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Abstract

Magnetostrictive (MES) antennas have been widely used for wireless sensing applications.
Miniaturization of MES antennas can open new applications in in-vivo wireless sensing with
higher spatial resolution and solve challenges involved in the miniaturization of conventional
electromagnetic antennas. In this thesis two different methods have been explored for easy
and fast fabrication of miniaturized MES antennas down to sub-mm sizes from the amorphous
magnetostricive film Metglas 2826 MB and their advantages and disadvantages have been
studied. Laser micromachining is shown to be a more versatile method compared to
fabrication using Diesaw to fabricate antennas of different shapes easily. The frequency
response of the fabricated antennas is first studied in air and characterized using Finite
Element Analysis and analytical modelling to characterize the quality factor and
magnetomechanical coupling efficiency. The antennas are then tested in water to understand
the effects of viscous damping on antenna response and check the feasibility of sensing in
liquid or wet environment. After characterization, a highly sensitive pH sensitive MES
antenna of size 6 mm x 1 mm x 28 um with a sensitivity of 15 kHz/pH is fabricated using a
pH sensitive copolymer of Acrylic Acid and Isooctyl Acrylate and characterized using
solutions of different pH. The challenges involved in further miniaturization of the sensors

and future work 1is also discussed.
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Chapter 1

Introduction

Sensors are critical in a wide variety of fields such as manufacturing, transportation,
health monitoring, aerospace engineering, weather monitoring etc. Wireless sensing
which involves sensing of an analyte such as a chemical, gas or biomolecule remotely
using light, radio frequency (RF) electromagnetic waves, or acoustic waves is especially
important for biological applications because it can enable non-invasive or minimally
invasive sensing of various analytes for health monitoring and therapeutics. In recent
years there has been an interest in the use of magnetoelastic or magnetostrictive antennas
for wireless sensing applications due to their ability to wirelessly sense a wide variety of
analytes, ease of miniaturization and operation using low frequency electromagnetic
waves [1]. Small sizes help in sensing various analytes with higher spatial resolution
thereby creating a wider range of applications. Low frequency of operation becomes
critical for in-vivo applications due to attenuation of high frequency electromagnetic
waves in biological tissues. In this thesis the miniaturization and possible wireless sensing

applications using magnetoelastic sensors is explored.
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1.1 Magnetostriction

Magnetostrictive antennas work on the principle of magnetostriction which is the
phenomenon by which a material gets strained in response to magnetization and vice
versa. Magnetostriction can be visualized as shown in Fig. 1.1 in which magnetization of
the material by an applied magnetic field causes the magnetic domains to align in one
direction causing a strain in the material. Magnetostricion (A) is defined as the strain in
the material in response to a magnetic field and has a nonlinear relation with magnetic
field strength as shown in Fig. 1.2. Hence when a thin film made of a magnetostricitve
material is excited using a small AC magnetic field a mechanical resonance is observed
when the frequency of excitation of AC magnetic field matches the natural frequency of
vibration of the thin film. This phenomenon is used to design magnetostrictive (MES)
antennas which are passive devices similar to RFIDs which can be interrogated remotely
using a magnetic field and detected wirelessly by inductive coupling using a coil. To
maximize the strain in response to the small signal perturbation the material is biased

using a DC magnetic field as shown in Fig 1.2 thereby maximizing the magnetostritctivity

da . . . .
(d = d—H). MES antennas are promising alternatives to conventional electromagnetic
antennas due to their ease of miniaturization and low frequency of operation as discussed

below.
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B+0

Figure 1. 1 Schematic representation of the principle of magnetostriction. The red and
grey sections denote the north and south poles of the magnetic domains respectively. A

non-zero magnetic flux density (B) produces a strain (AL) in the material.

- -H

Hdc H

Figure 1. 2 Schematic representation of the dependence of magnetostriction and

magnetostrictivity on magnetic field strength (H). Optimum DC bias (H,.) is also shown.
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1.2 Advantages of MES Antennas

Electromagnetic antennas which operate on the principle of electromagnetic resonance
have sizes close to the wavelength of the radiated EM wave and hence have large sizes
when operating in MHz or low GHz frequencies (several centimeters to meters) [2]. Since
MES antennas operate on the principle of acoustic resonance MES antennas of similar
sizes operate at much lower frequencies compared to an EM antenna of the same size.
Low frequency of operation (< 1GHz) is critical for in-vivo wireless sensing applications
due to signal loss and heating effects in biological tissues at higher frequencies ([3], [4]).
For example, a sub-mm MES antenna of size 500 um operates at a frequency of
approximately 4.5 MHz compared to an EM antenna of similar size which operates at a
frequency of approximately 100s of GHz. Hence miniaturization of conventional EM
antennas for biological applications has been a challenge ([5], [6]) and MES antennas are

considered a promising alternative [7].

1.3 Sensing Using MES Antennas

Since MES antennas are passive devices, to enable sensing of various analytes the
antennas are chemically functionalized to produce a mass change in response to change
in the concentration of the analyte of interest, thereby changing the resonance frequency

of the antenna as illustrated in Fig 1.3. The concentration of the analyte can be calibrated
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to the resonance frequency using in vitro experiments and can later be used for in-vivo
sensing applications. It will be shown that the sensitivity of the antenna increases as the
size of the antenna decreases, meaning miniaturization would help in improving the
sensitivity along with the obvious advantage of sensing a quantity with better spatial
resolution. Magnetoelastic sensors have been previously shown to sense force, viscosity,
bacterial concentration, humidity, carbon dioxide, ammonia, and pH [1]. The fabrication
of the sensors is mainly done by dicing an amorphous magnetostrictive film using a

Diesaw followed by annealing at high temperature to remove residual stresses [8].

Af

Amplitude

Y

Frequency

Figure 1. 3 Schematic representation of resonance frequency shift (Af) produced due to
mass loading.
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1.4 Thesis Outline

The objective of this thesis is to explore different methods for the fabrication of
miniaturized MES antennas (few millimeters to sub-mm sizes), characterize the frequency
response of the fabricated antennas in air and water and fabricate a highly sensitive
antenna for pH sensing. Chapter 2 discusses the fabrication of MES antennas using
Diesaw and Laser Micromachining. The advantages and disadvantages of the two
methods are also discussed. Chapter 3 describes the characterization of the MES antennas
in air and water. The antenna response is modelled using Finite Element Analysis and
analytical modelling to characterize the magnetomechanical coupling coefficient and
quality factor of the fabricated antennas. Chapter 4 discusses the synthesis of a pH
responsive mass changing polymer and functionalization of a 6 mm MES antenna with
the polymer to fabricate a highly sensitive pH sensor which can work in liquid media.

Chapter 5 concludes the thesis and discusses the future work.
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Chapter 2

Fabrication of MES Antennas

2.1. Introductory Remarks

Two different methods have been explored to fabricate miniaturized MES antennas from
a 28 um thick Metglas 2826 MB magnetostrictive film. The first method involves dicing
of the film using a DAD-3240 diesaw and has been previously reported for fabrication
magnetoelastic resonators [8]. The second method explored is more versatile and involves
laser micromachining of the film using an Oxofrd 532 nm laser. The two methods are

discussed in detail in this section along with their advantages and disadvantages.

2.2. Diesaw

Fig. 2.1 shows the schematic diagram which illustrates the fabrication of MES antennas
using a DAD-3240 Diesaw. The magnetostrticitve film is first fixed to a Silicon wafer
using two layers of temperature curable epoxy and Kapton tape. This prevents the diced
resonators from being washed away by the water jet used for cooling the Diesaw blade.

A 30 um thick diamond blade is used for machining the film at a feed speed of 3 mm/s.
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Rectangular shaped MES antennas of required sizes are diced by traversing the blade in
a grid-like format. After dicing the wafer is ultrasonicated in Acetone for 30 min, multiple
times to remove the epoxy and release the antennas into solution. The antennas are then
collected using a permanent magnet. They are then annealed for 2 hours at 220 °C, in a
vacuum oven at 50 mTorr pressure to release any residual stresses. Resonators of sizes
ranging from 6 mm x 1 mm x 28 um to 500 um x 200 um 28 um were fabricated using
this method. Fig. 2.2 shows an optical image of 500 um x 300 um x 28 um resonator

fabricated using the Diesaw.

Metglas Kepton Tape

A X 7 -
N Ultrasonication

—

Acetone |

y Die\saw Cuts
Silicon Wafer

Figure 2. 1 Schematic representation of fabrication of MES antennas using a Diesaw
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Figure 2. 2 Optical Image showing a 500 um x 300 um x 28 um MES Antenna fabricated

using Diesaw

2.3. Laser Micromachining

Fig. 2.3 shows the schematic diagram which illustrates the fabrication of MES antennas
using an Oxford 532 nm laser of 5 W power. The Metglas film is fixed on a Silicon wafer
using a large permanent magnet fixture below the wafer. The Silicon wafer helps in
dissipating the heat generated during machining since it has a high thermal conductivity.
Replacing the Silicon wafer with a glass slide was found to produce resonators which
were brittle and had very poor frequency responses, since the film gets heated up due to
the poor conductivity of glass. The permanent magnet helps in making good thermal
contact between the Silicon wafer and the film and prevents bowing of the film during

machining. The permanent magnet is fixed on an XY stage which can be programmed to
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fabricate resonators of any shape and size. The feed, pulse frequency, laser power and
number of passes were optimized to ensure minimum heating and good resonator
response during experiment. A pulse frequency of 20 kHz, feed speed of 1 mm/s, 1% laser
power and 50 passes were found to be ideal for fabricating resonators of sizes of the order
of 500 um x 200 um x 28 um. The fabricated resonators can be easily collected using a
permanent magnet. Post processing annealing of the fabricated antennas was not found to
improve the resonator response. Resonators of sizes ranging from 6 mm x 1 mm x 28 um
to 400 um x 200 um x 28 um were fabricated using this method. Fig 2.4 shows an optical
image of 500 um x 200 um x 28 um resonator with round edges fabricated using laser
micromachining.

, Oxford Laser

,Laser Beam

Metglas

N

Silicon Wafer
Feed 5

Figure 2. 3 Schematic diagram showing the setup for fabrication of MES antennas using

laser micromachining
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Figure 2. 4 Optical Image showing a 500 um x 200 um x 28 um MES Antenna fabricated

using Laser Micromachining

2.4. Discussion

Fabrication using Diesaw is most suitable for fabricating a large number of rectangular
shaped resonators in the shortest time. Also, it can be seen from Fig 2.2 that it gives very
flat resonator sidewalls. It suffers from the disadvantage that it is not ideal for fabricating
aresonator of custom design or a resonator having round edges. Also, this method requires
lengthy sample preparation and post processing steps. Both of these disadvantages are

overcome by using laser micromachining. Laser micromachining can be used for

22



fabricating any resonator shape by programming the XY motion of the stage. Also sample
preparation for fabrication is relatively simple and no post processing annealing is
required. The sidewalls of the fabricated antennas were not perfectly flat but the responses
of antennas fabricated by both methods were found to be almost identical. Laser
micromachining is also more suitable for further miniaturization of the antennas since it
can create features as small as 20 um easily [9]. Resonators with features smaller than 200
um produced chipped edges on the Diesaw and had poor frequency responses. Future
work involves optimization of laser parameters to obtain more flat sidewalls and smaller
resonators. The smallest resonator fabricated using laser micromachining which is of

dimensions 400 um x 200 um x 28 um is shown in Fig. 2.5.

Figure 2. 5 Optical Image showing a 400 um x 200 um x 28 um MES Antenna fabricated

using Laser Micromachining
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Chapter 3
Characterization and Modelling of MES

Antennas

3.1 Introductory Remarks

This section discusses the preliminary experiments performed for characterizing and
modelling the frequency response of MES antennas in air and water. Two different
methods have been used for wireless detection of MES antennas by inductive coupling
using a coil. The first method involves measuring the voltage across the coil containing
the antenna using a Lock-in Amplifier and the second method involves measuring the S-
parameters of the coil containing the resonator using a Vector Network Analyzer (VNA).
Both methods are discussed in detail in this section. The fabricated MES antennas were
first measured in air and the resonator response was then modelled using Finite Element
Analysis and analytical equations to understand the frequency response and calculate the
values of useful material properties. The antennas were then measured in water and the

quality factor and resonance frequency change due to viscous damping and mass loading
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effects was studied to understand how well the resonators can function in a wet

environment which will be crucial for in-vivo sensing applications.

3.2 Measurement Methods

3.2.1 Vector Network Analyzer (VNA)

Fig 3.1 shows a schematic diagram which illustrates the wireless detection of MES
antennas using a VNA. The setup consists of a Receiving (Rx) coil wound around a
capillary tube. The antenna is inserted into the coil during measurement and a permanent
magnet is used for applying the required optimum DC bias. The resonator length is
oriented along the axis of the coil such that the excitation AC magnetic field is along the
length of the resonator. The coil is connected to Port-1 of the VNA and the S11 or
reflection coefficient of the coil is measured as a function of frequency. At the mechanical
resonance frequency, a dip in the S11 is observed which is due to the increase in effective
permeability of the resonator at resonance which causes a change in the impedance of the
coil. Fig 3.2 a, b and c shows the detected response in air for antennas having dimensions
of 6mmx 1 mmx 28 um, S mm x 1 mm x 28 um and 1 mm x 500 um x 28 um respectively.
The resonance frequency increases as the size of the antenna decreases, and is roughly
given by the natural frequency of vibration of a thin film resonator of length L excited in
the longitudinal mode:
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_1 [k
fr =3 sa> (3.1

where E is the Young’s modulus, p is the density and v is the Poisson’s ratio of the
material. The Lock-in Amplifier setup discussed below using a gradiometer coil is more
sensitive for detecting small changes in magnetization and hence is more ideal for the

detection of antennas smaller than 1 mm x 500 um x 28um.

MES Antenna Rx Coill

Glass Capillary

VNA

Figure 3. 1 Schematic diagram showing setup for wireless detection of MES antennas

using a VNA
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Figure 3. 2 Measured S11 vs Frequency plots for MES antennas of dimensions a) 6 mm

x I mmx28um, b) 5mmx 1 mmx28um, c)l mmx500umx 28 um
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3.2.2 Lock-in Amplifier

Fig 3.3a shows a schematic diagram of the setup for wireless detection of MES antennas
using a Lock-in Amplifier. It consists of two coils, one for excitation and the other for
receiving the signal from the antenna. The transmission (Tx) coil is used to excite the
resonator with a uniform AC magnetic field. The Receiving (Rx) coil is a gradiometer
coil consisting of two identical coils connected in series and wound in opposite directions
positioned inside the Tx coil such that the voltage induced on each solenoid is equal and
opposite and the net voltage across it is zero when the resonator is not present inside. The
MES antenna to be measured is placed inside one of the solenoids of the Rx coil during
measurement. The Rx coil was designed to minimize the parasitic capacitance and
maximize the self-resonance frequency (SRF). The SRF of the coil should be much
greater than the frequency of interest since the antenna is inductively coupled to the coil.
For a 500 um x 200 um x 28 um resonator having a resonance frequency of about 4.5
MHz an Rx coil having two solenoids of 2 mm diameter, 1 mm length and 26 turns made
of a single layer of 47 AWG wire, with an SRF of over 100 MHz was used. A larger
solenoid of 6 mm diameter 20 mm length and 40 turns made of 26 AWG wire was used
as the Tx coil to provide a uniform AC magnetic field excitation of 6 Oe along the length
of the resonator. The Tx coil is connected to the output of the lock-in amplifier and the

Rx coil is connected to the input and the amplitude and phase of the voltage across the Rx
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coil as a function of frequency of the excitation magnetic field was measured. A
permanent magnet was used to provide the optimum DC bias magnetic field. The detected
voltage has a peak at the resonance frequency due to increase in the effective permeability
at resonance. Fig 3.3b shows the coil voltage amplitude as a function of frequency
measured in air using a lock-in amplifier for three different sub-mm resonators of

dimensions 525 um x 200 um x 28um, 500 um x 200 um x 28 um and 400 um x 200 um
X 28 um.

T Coil
X

MES Antenna
R, Coil
10

Glass Capillary

—Length = 525 um

—Length = 500 um
Length = 400 um

Amplitude (mV)
(8]

] 0

In Out 4 4.5 5 55 6
Lock-in Amplifier Frequency (MHz)

a) b)

Figure 3. 3 a) Schematic diagram showing the setup for wireless detection of MES
Antennas using a Lock-in-Amplifier. b) Measured coil voltage amplitude vs Frequency

for sub-mm MES antennas
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3.3 Modelling the Frequency Response of MES Antennas in Air

The frequency response of MES antennas in air is modelled using Finite Element Analysis
and wusing analytical equations to estimate important parameters such as
magnetostrictivity (d), Young’s Modulus (E), magnetomechanical coupling coefficient
(k?) and Rayleigh damping coefficient (a). At the optimum DC bias, the behavior of a
magnetostrictive material can be approximated using linear piezomagnetic governing

equations as given below:
& = SHS + dHTTH (32)
B = dHTS + HOHTH (33)

where g, §, H, and B denote the strain, stress, magnetic field and magnetic flux density,
Wo is the magnetic permeability of free space, u,. is the relative permeability at constant
strain, and sy, dyr denote the compliance matrix and piezomagnetic coupling matrix

which is as given below for an isotropic magnetostrictive material:

d 0 0000
dgr=(0 d 0 0 0 0 (3.4)
0 0d O OO
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-1/E  —v/E —-v/E 0 0 0
—v/E 1/E —v/E 0 0 0
_|-v/E —v/E 1/E 0 0 0
SH=| o 0 0 @(1+v)/E 0 0
0 0 0 0 (1+v)/E 0 (3.5)
0 0 0 0 0 (1+v)/E.

where d is the magnetostrictivity at optimum DC bias, E the Young’s modulus and v the
poisson’s ratio of the material. A Rayleigh damping factor («) is introduced to account
for structural damping effects. Based on the above governing equations and the equations
of motion we can model the frequency response of MES antennas when excited by an AC
magnetic field of certain frequency. The modelling is done using Finite Element Analysis
Software Comsol Multiphysics as well as using analytical equations in Matlab. The
magnetostrictivity and Young’s Modulus of the material depend on the fabrication
conditions and their values have been estimated to best fit the experimental data with the
simulation. The material properties used for Metglas 2826 MB are as shown in Table 2.1.
An MES antenna of dimensions 475 um x 200 um x 28 um is considered for all

simulations discussed in this section.
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Table 3. 1 Material properties of Metglas 2826 MB

Material property Value
Density (kg /m?3) 7900
Young’s Modulus (GPa) 160.0
Magnetostrictivity (m/A) 097 x 10~2
Poisson’s Ratio 0.22
AC Relative Permeability
(4.5 MHz) 20.0

3.3.1 Comsol Simulation

Finite Element Analysis (FEA) is a universal tool for modelling the frequency response
of a magnetoelastic resonator since it can be applied to model any resonator geometry and
any coil configuration. The Magnetostriction module in Comsol Multiphysics which
couples the AC/DC module and Structural Mechanics module is used for the simulation.
A 3D domain is used for the simulation since the problem lacks any 2D symmetry. The

resonator is modelled as a 475 um x 200 um x 28 um domain having the material
32



properties as listed in Table 3.1. The mid-plane of the resonator is assigned as a fixed
boundary since it is a nodal plane and all other surfaces are assigned as free. A large air
domain is created around the resonator to model the magnetic flux density using Ampere’s
law. A magnetic insulation boundary condition is applied for the air boundaries to prevent
any flux leakage. A homogenized current-carrying domain with 26 turns of 47 AWG wire
around the resonator is used to model the Rx coil. A uniform AC magnetic field of 6 Oe,
equal to the experimentally applied magnetic field is used for exciting the
magnetostrictive material along its length and the frequency of the field is swept to model
the frequency response of the resonator. Fig. 3.4a shows the simulated tip displacement
of the resonator as a function of frequency of excitation magnetic field. The resonance
frequency in air is shown to be 4.67 MHz where the tip displacement is maximum. Fig.
3.4b and Fig. 3.4c shows the distribution of strain and magnetization in the resonator at
the resonance frequency respectively, which are identical since magnetization in the
material is a function of the strain as given by equation 3.3. Fig 3.5a and Fig 3.5b shows
the distribution of magnetic flux density in the central plane of the coil without and with
the resonator inside at the resonance frequency. It can be observed that the magnetic flux
density in Fig 3.5b is much higher due to the high effective permeability of the
magnetostrictive material which in turn is a function of strain in the material as observed

from Fig 3.4 b and c. Fig 3.6 shows the simulated and experimental coil voltage and
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amplitude which can been seen to be in good agreement. The resonator is found to have

a high mechanical quality factor of 510.0 and magnetomechanical coupling coeffici

(k?) of 1.10%.

ent
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Figure 3. 4 Simulation results for a 475 um x 200 um x 28 um MES Antenna. a) Tip
displacement vs Frequency of excitation. b) Distribution of strain in the resonator at
resonance frequency (4.67 MHz). c) Distribution of magnetization in the resonator at

the resonance frequency (4.67 MHz)
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Figure 3. 5 Magnetic field distribution inside the Rx coil a) without and b) with the

resonator of 475 um x 200 um x28 um inside at the resonance frequency (4.67 MHz)
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Figure 3. 6 Comparison of coil voltage amplitude and phase obtained from experiment

and FEA simulation
3.3.2 Analytical Modelling

The frequency response of MES antennas was also modelled using one-dimensional
analytical equations [10]. We consider an MES antenna of length 2L, width w and
thickness tg, with length along the x-axis and centred at the origin. The 3D constitutive
equations as described by equation (3.2) and equation (3.3) is reduced into 1D equations
by assuming that the stresses and strains are confined to the longitudinal direction of the

resonator. Equations (3.2) and (3.3) can be simplified to obtain:
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g
e = 2 4, 66)

By =doy, + popHy (3.7)

where €.y, O,x, Hy, B,, and H, denote the normal strain, normal stress, magnetic field
and magnetic flux density in the x-direction. Equations (5) and (6) can be rearranged in

terms of o, and H, as:

Eqppd’ (3.8)
Oxx = Eappgxx - I:OPZ 7By
T
Eappd' 1 (3.9)
x =~ 7 Exx + — By
Holy Holy
where,
Epou,
E = — .
PP pou, — d’E G.10)
Holty = Mol — d°E (3.11)
d — d%E
g = Loty ) (3.12)

Holtr

The governing equation is derived by applying Newton’s second law to an infinitesimal
section of the resonator as shown in Fig. 3.7. The displacement of the infinitesimal mass

is denoted by the function u(x, t), where:
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du

Exx = o (3.13)

The structural damping force Fgppye shown in Fig. 3.7 is modelled by considering
Rayleigh damping with a damping parameter (@). For a resonator of mass m, density p

and cross-sectional area A, F g4, can be written as:
Fstrue = am = apA (3.14)
The simplified governing equations for the vibration of the resonator are as given below:

E _ d%Eqpp”\, %u ¢ 62_u_a £ g gy O (3.15)
app T ot ) tsoxz T Plsor T AP o T Bapp@is 5,

which can be solved using eigenfunction expansion to obtain the solution for u(x,t) as
described in Ref. [10]. The voltage and phase of the coil wrapped around the resonator is
given by the rate of change of magnetic flux density inside the coil. The resonator is
assumed to be a magnetic dipole of length 2L to estimate the magnetic flux density
distribution in the air around the resonator. Values for different material parameters are
same as that given in Table 3.1. Fig. 3.6 shows the comparison between coil voltage
amplitude and phase for the experiment and Analytical model for a 475 um x 200 um x

28 um resonator which can be seen to be in good agreement.

38



struc

o(X) o(x+dx)

—
dx

Figure 3. 7 Free body diagram showing an infinitesimal section of the magnetoelastic

resonator and the forces acting on it.

C 100 .
—Experiment | " p------% -.  |—Experiment
. - --Analytical Model \, -~ -Analytical Model
>67 1 —~ 907 .
£ > ,
[ Z 0
24 2 ]
s & 50" \
£ o - \
<2 N\ e
-100 ¢
O L L
4.4 4.6 4.8 5 4.4 4.6 4.8 5
Frequency (MHz) Frequency (MHz)

Figure 3. 8 Comparison of coil voltage amplitude and phase obtained from experiment

and Analytical model
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3.4 Measurement in Water

The MES antennas are next characterized in water to understand the frequency response
in a wet environment. The setup in Fig 3.3a is modified by filling the capillary tube
containing the resonator with water during the measurement. Fig. 3.9 shows a comparison
between detected coil voltage and phase in air and water as a function of frequency of
excitation magnetic field. Viscous damping reduces the quality factor from 510.0 in air to
68.0 in water and the resonance frequency shifts from 4.67 MHz in air to 4.60 MHz in
water due to mass loading effects. Hence, the resonators can still function in a wet
environment even though the quality factor is reduced. This reduces the signal to noise
ratio and frequency stability of the resonator which adversely affects the sensitivity in
water compared to air which is discussed in the next chapter. Despite the reduction in
sensitivity, it will be shown that miniature MES antennas can find useful applications for

wireless sensing of analytes such as pH in biological fluids.
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Chapter 4
pH Sensing Using MES Antennas

4.1 Introductory remarks

MES antennas have been shown to be useful for sensing gases such as ammonia, liquid
viscosity, bacterial concentration etc. [1]. Here a miniature MES antenna of dimensions 6
mm x 1 mm x 28 um which can be used for sensing pH wirelessly is discussed. MES
antennas can operate as sensors because their resonance frequency depends on the mass
of the resonator and hence if the mass of the resonator changes in response to a change in
the concentration of an analyte of interest there is a shift in the resonance frequency. This
can be achieved by chemically functionalizing the resonators with molecules which can
bind to an analyte or swell/shrink in response to a change in concentration of the analyte.

The shift in resonance frequency of the resonator is given by the formula:

Af = —5—— (4.1)
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where Am is the change in mass, M is the original mass and f the original resonance
. fe A . .
frequency. Since the sensitivity, ﬁ = —f/2M, it increases as the antenna size is scaled

down. Magnetoelastic sensors for pH sensing have been reported earlier. Here a
miniaturized MES antenna of higher sensitivity for pH sensing is shown, which can
achieve a 5 times higher sensitivity compared to previously reported studies ([11]-[13]).
A pH sensitive hydrogel made of Acrylic Acid and Isooctyl Acrylate is used to
functionalize the MES antennas, which swell/shrink in response to pH change causing a

shift in the resonance frequency [14].

4.2 pH Sensitive Polymer Synthesis

The polymer chosen for functionalization is Polyacrylic Acid hydrophobically modified
with 20% Isooctyl Acrylate (IOA). The copolymer is synthesized by free radical
copolymerization of 5 mL of Acrylic Acid (AA) with 3.95 mL of IOA in 25 mL DMF in
a 100 mL round bottom flask. 70 mg (0.5 mol %) of initiator 2,2’-azobisisobutyronitrile
(AIBN) and 70 mg (0.5 mol%) of cross-linker N,N-
methylenebisacrylaminde (MBAA) was added to the mixture after it was bubbled with
nitrogen for 30 min. The mixture was then transferred to an oil bath at 65°C and the
reaction was allowed to proceed for 6 hours. The synthesized polymer solution was

recrystallized by dissolving in ethanol and precipitating into large volume of Diethyl
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Ether. The purified polymer is dried in a vacuum oven at 1 Torr pressure at 100°C. The

dried polymer is soluble in ethanol but not soluble in water.

4.3 Functionalization of MES Antennas with pH Sensitive

Polymer

The polymer has to be chemically functionalized to the resonator surface for pH sensing,
since swelling produces a lot of stress which causes the films to delaminate if it is loosely
bound to the surface. Polyurethane was used as an adhesive layer for the functionalization.
6 mm x 1 mm x 28 um resonators were first coated with a 3 um layer of Polyurethane by
dip coating the resonator in a 40% solution of Polyurethane in water. The sensors were
dried in air for 10 min and then dried at 150 °C for 2 hours in a vacuum oven at 10 Torr
pressure. Next the resonators were incubated for 2 hours at room temperature in a 0.075
g/mL solution of the pH sensitive hydrogel in ethanol with 10 mg/mL EDC (1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide) and 10 mg/mL NHS (N-Hydroxysuccinimide).
EDC/NHS reaction helps in chemically binding the amine groups in polyurethane to
carboxylic acid groups in Polyacrylic acid by forming amide bonds. Dip coating can be
used to adjust the thickness of the polymer layer formed. Different polymer thicknesses
are used to study the sensitivity of the pH sensor. After incubation the resonators are dried

in a vacuum oven for 2 hours at 1 Torr pressure at 100 °C. The dried resonators are used
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for sensing experiments. First the sensor surface is observed using a microscope to
observe the swelling behavior of the polymer. Fig 4.1a and Fig 4.1b shows the resonator
surface in acidic (pH=4.0) and basic (pH=8.6) pH respectively. It can be seen that the
polymer on the sensor surface swells in basic medium. The swelling can be explained by
the difference in osmotic pressure between the gel and the surrounding solution which is
caused due to the ionization of the fixed carboxylic acid molecules in the polymer matrix.
In the next section the frequency response of the resonators in solutions of different pH is

studied to characterize their sensitivity and repeatability.

a) b)

Figure 4. 1 Optical images of a 6 mm x 1 mm x 28 um resonator coated with pH
sensitive polymer in a) Acidic (pH=4.0) and b) basic (pH=8.6) solution
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4.4 pH Sensing Using MES Antennas

The same setup shown in Fig 3.1 is used for the pH sensing experiments. Solutions of
different pH ranging from 4.4 to 8.6 were prepared 0.05 M Acetic Acid and 0.05 M
K,HPO,. The pH values were adjusted using 1 M HCl or 1 M NaOH and calibrated using
a pH meter. The solutions of different pH are flowed into the capillary tube containing the
resonator and the resonance frequency is recorded. Fig 4.2a shows the recorded resonator
response for 6 mm x Imm x 28 um coated with a 5 um thick layer of the pH sensitive
polymer for different pH solution ranging from 4.4 to 6.2. The resonator shows a
sensitivity of 15 kHz/pH and can detect pH changes of 0.01 in the above range. The
resonator is too damped for solutions having pH greater than 6.2. Hence a thinner polymer
coating was used to achieve sensing for a larger pH range. Fig 4.2b shows the resonator
response for a 6 mm x 1 mm x 28 um sensor coated with 1 um thick layer of pH sensitive
polymer. A wide range of pH from 4.76 to 8.36 can be sensed using 1 um thick coating of
the polymer although the sensitivity is reduced to 3.5 kHz/pH. Fig 4.4 also shows
reversible sensing by cycling between different pH values and it can be seen that the

response is reversible and repeatable.
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Figure 4. 2 S11 vs frequency of a 6 mm x 1 mm x 28 um resonator coated with a) 5 um

and b) 1 um thick layer of pH sensitive polymer in different pH solutions
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4.5 Discussion

A miniature MES antenna for wirelessly sensing pH in fluids was demonstrated with a
higher sensitivity than previously reported studies. Future work involves characterization
of the antennas in biological fluids and detection from outside the solenoid coil to explore
in-vivo applications of the sensors. Also, sensing using sub-mm antennas should be
explored to increase sensitivity and widen the applications possible. Preliminary
experiments with sub-mm antennas were unsuccessful due to delamination of pH
sensitive polymer during swelling. Further study on the chemical functionalization and

swelling dynamics is needed to enable sub-mm MES antennas for pH sensing.
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

In this thesis I have explored fabrication of miniaturized MES antennas using Diesaw and
Laser Micromachining. MES antennas of sizes as small as 400 um x 200 um x 28 um was
fabricated using Laser Micromachining and Diesaw. It was found that Laser
Micromachining is a more versatile fabrication method compared to fabrication using a
Diesaw since it can be used to fabricate any antenna shape and doesn’t involve time
consuming sample preparation and post processing steps. The smallest antennas
fabricated were found to have a high mechanical Q-factor of 510.0 in air and 68.0 in water
with a magnetimechnical coupling coefficient of 1.10 % and were found to be suitable for
wireless sensing applications in liquid media. The modelling using Finite Element
analysis and analytical equations were found to match well with the experiment and can
be used for designing coils for future in-vivo applications. A pH responsive hydrogel was
synthesized and the MES antennas were functionalized with polymer of different

thicknesses to fabricate sensors with different sensitivities. A high sensitivity of 15

49



kHz/pH was observed for a polymer coating of 5 um with a range of sensitivity from pH

4.4 topH 6.2 fora 6 mm x 1 mm x 28 um MES antenna in liquid medium.

5.2 Future Work

Laser micromachining has been shown to enable fabrication of MEMS structures as small
as 20 um [9]. Future work involves optimization of laser parameters for fabrication of
smaller resonators. For sub-mm antennas, annealing in transverse magnetic field has to
be explored to improve the signal level and enable detection outside the coil for future in-
vivo applications. Fabrication of more sensitive pH sensors have to be explored by
carefully studying the swelling dynamics and stresses involved during pH responsive
swelling of the synthesized hydrogel. Other chemical functionalization to fabricate MES

antennas which can sense different analytes is also worth exploring.
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