For the simulations ¢, of the water
layer was defined as 80 and the thickness of the layer was defined as 40 pm to mimic
the tear fluid whose thickness reported in the literature ranges from about 4 pm [47]

to 40 pm [48].

-15 1 1 1 1
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-20 4 - | the water layer
~25 1 [ —o— 00Sm”" — Q> 4000
230 | 50 mSm™ > Q = 2469
—— 100mSm™ - Q = 1220
R —%— 500 mSm” - Q = 268
2 10 —=— 1000 mSm™” - Q = 124
o —%— 500.0mSm”"' > Q=0
-45
-50 - _
-55 L
-60

110 115 120 125 130 135 140

Frequency (GHz)

Figure 2.7. Simulated so; spectra for varying values of conductivity (Sm™!) of defined

water layer.

Figure 2.7 shows the simulation results for varying conductivity levels of defined
water layer (Sm™'). As can be seen from the simulation results, the Q of the sensor
decreases as the conductivity (Sm™!) of defined water layer increases. Decrease in the
Q is very dramatic when the conductivity of the water increases to 0.5Sm™!. However,
around 1 GHz conductivity values of the eye tissues are higher than 0.5Sm™!, reported

in [49].

The decrease in the Q of the resonator is due to the decrease in the Q of the
self-capacitance (both Cgys and Cgp) of the SRR since the dielectric layers of the

capacitances are deteriorated by conductivity. Therefore, using the SRR around the
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eye tissues would only be possible with thick dielectric layer isolation, which is not

suitable for this application.

2.2. Mechanical Eye Model Simulations

Calikoglu et al. (2017) showed the mechanical eye model in [2]. In this work,
an axisymmetric finite-element model, for the fibrous layer of the eye was modeled to
investigate the effect of the change in the IOP on the cornea. It has been shown that
1mmHg change in the IOP corresponds to 4 pm change in the ROC.

2.2.1. Contact Lens placed on Eye Model

For this thesis, same model for the fibrous layer of the anterior part of the eye is
used. Moreover, CL placed on the fibrous layer of the eye was modeled to investigate
the effect of the change in the IOP on the cornea and CL. CL material is defined as
polydimethylsiloxane (PDMS). Figure 2.8(a) shows the computational model including
an eyeball and a contact lens. The thickness of the CL is 200 pm in this model.

Figure 2.9(a) shows the deflection profile for a selected simulation when the
change in IOP level is 5mmHg. Red arrows illustrate the normalised displacements
when apical displacement is set to 0. Moreover, tangential displacement lines can be
seen in Figure 2.9(b). Maximum change in the ROC for the CL is obtained at r = 5
+0.5mm. The dimensions of the sensors (Section 2.1) are determined based on this

value so that the displacement on the sensor is maximized with respect to change in

the IOP.

Deformation profiles are compared for CLs with thicknesses of 100 pm and 200 pm.
Figure 2.8(b) shows maximum displacement values obtained from the simulations on
the cornea and CL with respect to changes in IOP levels. The slopes of the trend lines
indicate the change in the ROCs for a 1 mmHg change in the IOP. 1 mmHg change in
IOP corresponds to 4 pm change in the ROC. Moreover, the results of the simulations

indicate that thickness variation within 100 pm to 200 pm range do not have significant



effect on the deformation of CLs.

70007
60007
50007
4000
20007
20007

10007

-10007]
-20007]
-30007]
-40007]

50007

-50007]

Hrm

120

100

80

60

40

Displacements (um)

20

—@— Corneal displacement (100 um)

Corneal displacement (200 um)

y=4.1826x+4.341
Dy =416x+5.838

10 15 20 25
Change in IOP (mmHg)

—=8— Contact Lens Displacement (100 um)

Contact Lens Displacement (200 um)

(b)

=3.8896x+1.994

o y
¥ =3.9424x+1.93

30

23

Figure 2.8. (a) Computational model including an eyeball and a CL, (b) maximum

displacement values for CLs with thicknesses of 100 pm and 200 pm with respect to

changes in IOP levels.
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Figure 2.9. The deflection profile for the simulation when the change in IOP level is
5mmHg. Red arrows illustrate (a) the normalised displacements when apical

displacement is set to 0, (b) tangential displacements on CL model.



25

2.2.2. Contact Lens Embedded Sensor

Fabricated sensors were placed in a CL having a typical shape designed to fit the
cornea. In order to embed fabricated planar sensors in the CL, it was necessary to bend
them first. It is decided to bend the sensors by molding. Therefore, an axisymmetric
FEM model was designed in COMSOL software to analyze the mechanical feasibility
of the molding process of the sensors. In these simulations, stainless steel molds were
approaching each other and bending PDMS and PI substrates with embedded metal
ring. The gap of the SRR was excluded for the simplicity of the simulations.

2.2.2.1. SRR Embedded in PDMS: Stress Simulations. 100 nm ring resonator was pl-
aced in the middle of 50 pm thick PDMS substrate. Stress-strain behavior of the PDMS

and gold are given in Figure 2.10(a) [50] and Figure 2.10(b) [51], respectively. Maximum
stress values obtained from the simulations are evaluated using these behaviors.
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Figure 2.10. Stress-strain curve for (a) native PDMS [50] and (b) for gold [51].

Figure 2.11(a) shows that the maximum stress on PDMS substrate is about
1.3 MPa which is in the linear region for native PDMS (Figure 2.10(a)). Moreover,
the stress result of the metallic ring which is embedded in PDMS substrate is excluded
and results are given in Figure 2.11(c). The maximum stress value on 100nm gold
ring was found to be around 0.6 MPa, which is a relatively small stress value for gold
(Figure 2.10(b)). Therefore, it is concluded that the result of the molding process can

be done without damaging the planar sensor.
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(a)

par(8)=0.7 Surface: von Mises stress (Nm?)

()

Figure 2.11. Stress distribution on (a) PDMS when PDMS is not bent, (b) PDMS
when PDMS is bent and (c¢) 100 nm gold ring.
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2.2.2.2. SRR Embedded in Polyimide: Stress Simulations. 5pm thick ring resonator

was placed in the middle of 50 pm thick PI substrate. Maximum stress values obtained

from the simulations were also evaluated for SRR embedded in PI.
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Figure 2.12. Stress distribution on (a) PI when PI is bent, (b) 5 pum thick gold ring.

The result of the stress simulations of the metallic ring which is embedded in
PI substrate is given in Figure 2.12(a). The maximum stress value on 5pm thick
gold ring was found to be around 1.3 GPa, which is very high value for gold and it
is above the ultimate strength (Figure 2.10(b)). While performing the simulations,
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the materials were defined as linear elastic materials. With the obtained stress value,
we can conclude that bending the sensors cannot be performed without damaging the
planar sensor. Moreover, Figure 2.12(b) shows the maximum stress on PI substrate is
about 600 MPa which is also above the yield strength of the polymer [52]. Therefore,

results show that while bending PI, it will undergo plastic deformation.

2.3. Fabrication of SRR Embedded in PDMS

Fabrication processes were done in the clean room located in Bogazigi Univer-
sity, Kandilli Campus. Spin coating, lithography, etching and sputtering were used in
various steps of fabrication. The process flow of the fabrication of SRR embedded in

PDMS is given in Figure 2.13 and fabrication steps are explained in detail below:

A —

: Step 1: Spin Coat AZ
g Sl L)
(Sacrificial Lay Step 6: Wet Etch Titanium
L |
Si Step 2: Spin Coat
PDMS .
si Step 7: Spin Coat PDMS
I
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§i Step 3: Titanium m
PVD (Sputtering)

A

, Step 4: Spin Coat SU-8
S m s |

SU8 SU8

Step 9: Release Structures in
Acetone

i Step 5: Pattern SU-8

Figure 2.13. SRR embedded in PDMS fabrication process flow.
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After cleaning of the wafer using piranha solution and rinsing, the wafer is dried
using Nitrogen (Nj) gun and hot plate at 200°C for 20 min. Oxygen (O,) plasma is
applied onto the wafer at 200 mTorr, 70 W for 10 min to clean carbon contaminants.
Then, as a sacrificial layer AZ 5214 is spin coated (500 rpm for 30s and 300 rpm for
1 min) on the wafer, pre-baked at 110°C for 50s and patterned with 40 mJ cm ™2 expo-

sion dose [53].

PDMS (Sylgard 184) is prepared by mixing the PDMS prepolymer and the curing
agent at weight ratio of 10:1. Mixture is stirred well and degassed under a vacuum
for 15 min. Degassed 5mL of PDMS is dispensed onto the sacrificial layer. Then, 2
step spin coating is applied. Then the mixture is cured at 70°C for 35min [54] and
thickness of obtained PDMS layer is measured in the clean room using surface profiler.
In Figure 2.14 PDMS spin coating recipe is given [55]. Table 2.2 shows experimental

results of PDMS spin coating in clean room.
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Resulting PDMS thickness (um)
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Spin-coating speed (rpm) Time (min)

Figure 2.14. PDMS spin coating recipe [55].

After PDMS curing, O, plasma is applied at 200 mTorr and 70 W for 3 min, the
wafer is left in sputter device for metal deposition at 100 W for 140 min. Baratron
gauge is set to 3mTorr, combined pressure to 20 mTorr. 280nm thick titanium (Ti)
is obtained after sputtering process. However, sputtering Ti on PDMS produced a

cracked surface.



Table 2.2. Experimental results of PDMS spin coating in the clean room.

Velocity Time (s) Velocity Time (s) | Thickness
(rpm) (rpm) (nm)
1 500 25 3000 30 7
2 200 10 1000 300 o8
3 200 10 1000 350 93.5
4 200 5 1000 500 20
5 400 25 4000 100 20

Figure 2.15. Dark field mask strapped on a glass substrate.

30

5mL SU-8 is dispensed onto Ti layer and spin coated (800rpm for 20s and

7500 rpm for 150s).

Then spin coated SU-8 is soft baked in two steps (65°C for

3min and 95 °C for 9min) [56]. SU-8 is then patterned with dark field mask which was

printed on acetate and strapped on a glass substrate (Figure 2.15). For SU-8, exposi-



31

tion dose is set to 120 mJ cm 2. In the end SU-8 is post baked in two steps again (65 °C
for 2min and 95°C for 7min) [56]. The wafer is then immersed into SU-8 developer
for 7min and cleaned. Therefore 20 pm thick SU-8 is obtained onto Ti layer.

Figure 2.16. (a) The laser cut SRR embedded in PDMS structures stored in DI water.

(b) Optical microscopy images show the cracked surface that was left from sputtering.

The wafer is then left for 2 minutes in 1:1:20 hydrogen fluoride (HF), hydrogen
peroxide (Hy0,), DI water, Ti etchant solution. Afterwards, the wafer is coated and

cured with 50 pm PDMS again after O, plasma treatment, so that metal structures
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will be completely embedded in PDMS.

Template for laser cutting was shaped using boundary drawings, and PDMS was
cut with carbon dioxide (COy) laser. The sacrificial AZ layer was removed in acetone.
The laser cut SRR embedded in PDMS structures were removed via lift-off in acetone

after waiting around 5min. They were stored in DI water(Figure 2.16(a)).

Optical microscopy images show the cracked surface that was left from sputter-
ing. Figure 2.16(b) shows Ti deposited surface, and its optical microscopy images after
etching. Ti etchant clearly moved through the cracks to etch the resonator structure.
Pressure settings of the deposition chamber were changed to see the crack response.
Crack density decreases when pressure decreases. However, since this is not a perma-

nent solution for the problem, the substrate material is determined to be changed.

In this chapter, SRR designed for glaucoma detection in the previous work [2,45]
was further analyzed in terms of metal thickness and permeability with simulations
using FDTD method. As a result, it is concluded that decrease in the thickness of
the metal layer and increase in permeability decreased QQ of the resonator, thus the

performance of the system due to the increase of the RF sheet resistance.

Mechanical FEM simulations which are performed for the contact lens (CL)
placed on the fibrous layer of the anterior part of the eye have been performed to
analyze the displacements of the CL caused by the IOP level. As a result, 1 mmHg
change in IOP corresponds to 4 pm change in the ROC is concluded. Moreover, the
results of the simulations indicate that thickness variation within 100 pm to 100 pm
range do not have significant effect on the deformation of CLs. Moreover, mechanical
FEM simulations for bending processes of the resonators to be embedded in CL have

been performed to analyze the feasibility of the fabrications.

In Section 2.3, fabrication of SRR-based sensor on PDMS substrate is given. The
resonance behavior of the produced sensors could not be measured and possible reasons

are as follows:
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e The proper coating of the metal layers on the PDMS substrate could not be
achieved due to the cracked surface that might effect the resonance characteristics
of the sensor.

e 280 nm thick Ti layer was obtained after sputtering process. As given in Chapter
2.1.1.1, the Q factor could be very low with 280 nm thick Ti layer as the bulk
resistivity of Ti is higher than that of Au.

e In order to measure the resonance behavior, the metal thickness was tried to be
increased with electroplating to increase the Q. However, electroplating could not
be achieved as the resistance of the seed layer was increased due to the cracked

surface.

Since the metal coating on the PDMS substrate was challenging, it was decided to
change the substrate material to PI. Furthermore, it has been concluded that a simple
SRR is not suitable for glaucoma monitoring application, since the use of SRR around
the eye tissues can only be achieved by thick dielectric layer isolation because the quality
factor decreases dramatically as the conductivity of the environment approaches the

conductivity of the eye tissues.
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3. DESIGN OF TUNABLE ANTENNAS

In this chapter designs and the simulations of the folded dipole and spiral dipole
antennas are given which aim to measure the resonant behavior of the resonator sen-
sors. The motivation in designing folded-dipole and spiral-dipole antennas is to use an
antenna which radiates in the first mode having similar frequency with the sensor so
that resonance behavior of the resonator sensor can be obtained with high Q factor.

Moreover, folded dipole antennas are also characterized in Section 3.3.

3.1. Theoretical Modeling

The first modes of the folded dipole and spiral-dipole antennas are calculated by
the basic rule given in Equation 2.1. All capacitance and inductance values affecting

the frequency of the first mode of the antennas calculated separately.

To calculate the first mode of the antennas, the distributed capacitance (Cy;s)

between two adjacent coils of a spiral is calculated by the formula [57]:

27 R,
Clie = / Erefh) 1, (1 T 2w“) dl, (3.1a)
0 Vs

where [,, w, and s, are the length, width of coil and the gap between two adjacent
coils. Also, R, is defined as the average radius of two adjacent coils. It is stated in [58]
that the distributed capacitance of a spiral with N turns is equal to the capacitance
between two annular rings and independent of the number of turns (N). Then, Cy; of

spiral-dipole antenna (N > 1) can be calculated by using the formula given as:

Sa

2w,
Cdis = 2Ravg£r(eff) In (1 + d ) (31b)
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where R,,, is the average radius of the coil. Gap capacitance (C,q,) of the folded dipole
antenna (N = 1) is calculated from the formula given in Equation 2.2d where ¢ is gap
distance of the input port. Moreover, surface capacitance (Cs,,f) is also derived from

the formula given in Equation 2.2e as follows:

28 (eff) (he + w,) 4Rove

9p

Csurf =N (31C)

log

where h, is the thickness of the metal coils. Therefore, total capacitance (Cyy) is

calculated as:

Ctot = C(surf + Cport + C(gap + Cdis + Ctuning (3].d)

C'uning 18 the tuning capacitance which is connected to adjust the first mode frequency
of the antenna. Inductances (L) of the spiral-dipole antennas and folded dipole anten-

nas are calculated as follows [59]:

2.46 p2) (32)

L:,MN2Ran <ln7 + E

where p = w,/s, and p is magnetic permeability of the metal.
3.2. Simulations

Simulations were performed using CST Microwave Studio software, illustrations
of the simulated antennas are depicted in Figure 3.1 and design parameters of the

antennas are given in Table 3.1. g is 2.5 mm for folded dipole antenna.

The first modes of the antennas are calculated as given in Section 3.1 and com-
pared with simulated values. For calculations, €.g) was selected as tuning parameter
for 130 pm thick FR-4 without ground plane and it was determined as 2.1 to minimize

the error for the operating frequency of the folded dipole antenna.
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N=1 N=2 N=2.5
{folded-dipole)

Figure 3.1. Hlustrations of simulated antennas.

Table 3.1. Design parameters of simulated antennas.

Number of p W, Sa Rave h, Er(eff)
turns (IN) (mm) | (mm) | (mm) | (mm) | (pm)
1 3 2 00 21 35 2.1
2 3 1 1 21 35 2.1
2.5 3 1 1 21 35 2.1
3 3 1 1 21 35 2.1
4 3 1 1 21 35 2.1
) 3 1 1 21 35 2.1

Results of simulations are given in Appendix A. sj; spectra of the simulated
antennas are given in Figure A.1 to Figure A.6 around their first modes. Given the
simulation results, it can be said that as the tuning capacitance increases, the first
mode shifts to the left with decreasing Q. Decrease in the Q due to the increased

capacitance can be explained by the series connection of the capacitance to the antenna.
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Comparison of calculated and simulated first modes of antennas are given in Table A.1
to Table A.6. As a result, the calculated first modes of the antennas are in good

agreement with the simulations, the relative error is less than 5%.

3.3. Characterization of Antennas

It is decided to use folded dipole antennas due to their simple design and ease
of fabrication to measure the resonance behavior of the CLSs. s1; spectra of folded
dipole antennas fabricated by printed circuit method on 130 pm thick FR-4 substrates
were measured by vector network analyzer VNA, (ZNLE6, Rohde-Schwarz, Munich,
Germany). SMA connectors are soldered to the part left in the antennas. Figure 3.2
shows a photograph of an example fabricated antenna with soldered tuning capacitance

(Ctuning) and SMA connector.

Figure 3.2. Photograph of an example antenna with Ciyning and SMA connector.

Measured s1; spectra of the folded dipole antenna with respect to varying values of
the Ciuning are given in Figure 3.3. Moreover, measured first modes of the folded dipole
antennas are compared with the calculated and simulated first modes of the folded

dipole antenna which are given in Table A.1 and Table A.2. As a result, measured
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first modes of the antennas are in good agreement with the calculated and simulated

values.
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Figure 3.3. Measured s1; spectra of the folded dipole antenna with respect to varying

values of the Ciyping-

Table 3.2. Comparison of the measured first modes of the folded dipole antennas with

the calculated and simulated values.

Tuning Measured fy,) | Y%Error with Y%Error with
Capacitance (MHz) calculated fj,) | simulated fy)
(Chuning) (PF)

0 935.2 -5.24 -5.16
0.5 590 2.09 -0.17
1 453.1 0.93 -2.00
2 335.8 0.16 -2.61
5) 221.2 0.65 -2.98
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4. DESIGN AND MODELING OF BC-SRR BASED
ANTENNA COUPLED SENSOR

In section 2.1.1.3, it was shown that a simple SRR is not suitable for glaucoma
monitoring application as its Q decreases dramatically when the conductivity of the
defined water layer closes to the conductivities of the eye tissues. Therefore, using the
SRR around the eye tissues would only be possible with thick dielectric layer isolation,
which is not suitable for this application because of mechanical constraints put by the

application.

The decrease in the Q of the SRR with increasing conductivity is due to the
decrease in the Q of the self-capacitance of the SRR since the dielectric layer of the
capacitance is deteriorated by increased conductivity. Therefore, it is important to
find a way to protect the dielectric layer of the resonator. A reasonable solution to this
challenge is to trap dominant capacitance of the CLS between two conductive layers
and use a substrate that would not absorb water. Therefore, BC-SRR based CLSs has

been initiated with this idea.

4.1. Theoretical Modeling

The typical BC-SRR consists of two SRRs realized on the opposite sides of the
dielectric substrate, with gaps facing in the opposite directions. [60]. Moreover, BC-
SRR may also consist of more than two split rings, which is reported as design idea
for band pass filter applications in [61]. The resonant frequency of the BC-SRR can be
controlled by sizes or the geometries of the SRRs and the thicknesses and materials of

the dielectric layers, and changing angular orientations.

The BC-SRR interacts with incoming electromagnetic wave as the SRR does.
The incident time-varying magnetic field supports a circulating current on each split-

rings and the gap on split-ring behaves like a capacitor and the metal ring as an
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inductor. The resonant frequency of BC-SRR changes with the corneal curvature like
a typical SRR because the resonant frequency of the resonator is determined with the
geometry of the structure. However, in BC-SRR, charge distribution between top and
bottom metal rings will create a mutual capacitance and this capacitance will shift the

resonance frequency of the BC-SRR to the lower frequencies.

Resonant frequency of the BC-SRR can be expressed by the formula given in
Equation 2.1. Here, L is the the average of the inductances of both rings and can be
calculated by the formula given in Equation 2.2b. Here C is the total capacitance of
this circuit is the series connection of the capacitances of both BC-SRR halves, that
is C/2 [62]. The capacitance between the rings can be calculated by the parallel-plate

capacitor formula given by:

. €7~€0A
- d

C

where ¢, is the relative permittivity of the substrate between SRRs, ¢, is free space
permittivity, A is the area of the half of the SRR and d is the distance between the

rings.

BC-SRR also has the Cg,, and Cgyy like SRR; however, mutual capacitance be-
tween the rings is the dominant capacitance over the frequency response for this ap-
plication as the thickness of the dielectric layer between SRRs is designed to be as
thin as possible to ensure the flexibility of the sensor. Any change of the distance
between metallic rings or surface area of the rings changes the resonance behaviour of
the system. Similarly, a BC-SRR resonator embedded in a soft contact lens responds
to the deformation due to change in the IOP with a shift in the resonant frequency.
Moreover, the mutual capacitance can be well tuned to achieve the desired resonance
frequency. For an application of IOP measurement, lower frequencies to decrease the

loss in the soft tissues [29] are preferred.
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4.2. Simulations

Firstly, the simulations were performed for the BC-SRR with CST Microwave
Studio software to analyze the E and H fields at the resonance. For the simulations,
gap distances of SRRs are 1 mm, inner radii are 4.5 mm, widths are 1.5 mm, and the
distance between SRRs is 200 pm. Substrate is defined as PDMS and total thickness of
the substrate is 500 pm. BC-SRR is placed in the middle of the substrate. Conductive
layers are defined as gold. PDMS and gold materials are imported from the material

library of the CST Microwave Studio for these simulations.

[lustration of the simulated folded dipole antenna coupled BC-SRR based sensor
is given in Figure 4.1. The tuning of the folded dipole antenna is provided by the
extra conductive layers around the dipole arms, which increases the total capacitance

slightly.

READ-OUT ANTENNA

’
O\ RESONANT

DEVICE

Figure 4.1. Illustration of the simulated folded dipole antenna coupled BC-SRR
embedded in PDMS.

Results of the simulated s;; spectra with respect to varying additional distances
(mm) of the BC-SRR to the antenna is given in Figure 4.2. Initial distance of BC-SRR

to the antenna is defined as 30 mm. Additional distances are defined as distance in the
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results. As can be seen from the results, resonant frequency of the BC-SRR did not
shift with changing distance values. Moreover, the first mode of the antenna is around
900 MHz and resonant frequency of BC-SRR is at 921.2 MHz. Resonant frequency of
the defined BC-SRR is calculated as 966.0 MHz from the formulas given in Section
4.1. The difference between calculated and simulated values caused by the 500 pm
thick PDMS substrate that also covers the top and the bottom of the BC-SRR, which

increases Cgy¢, thus decreases the resonant frequency.
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Figure 4.2. The simulated s;; spectra with respect to varying additional distances

(mm) of the BC-SRR to the antenna.

Simulated electric field intensity (E) and magnetic field intensity (H) lines on xz
plane of the folded dipole antenna coupled BC-SRR at resonance are given in Figure
4.3(a) and Figure 4.4(a), respectively. Figure 4.3(b) shows the simulated E field in
z direction in between the rings of the BC-SRR of the folded dipole antenna coupled
BC-SRR at resonance, which shows the opposite direction of E in the middle of the BC-
SRR. Therefore series connection of the capacitances of both BC-SRR halves explained
in Section 4.1 can be understood better with these results. Moreover, Figure 4.4(b)
shows the simulated H in z direction on xz plane, it can be said that the magnetic field

is focused on the center of the BC-SRR while exciting it with folded dipole antenna.
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(b) simulated E field in z

Simulated E field lines on xz plane and

)

a

(

direction in between the rings of the BC-SRR of the folded dipole antenna coupled

Figure 4.3.

BC-SRR at resonance.

Figure 4.4. (a) Simulated H field lines on xz plane and (b) simulated H field in z

direction on xz plane of the folded dipole antenna coupled BC-SRR at resonance.
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4.2.1. BC-SRR Embedded in Polyimide Thickness Analysis Simulations
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Figure 4.5. (a) Illustration of the simulated folded dipole antenna and BC-SRR
embedded in the PI substrate. (b) Simulated s;; spectra with respect to varying
values of thicknesses of the metal layers of BC-SRR.

The simulations were performed for the antenna coupled BC-SRR embedded in
the PI substrate depicted in Figure 4.5(a) with respect to varying values of thicknesses

of the metal layers of BC-SRR. For the simulations, gap distances of SRRs are 200 pm,
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inner radii are 4.5 mm, widths are 1.5 mm, and the distance between rings is 10 pm.
BC-SRR was placed in the middle of the PI substrate which has a thickness of 100 pm.
Antenna is tuned with the tuning capacitance (Ciuning) 0f 7.4 pF and substrate of the

antenna is excluded from the simulations for the simplicity of simulations.

To define thicknesses of metals, sheet resistance values of 1pm, 1.5pm, 2 pm,
2.5pum, and 3pm thick gold for a given frequency range are calculated as given in
Section 2.1.1.1 and imported to CST Microwave Studio software as tabulated surface
resistance values. s1; spectra with respect to varying values of thicknesses of the metal

layers of BC-SRR is given in Figure 4.5(b).

As can be seen in the simulation results, decrease in the thickness of the metal
layer, decreases () of the resonator due to the increase in the RF sheet resistance.
As a result, using very thin metals for the resonators reduces the performance of the
sensor system as the QQ decreases with increasing resistance, which in turn lowers the

resolution of the sensor.

Specifically for this example, for BC-SRR having a resonance frequency of around
200 MHz, the thickness of the conductive layers should be greater than 2.5 pm as the Q
value increases as the thickness increases to 2.5 pm and converges thereafter as given

in Figure 4.5(b).

4.2.2. BC-SRR Embedded in Polyimide Loss Tangent Simulations

The effect of loss tangent on the resonance behavior of the BC-SRR was also
analyzed with simulations using CST Microwave Studio. Dielectric properties of the
PI are given in Figure 2.2. With respect to this figure relative permittivity of the
substrate was chosen as 3.4 and loss tangent was changed parametrically to observe its
effect. The simulations were performed for the antenna coupled BC-SRR embedded
in the PI substrate depicted in Figure 4.5(a) with respect to varying values of tangent

loss of PI substrate.
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For the simulations, gap distances of SRRs are 200 pm, inner radii are 4.5 mm,
widths are 1.5 mm and the distance between rings is 12.5 pm. BC-SRR placed in the
middle of the PI substrate which has the thickness of 100 pm. Antenna is tuned with
the tuning capacitance (Ciuning) 0f 7.3 pF and substrate of the antenna is excluded from

the simulations for the simplicity of simulations.
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Figure 4.6. The simulations were performed for the antenna coupled BC-SRR
embedded in the PI substrate with respect to varying values of tangent loss of the

substrate.

As given in Figure 4.6, increasing the loss tangent (tand) of the PI substrate
decreases the QQ of the antenna coupled resonator system. As a result, using substrates
with high dielectric loss for the fabrication of the resonators reduces the performance
of the sensor system as the Q decreases with increasing tand, which in turn lowers the

resolution of the sensor.
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4.2.3. BC-SRR based sensor placed on Eye-globe Material Simulations

For the BC-SRR based sensor placed on eye-globe material simulations, Eye-globe
material in the CST Microwave library is used to simulate the lossy environment of the
eye. Firstly, the simulations were performed for with waveguide ports for measuring

So1 spectra, which will normally be implemented by antennas by measuring s;.
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0.0
o0 B4 Rt} The width of overlapping
conductive parts (a)
] —o—2mm
-0.24 [ i f, = 382.6 MHz
] ] —o— 1 mm
. ] A A f, = 505.3 MHz
% 2 A —A— 0.5 mm
=04 A7 f, = 633.2 MHz
(Dj, ] A
1 A
E L
-0.6 A
] LA
o'
A
-0.8

350 400 450 500 550 600 650 700 750
Frequency (MHz)
()
Figure 4.7. (a) Illustration of the simulated sensor bent on eye-globe material, (b)
Detailed illustration of the planar sensor showing defined a and (c) Simulated sg;

spectra for varying a (mm).
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For the first simulations, inner radii of the BC-SRR are defined as 4.5 mm, widths
are 1.5 mm, and the distance between rings is 12.5 pm. BC-SRR is placed in the middle
of the PDMS substrate which has the thickness of 100 pm. BC-SRR sensor is bent on

the defined eye-globe material with a radius of 8.5 mm.

As can be seen from Figure 4.7(b), the gap of the rings are changed by changing
a, defined as the half of the width of overlapping conductive parts (mm) of the BC-SRR
and the effect of the gap distance is analyzed. Simulation results given in Figure 4.7(c)
show that as a increases, resonant frequency of the BC-SRR sensor bent on eye-globe

material decreases due to the increasing capacitance between the rings.

The effect of the change in the radius of the eye-globe is also analyzed by simu-
lations. BC-SRR sensor with ¢ =1 mm is bent on the defined eye-globe material with
a radius of r (mm) as given in Figure 4.7(a) and r is changed parametrically to see its

effect on the resonance behavior.

Simulated sy spectra with respect to varying values of r of the eye-globe for
r changing from 8.1mm to 8.2mm and from 8.5mm to 8.58 mm are given in Figure
4.8(a) and Figure 4.8(b), respectively. Given the simulation results, for the simulated
model of BC-SRR, an average shift in the resonant frequency is calculated for r ranging
from 8.1mm to 8.2mm as 32 MHz/mm and for r ranging from 8.1 mm to 8.2mm as
36.2 MHz/mm. Therefore it can be said that the shift in the resonant frequency for a

unit change in the ROC decreases as the initial ROC increases.

Furthermore, folded dipole antenna coupling effect to the BC-SRR based CLS
placed on the eye-globe material on the s;; behavior is also analyzed with simulations
using CST Microwave Studio software. Illustration of the folded dipole antenna and

the simulated sensor is given in Figure 4.9(a).

In this simulation, capacitance C (pF) is added to the gap on the antenna realized
on 1.bmm FR4 substrate as tuning capacitance Ciyning. For the simulations, gap

distances of SRRs are 1 mm, inner radii are 4.5 mm, widths are 1.5 mm and the distance



49

Radius of the eye-globe (r)

—O— 8.10 mm
f, = 489.0 MHz
8.12 mm
B f, = 489.77 MHz
—A— 8.14 mm
f, = 490.38 MHz
—0— 8.16 mm
i fo = 491.13 MHz
—— 8.18 mm
f, = 491.93 MHz
w820 mm
f, = 492.62 MHz

s21 (dB)

470 480 490 500 510
Frequency (MHz)

Radius of the eye-globe (r)

—O— 8.50 mm

fo = 501.91 MHz

8.52 mm

fy = 502.64 MHz
—4A— 8.54 mm

fy = 503.25 MHz
—&— 8.56 mm

f, = 503.73 MHz

—7— 8.58 mm
fo = 504.47 MHz

s21 (dB)

480 490 500 510 520
Frequency (MHz)

(b)

Figure 4.8. Simulated s9; spectra with respect to varying values of r of the eye-globe
where (a) r is changing from 8.1 mm to 8.2mm and (b) r is changing from 8.5 mm to

8.58 mm.

between rings is 12.5 pm. BC-SRR placed in the middle of the PDMS substrate which

has the thickness of 100 pm.
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The results of the tuning of the folded dipole antenna is given in Figure 4.9(b).
With capacitive tuning the frequency of the first radiating mode of the antenna is
redshifted to the resonant frequency of the BC-SRR on the eye globe. Therefore, the
antenna and the resonator became part of resonant circuits tuned to resonate at the

same frequency,which improves the Q) of the system.

i L Tuning Capacitance |

-2 | Sl (Ctuning) 7__

~ _3 ﬂl of the antenna .
o

A 3 !

= -4 i J —o— 1 pF N

w _5 i" 2 pF .

4 —A— 3 pF L

-6 —o— 4 pF T

7 +— 5pF .

] I T I T 1 i ] i 1
150 200 250 300 350 400 450

Frequency (MHz)
(b)
Figure 4.9. (a) Illustration of the simulated folded dipole antenna with the BC-SRR

based CLS placed on the eye-globe material. (b) Simulated s;; behavior of the system

with respect to varying values of Ciyping (PF).
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5. FABRICATION AND CHARACTERIZATION OF
SENSORS

In this chapter fabrication of the BC-SRR based CLS is explained. Furthermore,
resonance behaviors of the CLSs are measured with respect to changing IOP values
of the designed mechanical eye model with the specialized test setup and results are

analyzed.

5.1. Fabrication of Sensors Embedded in Polyimide

Fabrication processes were done in the clean room located in Bogazici University,
Kandilli Campus. Spin coating, lithography, etching and sputtering were used in vari-
ous steps of fabrication. The fabrication steps of the resonator embedded PI explained

as follows:

(b)

Figure 5.1. (a) Photograph of the PI spin coated wafer. (b) Soft baking on hot plate.

After cleaning of the wafer using piranha solution and rinsing, the wafer is dried

using Nitrogen (Nj) gun and hot plate at 200°C for 20 min. Oxygen (O,) plasma is
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applied onto the wafer at 200 mTorr, 70 W for 10 min to clean carbon contaminants.
Then, the first layer of the PI2611 is spin coated (500rpm for 15s and 2000 rpm for
45s8) on the wafer. For soft-baking, the wafer is placed on hot plate that is set to 40°C
and the temperature is gradually increased to 170 °C with a ramp-rate of 3°Cs~!. The

same spin and soft bake procedures are done for additional 2 10 pm PI layers [63].

Then the metal layers are sputtered on the wafer (chromium (Cr) 5nm and gold
(Au) 5nm).0O, plasma is applied at 200 mTorr and 70 W for 3 min before sputtering to
improve adhesion. For the lithography, AZ-5214 is used as negative photo resist (PR),
and only baked at 110°C for 50s [53]. It is developed in its developer solution and
rinsed with DI water. After lithography, Au-Cr layers are etched with their selective

etchants.

(a) (b)

Figure 5.2. (a) Soft baking of the last spin coated PI layer. (b) Photograph of the
hard-baked wafer.

After patterning the resonators on the PI substrate, adhesive is applied on metal
(VM 651 0.1%) before coating and the same PI spin coating and soft bake procedures
applied for the top PI layer. To release the fabricated resonators embedded PI hard
bake is done in oven, the temperature is gradually increased to 350 °C with a ramp-rate

of 4°Cmin~! from the room temperature.
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The fabrication step outputs of the resonator embedded PI are given in Figure
5.1 and Figure 5.2. During the fabrication, blister formations occured on PI at the soft
baking steps which can also be seen in Figure 5.2(a). While doing the hard baking,
the quality of the cured polymer deteriorated considerably (Figure 5.2(b)), so that it
could not be used for CLSs.

Since the production process was insufficient, the production of the sensors in
the clean room was abandoned and commercial solutions were applied. The sensor is
designed to have resonant frequency less than 500 MHz; because, as given in [64], the
conductivity values of the body tissues increase rapidly above 500 MHz, which increases
the loss of electromagnetic energy due to the absorption. When the fabricated sensors
arrived, they are laser cut using CO, laser (Versa Laser Engraver 30W). A photograph

of the laser cut sensor is given in Figure 5.3.

Figure 5.3. Photograph of the laser machined sensor.

5.2. PDMS Eye Model

For in vitro testing of the designed BC-SRR based sensors, it is decided to use a
mechanical eye model. Therefore, mechanical eye is modeled in SolidWorks software.
[lustration of a modeled eye can be seen in Figure 5.4(a). Eye model is designed to be
fabricated from the PDMS material and filled with saline water. The test setup will

be used to pump additional saline into mechanical eye model to change pressure and
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ROC of the cornea of the model.

(b)

Figure 5.4. (a) Illustration of the modeled eye. (b) Designed molds for the fabrication

(a) b

of the mechanical eye model.

Figure 5.4(b) shows the designed molds modeled using SolidWorks software based
on the designed eye model. Designed molds were 3D printed from VeroClear material

in the clean room and they were baked over night at 85 °C for glass transition [65].

Figure 5.5. Photograph of the 3D printed VeroClear molds glass transited for the

fabrication of the mechanical eye.
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PDMS material is prepared as explained in [66], placed in the concave mold and
degassed in vacuum for 30 min. Before PDMS,; silicone oil is applied to the molds as a
thin layer to strip the PDMS easily after curing. Convex molds are closed on degassed
PDMS and pressed (Figure 5.5). PDMS pre-polymer is cured at room temperature for
24 h to fabricate mechanical PDMS eye. A photograph of the mechanical eye models
fabricated from PDMS is given in Figure 5.6

Figure 5.6. Photograph of the fabricated mechanical eyes from PDMS.

5.3. Embedding in Contact Lens Material

In order to embed planar sensors in the CL, it was necessary to bend them first
to change the ROC of the fabricated sensors. So it is decided to bend the sensors
by molding. Therefore, two-part hemisphere molds (ROC is 8.6 mm) are Computer
Numerical Control (CNC) machined from steel. Laser cut sensors are placed in the
middle of the mold pair and pressed carefully. Mold pair is heated in the oven to 200 °C
for 7min to bend the sensors. Figure 5.7(a) shows a photograph of the closed mold
pair and Figure 5.7(b) shows a photograph of the spherically deformed sensor bent by

molding.
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(a) (b)

Figure 5.7. (a) Photograph of the closed mold pair. (b) Photograph of the spherically

deformed sensor bent by molding.

The sensors are embedded in CL in Anadolu Tip A.§. (Sivas). The CL material
they are using is polyurethane-acrylate (PUA), which is biocompatible, ultraviolet
(UV) curable, hydrophobic material. The sensors are placed in the glass molds which
is designed to produce contact lens with a ROC of 8.6 mm and uncured PUA is added
between the molds. Each side of the CLS is cured with photo-polymerization device.
A photograph of the resulting CLS is given in Figure 5.8.

Figure 5.8. Photograph of the spherically deformed sensor embedded in CL.
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5.4. Measurement Setup

Figure 5.9. Photograph of the PDMS eye model integrated test setup.
(b) Photograph of the pressure sensor.

The test setup is provided by Glakolens A.S. for the measurements of the fab-
ricated sensors. Fabricated PDMS eyes are connected to the test setup, which can
be seen in Figure 5.9(a). The system includes a bottle of the isotonic saline solution

with a holder to control its elevation, a commercial intravascular blood pressure sensor

(NPC-120T) and a graphical user interface (GUI).
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Working principle of the test setup is as follows: PDMS eye is filled with saline
water and connected to the bottle of isotonic saline solution with silicone pipe. The
elevation of the saline bottle is changed to change the pressure level of the connected
PDMS eye. Pressure sensor is placed on the same elevation with the PDMS eye and

pressure level is measured and read from the GUI.

5.5. Results

The response of the change in the pressure of the PDMS eye (IOP) on the resonant
frequency of the folded dipole antenna coupled CLS is analyzed. s;; spectra were
measured with VNA (ZNLE6, Rohde-Schwarz, Munich, Germany). Antenna is tuned
to the resonant frequency of the CLS when the pressure is 0 mmHg and the impedance
at the nominal resonant frequency is matched to the 502 to increase the Q of the
system. A photograph of the antenna and the CL placed on the PDMS eye can be

seen in Figure 5.10.

Tuning
Capacitance

Matching
Elements
¥
CONNECTION
TO VNA

Figure 5.10. Photograph of the antenna and the CLS placed on the PDMS eye.

The pressure level is changed from 10 mmHg to 50 mmHg by changing the eleva-
tion of the saline bottle, and measurements are taken with an accuracy of £1 mmHg in

every 5 mmHg change. Experiments are repeated 19 times and measured s;; spectra
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in those experiments showing the resonant frequencies with respect to varying values

of IOP levels are given in Appendix B from Figure B.1 to Figure B.9.

The ensemble of the experiments showing the mean values of the measured reso-
nant frequencies with standard deviation error bars is given in Figure 5.11. Given the
results, the slope of the fitted curve shows that the change in the resonant frequency

corresponding to a unit change in pressure is —31.09 kHz/mmHg.

Moreover, Q) factors of the measured resonant frequencies are given in Appendix
B from Figure B.1 to Figure B.19. Average of the measured Q is calculated as 7349
and average of the measured f; is calculated as 451.347 MHz. Therefore, given the

simulation results, bandwidth is calculated as 61.42kHz, which corresponds to the

3dB resolution of 1.98 mmHg for the CLS on PDMS eye.

452 .4 I I I I T I I I I
’-P ensemble of 19 experiments, error bars: STD
452.2 43 [ data a
450 - = fitted curve |

N N N

a &) &)

— — —

S o)) oo
T T T
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3
[N

451+ .
f, = 462.3 MHz - 31.09 kHzimmHg x I0P (mmHg) |
450.8 R®=0.96 i
450.6 1 1 1 1 1 1 1 1 1

5 10 15 20 25 30 35 40 45 50 55
IOP (mmHg)

Figure 5.11. The ensemble of the experiments showing the mean values of the

measured resonant frequencies with standard deviation error bars.
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6. CONCLUSION AND FUTURE WORK

In this thesis, passive sensor application for non-invasive and continuous moni-
toring of glaucoma is presented. The sensor is fabricated and embedded in CL, which
enables continuous monitoring of glaucoma to improve diagnosis accuracy and treat-
ment of glaucoma. For this thesis, a resonator sensor was designed so that its resonant
frequency varies with the changing ROC which is well correlated with IOP. The reso-
nant frequency of the resonator is measured by measuring the scattering characteristics

of the sensor system with an antenna which is tuned to be coupled to the resonator.

Firstly, SRR based CLSs given in the previous work was further analyzed with
FDTD simulations. Results showed that using SRR for CLS is not suitable as its
resonance response to the conductivity is bad. Mechanical FEM simulations of CL on
the eye model was also performed to analyze the displacements of the CL caused by

the IOP. Also, feasibility of the bending of the resonators was also analyzed.

To improve the CLS response to the conductivity, antenna coupled BC-SRR
based CLS was designed and analyzed. Theoretical and simulation based analysis
for tunable antennas were shown and resonance behaviors of CLSs were measured
with those tunable antennas. BC-SRR based sensors were analyzed in terms of metal
thickness and substrate tangent loss. Further simulations were performed to analyze

the resonance behavior of the CLS on eye-globe for changing ROC levels.

Furthermore, planar sensors were bent to be embedded in CL with designed
molds. For the in-vitro setup, PDMS eye model is designed and produced. In-vitro
characterization of the antenna coupled BC-SRR based CLSs with respect to varying
IOP levels are given in this thesis. The monotonic change in the resonant frequency
of the CLS could be measured for varying values of IOP values. With respect to the
measurement results, 3dB resolution of the CLS is calculated as 1.98 mmHg. The final
design parameters of the antenna coupled CLS system and the achieved performance

metrics are given in Table 6.1.
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Table 6.1. The final design parameters of the antenna coupled CLS system and the

achieved performance metrics.

CLS
Radii of the rings 4 mm
Widths of the rings 1.5 mm
Gap distance of the rings 1mm
Distance between the rings 37.5 pm
Thickness of the metals 18 pm
Substrate material of the resonator PI
CL Material PUA
Radius of curvature of the CLS 8.6 mm
Centre thickness of the CLS 600 pm
Antenna
Average radius of the metal 21 mm
Width of the metal 2.4mm
Thickness of the metal 35 nm
Gap distance for the input port 1.2mm
Substrate material FR-4
Substrate thickness 130 pm
Tuning Capacitance 0.8 pF
Performance metrics of the antenna coupled CLS system
Average resonant frequency shift with respect to IOP —31.09kHz/mmHg
Average quality factor 7349
Average resonant frequency 451.347 MHz
3 dB resolution 1.98 mmHg

In the end, this device is planned to be used as a noninvasive CLS for glaucoma
monitoring. Reproducibility and the biocompatibility of the CLS and was maintained
by fabrication of the biocompatible materials. Also, in-vitro characterization of the

CLS and antenna structures, which are parts of the developed system, were performed.
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6.1. Future Work

According to the applied static pressure (IOP), the monotonic change in the
resonant frequency of the BC-SRR embedded CLS could be measured and it is of great

importance to support these results with dynamic tests.

Furthermore, the change in the ROC of the designed eye model should be mea-
sured with respect to changing values of the IOP and resolution of the sensor should

be measured again as the sensor is following the changes in the ROC.

While performing the experiments, the CLS was placed on the hydrophobic
PDMS mechanical eye. In addition, the sensor is embedded in PUA, which is also
a hydrophobic material. Therefore, in the experiments, the tear fluid between the eye
and the CLS could not be mimicked, which is an important parameter that might affect

the results.

Moreover, using a hydrophobic material for the CL reduces the comfort for the
patient. Therefore, a hydrophilic coating on the CL or changing the CL material should
be considered. Also, to ensure the biocompatibility, cytotoxicity tests for the resonators

and CLSs should be performed.
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APPENDIX A: RESULTS OF THE SIMULATED
ANTENNAS

S-Parameters [Magnitude in dB ]

S R AN/ rarr=y SOVMRNRR WU, W i

d b Q (98603, -3.3387 ) i i

D & ------ Q (26712, -0.92005 ) [---§--ri-fmmmmrio e
é : Q (216.4,-1.3209) i !

2.5 -k R D e RRTEEEES

G (188.77,-1.4038 )

B | e &SP S—
; Q (124.16,-1.6799 ) A |

0 200 400 B0 200 1000 1200 1400
Frequency [/ MHz

Figure A.1. s1; spectra of the simulated antennas without tuning capacitance

(Ctuning) around their first modes.

Table A.1. Comparison of calculated and simulated first modes of antennas without

tuning capacitance (Ciuning)-

Number of Calculated f Simulated f; %Error
turns (N) (MHz) (MHz)

1 986.93 986.03 0.09

2 261.69 267.12 -2.03

2.5 216.29 216.40 -0.05

3 184.97 188.77 -2.01

4 144.42 148.50 -2.75

5 119.17 124.16 -4.02
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SParameters [Magnitude in dB]
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Figure A.2. sy; spectra of the folded dipole antennas (N = 1) with respect to varying

tuning capacitance (Ciuning) values around their first modes.

Table A.2. Comparison of calculated and simulated first modes of folded dipole

antennas (/N = 1) with respect to varying tuning capacitance (Cyuping) values.

Tuning Capacitance Calculated f, Simulated f, Y%Error
(Couning) (F) (MH7) (MHz)
0.1 839.13 829.90 1.11
0.2 742.53 744.40 -0.25
0.5 577.90 591.03 -2.22
1 448.93 462.34 -2.90
2 335.26 344.80 -2.77
5 219.78 227.99 -3.60
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S-Parameters [Magritude in dB]
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Figure A.3. sq; spectra of the spiral-dipole antennas with 2 turns (N = 2) with

respect to varying tuning capacitance (Ciyning) values around their first modes.

Table A.3. Comparison of calculated and simulated first modes of spiral-dipole

antennas with 2 turns (N = 2) with respect to varying tuning capacitance (Ciuning)

values.
Tuning Capacitance Calculated f, Simulated f Y%Error
(Cruning) (PF) (MHz) (MHz)
0.1 249.66 254.00 -1.71
0.2 239.15 242.90 -1.54
0.5 214.13 218.60 -2.04
1 185.65 190.40 -2.50
2 151.74 155.45 -2.38
5 107.42 110.00 -2.35
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S-Parameters [Magnitude in dB]
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Figure A.4. sq; spectra of the spiral-dipole antennas with 3 turns (N = 3) with

respect to varying tuning capacitance (Ciyning) values around their first modes.

Table A.4. Comparison of calculated and simulated first modes of spiral-dipole

antennas with 3 turns (N = 3) with respect to varying tuning capacitance (Ciuning)

values.
Tuning Capacitance Calculated f Simulated f, Y%Error
(Ctuning) (PF) (MHz) (MHz)
0.1 176.77 175.07 0.97
0.2 169.57 167.33 1.34
0.5 152.32 153.99 -1.09
1 132.48 135.42 -2.17
2 108.64 110.35 -1.55
5 77.16 77.89 -0.94
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S-Pararmeters [Magnitude in dB ]
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Figure A.5. s1; spectra of the spiral-dipole antennas with 4 turns (N = 4) with

respect to varying tuning capacitance (Ciyning) values around their first modes.

Table A.5. Comparison of calculated and simulated first modes of spiral-dipole

antennas with 4 turns (N = 4) with respect to varying tuning capacitance (Ciuning)

values.
Tuning Capacitance Calculated f, Simulated f, %Error
(Ctuning) (PF) (MHz) (MHz)
0.1 138.23 138.66 -0.31
0.2 132.78 133.33 -0.41
0.5 119.63 120.46 -0.69
1 104.37 105.24 -0.82
2 85.86 86.66 -0.92
5 61.18 61.96 -1.27
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Figure A.6. s1; spectra of the spiral-dipole antennas with 5 turns (N = 5) with

respect to varying tuning capacitance (Ciyning) values around their first modes.

Table A.6. Comparison of calculated and simulated first modes of spiral-dipole

antennas with 5 turns (N = 5) with respect to varying tuning capacitance (Ciuning)

values.
Tuning Capacitance Calculated f Simulated f Y%Error
(Couning) (9F) (MH7) (MHz)
0.1 114.24 112.44 1.60
0.2 109.87 108.41 1.35
0.5 99.27 98.53 0.75
1 86.86 86.57 0.34
2 71.67 71.62 0.08
) 51.23 51.34 -0.21
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APPENDIX B: IN VITRO TEST RESULTS

Experimental data of the 19 trials, which the results are summarized in Figure

5.11:
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Figure B.1. Measured s;; spectra for trial 1 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.1. Tabulated data obtained from trial 1.

IOP (mmHg) Q fo (MHz)
1 10.22 1771 452.346
2 14.68 11731 452.256
3 20.12 1112 452.094
4 25.44 6156 451.914
5 29.60 10054 451.734
6 35.34 12200 451.536
7 40.62 12017 451.428
8 44.26 3022 451.266
9 50.34 4198 451.212
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Figure B.2. Measured s;; spectra for trial 2 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.2. Tabulated data obtained from trial 2.

IOP (mmHg) Q fo (MHz)
1 9.52 9322 452.202
2 14.96 12373 452.040
3 20.22 8597 451.932
4 24.78 9675 451.788
5} 30.34 6471 451.698
6 35.62 3843 451.590
7 39.88 11990 451.482
8 45.40 2513 451.392
9 50.22 6246 451.284
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Figure B.3. Measured sy; spectra for trial 3 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.3. Tabulated data obtained from trial 3.

IOP (mmHg) Q fo (MHz)
1 10.50 2324 452.202
2 15.22 3068 452.040
3 19.78 11176 451.860
4 25.28 11713 451.698
5} 29.88 4658 451.572
6 35.08 5443 451.446
7 40.12 11475 451.320
8 44.64 9545 451.212
9 49.88 2068 451.068
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Figure B.4. Measured s;; spectra for trial 4 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.4. Tabulated data obtained from trial 4.

IOP (mmHg) Q fo (MHz)
1 9.88 4305 451.914
2 15.28 4340 451.842
3 20.36 12990 451.680
4 24.68 16942 451.500
5} 30.26 6194 451.338
6 35.44 2997 451.194
7 40.12 9717 451.086
8 45.26 5380 450.888
9 49.86 5951 450.816
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Figure B.5. Measured sy; spectra for trial 5 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.5. Tabulated data obtained from trial 5.

IOP (mmHg) Q fo (MHz)
1 10.44 11754 452.238
2 15.32 9963 452.076
3 19.68 3501 451.932
4 25.24 8192 451.662
5} 29.64 4160 451.500
6 35.20 2513 451.374
7 39.78 2521 451.284
8 45.48 11046 451.194
9 50.44 8386 451.140
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Figure B.6. Measured sy; spectra for trial 6 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.6. Tabulated data obtained from trial 6.

IOP (mmHg) Q fo (MHz)
1 10.68 12425 452.076
2 14.34 12771 451.860
3 20.14 2939 451.734
4 25.32 D778 451.554
5} 29.74 12354 451.410
6 35.24 2712 451.320
7 40.24 6336 451.086
8 44.68 3888 450.978
9 49.66 11054 450.852
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Figure B.7. Measured sy; spectra for trial 7 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.7. Tabulated data obtained from trial 7.

IOP (mmHg) Q fo (MHz)
1 9.46 3098 452.256
2 15.24 10000 451.950
3 20.34 13882 451.752
4 24.78 6099 451.518
5} 29.68 2479 451.302
6 35.40 6262 451.158
7 40.36 14630 451.068
8 45.32 1735 450.906
9 49.32 4119 450.870
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Figure B.8. Measured sy; spectra for trial 8 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.8. Tabulated data obtained from trial 8.

IOP (mmHg) Q fo (MHz)
1 9.88 10450 452.274
2 14.92 3839 451.986
3 19.80 9331 451.788
4 25.24 2808 451.590
5 29.12 4158 451.428
6 34.94 2506 451.356
7 40.12 3986 451.248
8 44.72 1206 451.194
9 50.16 13057 451.122
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Figure B.9. Measured sy; spectra for trial 9 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.9. Tabulated data obtained from trial 9.

IOP (mmHg) Q fo (MHz)
1 9.70 2730 452.292
2 15.56 11020 451.842
3 20.36 10407 451.572
4 24.74 2532 451.446
5} 30.44 6277 451.338
6 34.66 2325 451.266
7 40.32 9153 451.176
8 44.84 4091 451.122
9 49.68 3042 450.996
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Figure B.10. Measured s;; spectra for trial 10 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.10. Tabulated data obtained from trial 10.

IOP (mmHg) Q fo (MHz)
1 10.32 6119 451.986
2 15.14 6778 451.626
3 20.72 4851 451.374
4 24.64 6566 451.194
5} 29.70 12540 451.086
6 35.22 6978 450.906
7 39.68 4112 450.834
8 45.68 11304 450.780
9 50.62 6362 450.690
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Figure B.11. Measured s;; spectra for trial 11 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.11. Tabulated data obtained from trial 11.

IOP (mmHg) Q fo (MHz)
1 10.46 3867 452.310
2 15.34 4041 451.986
3 19.88 18156 451.698
4 25.14 3176 451.536
5} 29.68 5045 451.428
6 35.62 3161 451.356
7 40.42 9310 451.284
8 45.24 10047 451.194
9 49.68 14721 451.086
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Figure B.12. Measured s;; spectra for trial 12 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.12. Tabulated data obtained from trial 12.

IOP (mmHg) Q fo (MHz)
1 10.28 9551 452.040
2 14.86 3885 451.680
3 19.94 11165 451.554
4 25.06 16584 451.302
5} 29.48 11270 451.104
6 35.20 3766 450.996
7 39.82 2831 450.888
8 45.68 13001 450.762
9 49.58 4124 450.690
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Figure B.13. Measured s;; spectra for trial 13 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.13. Tabulated data obtained from trial 13.

IOP (mmHg) Q fo (MHz)
1 10.26 8381 452.166
2 14.68 12049 451.554
3 20.12 11564 451.284
4 25.42 10339 451.104
5} 30.30 9351 450.996
6 34.84 11449 450.906
7 40.14 4784 450.816
8 45.24 5741 450.744
9 49.88 11073 450.654




s, (dB)

-50

-60

-80

-40 t

446 448

450 452
frequency (MHz)

454

456

91

Figure B.14. Measured s;; spectra for trial 14 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.14. Tabulated data obtained from trial 14.

IOP (mmHg) Q fo (MHz)
1 10.52 6190 451.968
2 14.76 3973 451.536
3 20.46 10676 451.212
4 25.10 13404 451.086
5} 30.44 5489 450.996
6 34.82 3908 450.888
7 40.32 3092 450.726
8 45.42 2474 450.618
9 49.98 12041 450.582
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Figure B.15. Measured s;; spectra for trial 15 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.15. Tabulated data obtained from trial 15.

IOP (mmHg) Q fo (MHz)
1 9.58 4477 451.878
2 15.08 9983 451.518
3 20.34 2532 451.32
4 25.42 12098 451.158
5 29.72 6424 451.032
6 35.20 11119 450.96
7 40.12 14031 450.798
8 44.72 10624 450.672
9 50.22 2950 450.564
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Figure B.16. Measured s;; spectra for trial 16 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.16. Tabulated data obtained from trial 16.

IOP (mmHg) Q fo (MHz)
1 10.14 16170 452.364
2 15.24 13008 451.626
3 19.78 3241 451.338
4 24.80 5697 451.212
5} 29.68 3925 451.014
6 34.76 11017 450.888
7 40.24 6199 450.780
8 44.86 6556 450.690
9 50.18 10409 450.564
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Figure B.17. Measured s;; spectra for trial 17 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.17. Tabulated data obtained from trial 17.

IOP (mmHg) Q fo (MHz)
1 10.68 2443 452.112
2 15.68 4362 451.896
3 19.66 14925 451.608
4 24.84 14627 451.374
5 29.10 11215 451.248
6 34.82 0169 451.122
7 40.34 7562 451.014
8 45.30 5029 450.924
9 49.88 7284 450.816
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Figure B.18. Measured s;; spectra for trial 18 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.18. Tabulated data obtained from trial 18.

IOP (mmHg) Q fo (MHz)
1 9.74 1748 452.094
2 14.82 1789 451.392
3 19.86 6701 451.320
4 24.82 6960 451.158
5} 30.40 13400 450.978
6 34.66 3297 450.816
7 39.74 6499 450.636
8 45.08 11607 450.510
9 49.60 1533 450.366
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Figure B.19. Measured s;; spectra for trial 19 showing the resonant frequencies with

respect to varying values of IOP levels.

Table B.19. Tabulated data obtained from trial 19.

IOP (mmHg) Q fo (MHz)
1 9.68 9154 452.004
2 14.58 6161 451.608
3 20.34 1164 451.230
4 24.48 1390 450.906
5} 30.16 10824 450.762
6 35.24 1766 450.654
7 39.76 1037 450.456
8 45.62 11764 450.438
9 50.24 10454 450.348






