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Abstract
In the past decades, piezoelectric sensors and transducers are widely used in various areas
of modern technologies, such as medical technology, mechanical and automotive
engineering, aerospace industry, etc. This dissertation investigates the two novel
piezoelectric sensor and transducer configurations for applications in (i) biomagnetic
signal detection; (ii) industry acoustic logging. One general approach through the entire
dissertation is to theoretically analyze these novel piezoelectric composite systems,
optimize composite structure design and develop fabrication/measurement strategies for
real biomedical/industry applications.

Two types of piezoelectric composite systems will be discussed in this dissertation: (i)
magnetoelectric (ME) sensors and ME sensor based 1st order gradiometer system for
biomagnetic liver susceptometry (BLS); and (ii) ceramic/polymer piezocomposite
acoustic transducer system for logging while dilling (LWD).

The ultra high sensitivity of piezoelectric sensors makes them good candidates for
medical ultrasonic image and diagnostics. However, lacking of efficiently coupling
between the magnetic and electric signals prevent them from being used for biomagnetic
detection. ME sensors open up the opportunities for non-invasive room temperature
magnetic diagnostic imaging. In this dissertation, we will first study sensor
configurations to meet the requirements of biomedical applications, such as possible
detection of neutron signal brain image and tissue iron detection.
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Very sensitive magnetometers are highly desired for neutron signal brain image. Besides
longitudinal or transverse type ME composites, shear mode resonance operation could
provide magnetic sensors with ultra high sensitivity. Equivalent circuit analysis of shear
piezomagnetic/shear piezoelectric (S-S) mode resonance sensor is carried out in this
dissertation. The modeling results reveal the potential of such a S-S high Q-factor ME
sensor to achieve an exceptional high ME coefficient and signal-to-noise ratio (SNR), e.g.,
the sensors at resonance of RF frequency (> MHz) exhibits a ME coefficient of 175,000
V/ cm・Oe and SNR of 4.4×1011 √Hz/Oe.

For iron detection in tissue, strong DC bias magnetic field (0.5 T or higher) exists while
the AC biomagnetic signal is very weak ( 10nT or lower). Hence ultra sensitive ME
sensor with high dynamic range is required. An ME sensor based 1st order gradiometer
structure with an equivalent magnetic noise of 0.45 nT/Hz1/2 at 1 Hz is then presented. In
addition to this, a prototype ME gradiometer based magnetoelectric liver susceptometry
was built and tested with liver phantoms. The preliminary measurement shows a linear
response in the iron concentrations from normal iron dose(0.05mg/g-liver) to 5mg/g-liver
-iron over load (100 × overdose). The demonstration of ME gradiometer based
magnetometer opens the possibility for compact size, portable, economical room
temperature systems for quantitative tissue iron determination.

Besides ME sensors and ME sensor based biomagnetic diagnostic systems, piezoelectric
composite systems are also studied for industrial acoustic logging, such as LWD, in this
dissertation. The working conditions for the LWD piezoelectric composite transducers are
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rather harsh: (i) High working pressure; (ii) High working temperature; (iii) Strong
vibrations between 2 Hz and 1 kHz from drilling practice; (iv) Corrosive gas and drilling
fluids. In this case, a well packaged transducer system is required and there are two
research objectives in developing piezoelectric composite transducer system. The first
research objective is to optimize piezoelectric receiver design with finite element analysis
(FEA). Improving fabrication techniques and establishing characterization protocols
suitable for LWD applications are also part of the research objectives.

A composite configuration to increase the sensitivity is proposed and then electric
serial/parallel connections to further improve the signal to noise ratio (SNR) and
impedance matching to the receiving electronics is discussed. In addition to the design
optimization, fabrication process of receiver transducer under extreme conditions is also
very challenging compared with the conventional piezoelectric transducer fabrication
methods. Fabrication details on high strength vacuum epoxy bonding is given after
piezocomposite receiver design strategies and optimization. Finally an anticorrosion high
pressure thermal cycle characterization protocol simulating the real working conditions is
provided. The design optimization and fabrication process provide some guidelines for
the novel piezoelectric composite logging system design.
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Chapter 1 Introduction

1.1 Introduction of Piezoelectricity and Piezoelectric Composites
Piezoelectricity, also called the piezoelectric effect, is the ability of certain materials to
generate charge/voltage output when subjected to mechanical stress or vibration, or to
deform or vibrate when subjected to a charge/voltage input[1]. Piezoelectric sensors and
transducers have been widely used in automotive industry, medical instruments as well as
information and telecommunications, owing to their high sensitivity, low cost, easy
fabrication and compact structure[2-4].

Piezocomposite technology has played an important role in research and industry for
many years and spreads a wide range of applications in consumer electronics, medical
diagnosis, automotive application, etc. The purpose of the work presented in this
dissertation is to investigate the promising properties of the piezoelectric composites and
utilize novel piezoelectric composite systems for biomagnetic and industry applications.
Two areas of applications will be covered, namely, ME sensor based 1st order gradiometer
for liver iron detection and piezoelectric composite receiver for acoustic LWD.

Magnetoelectric (ME) effect is a material phenomenon featuring exchange between
magnetic and electric energies or signals[5][6]. Low cost ME sensor with high signal to
noise ratio (SNR) operating at room temperature can be realized by magnetoelectric
coupling; the ME sensors have the potential to be used for biomagnetic susceptometry
such as BLS because of its high sensitivity and broad dynamic range.
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logging while dilling (LWD) is a technique to transmit real time measurement results
about geologic and geophysical properties of oil well borehole, which are widely used to
ensure safety margins and optimize completion of oil drilling & production[7]. The
economics behind geosteering desires high sensitive LWD sensors for acquiring data in
real time, and usually piezoacoustic receivers are designed to measure one or more
acoustic-wave properties to obtain data about subsurface formations[7][8].

1.2 Magnetic Sensor Overview and Magnetic Sensors Based on ME Composites
A magnetic sensor is a device or system capable of detecting magnitude of a magnetic
flux or each of its vector components at one position or reporting the distribution
of magnetic field in the three dimensional space[9]. Ultra-sensitive magnetic sensors with
compact size, low cost, and easy to use are of great interest to applications such as
automobiles, magnetic storage disks, geophysical detection, noninvasive medical imaging
and diagnosis, etc[10]. A broad range of concepts and phenomena from physics and
material science has been applied to magnetic sensing techniques. The common
technologies adopted for ultra sensitive magnetic field sensing include induction
searching coil, fluxgate sensor, hall effect sensor, giant magnetoresistance (GMR),
magnetostrictive/piezoelectric composites, superconducting quantum interference device
(SQUID), magnetotransistor, fiber optic and microelectromechancal systems (MEMS)based magnetic sensors[11-14]. Some of the commonly used magnetic sensor
technologies are listed in Fig.1.1[15], which also have a comparison of sensitivities of
these techniques.
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Fig.1.1 Sensitivities of the commonly used magnetic sensor technologies[15].

1.2.1 Magnetic Sensor Market
Magnetic sensors have found a diverse range of applications for many decades, including
magnetic storage hard drives, magnetic compasses for mobile telephones, locating objects
such as submarines, diagnostic applications such as magnetoencephalogram (MEG), and
magnetic resonance imaging (MRI) system[10][16]. It is expected that the worldwide
magnetic sensor market will have an $2.1 billion revenue in year 2016 as Fig.1.2[17].
Hall effect devices played an important role in today's magnetic sensor market because of
the low cost, high mass production quantity and physical volume. The market share of
hall effect sensor dominates with more than 70% of worldwide magnetic sensor revenue
and is expected to rise to $193.6 million by the end of 2015 according to industry
analysts IHS iSuppli[18][19]. Other technologies such as high temperature and low
temperature SQUID also shared some of the market since these sensors are very sensitive
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and usually have a high demand in medical applications[19]. However these sensor
systems are very expensive(~ $ 1 million) and cryogenic system is needed to operate
which severely limit their widespread usage[20].

Fig.1.2 Worldwide magnetic sensors revenue forecast (IHS iSuppli Research, 2014) [17].

1.2.2 Magnetic Sensors Based on ME Composites
ME sensors which belong to strain coupling passive sensors, have been studied for many
applications like vehicle detection, biomagnetic susceptometry, and magnetic anomaly
detection[6][21]. The ME laminates consisting of magnetostrictive and piezoelectric
layers, ultra sensitive magneto-piezo strain coupling sensors operating at room
temperature can be realized based on the strain coupling principles. The principle of ME
coupling sensor is that the ferromagnetic substance (TbFe2, Terfenol-D, Metglas, etc)
coupled with piezoelectric substance (Pb(ZrTi)O3, PMNPT, PVDF, etc) will response at
the same frequency under a certain AC magnetic field: the AC magnetic field will
generate stain/stress at the ferromagnetic layer because of magnetostriction; this
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strain/stress signal will be coupled to the piezoelectric layer and generate electric charge
signal output caused by piezoelectricity. After charge amplification and signal condition,
amplitude and phase information will be collected and calculated, and details of applied
magnetic signal could be obtained.

Signal-to-noise ratio (SNR) is one key parameter for ultrasensitive magnetic signal
detection, various sources such as geomagnetic field and urban magnetism pollution can
contribute to the noises[22]. However most of the noises are common mode background
noise, and real magnetic signal will change with distance[23]; a perturbation of magnetic
response signal could be detected if two measurement sets are adopted to form a
gradiometer structure while the common mode back ground noise could be cancelled.
With a gradiometer structure, a voltage noise could be improved from 1.3×10-5 V/√Hz at
1Hz to 0.21×10-5 V/√Hz at 1Hz. A prototype ME sensor based BLS system was built
and tested with liver phantoms which shows a linear response in the iron concentrations
from normal iron dose(0.05mg/g-liver) to 5mg/g-liver -iron over load (100× overdose),
FEA simulation is also performed and agrees with the real measurement data. The
demonstration of ME sensor based magnetometer will open the possibility for compact
size, portable, economical room temperature systems for quantitative biomagnetic
determination.

1.3 Logging While Drilling and Piezocomposite Acoustic Transducers
1.3.1 Overview of Logging While Drilling Techniques
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The petroleum industry is a diverse and vital part of the global economy which include
the processes of exploration, extraction, transporting (by pipelines or oil tankers), and
related petroleum products fabrication[24]. The most important products of petroleum are
fuel oil and gasoline (petrol). Petroleum is also the raw material for many material
industry products, including pharmaceuticals, solvents, synthetic fiber, rubber, and
plastics[25]. The world will consume 1,100 billion barrels of oil and 4,475 trillion cubic
feet of natural gas between 2010 and 2040[26]. Currently the technically recoverable
shale oil is 3,357 billion barrels in the context of world resources while the worlds'
technically recoverable wet natural gas is 22,882 trillion cubic feet[27][28]. With the
increasing demand for petroleum industry worldwide, measurement tools to achieve
improved formation and completion evaluation during drilling process is desired and the
geophysicists, geologists, petroleum scientists, drilling engineers have goals to
(1)ascertain hydrocarbon potential of the drilling well; (2)determine hydrocarbon type
and volume; (3)determine flow fluids and properties of reservoir rocks[29-33]. In this
case, well logging becomes important during the drilling process for the past century.
Well logging is the process of recording various physical, chemical, electrical, or other
properties of the rock/fluid mixtures penetrated in the drilled borehole[34]. Ever since the
first electric logging technique was introduced in 1927, the petroleum industry relied on
wire line logging for data acquisition until early 1970s[35]. Then a new approach was
introduced in the form of logging while drilling (LWD). This technique could provide
similar information to conventional wire line logging but real time data whilst the well is
being drilled. This allows drilling engineers to quickly obtain information such as
porosity, permeability, consolidation, homogeneity, fractures, resistivity, hole direction,
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etc[36][37]. Immediate decisions about future drilling scheme and direction could be
made based on the obtained information and the health of drilled borehole could be
monitored during the entire drilling process[38].

Log quality, resolution and depth accuracy of early LWD techniques were not up to the
same level of that offered by wire line logs in use at the time[39]. Acoustic LWD tools
have been available since the early 90s which presented significant advantages compared
with the early LWD techniques[39][40]. The acoustic LWD package usually have two
parts: acoustic transducers and receivers[41]. The transducers generate a certain
frequency acoustic signal, which is reflected by a nearby surface (reservoir rocks,
borehole wall, boundaries of hydrocarbon, etc). The quality of the reflection is measured
by the receivers and the acoustic-impedance mismatch between the original and reflected
signals could be used to determine the drilling conditions and health of borehole drilled.
Compared to the other techniques, the acoustic LWD has many advantages including:
providing readings with much higher resolution, monitoring path (angle and azimuth) of
the horizontal wells, profiling wells with raveling problems, and quicker pre warning
about the approximation of high-pressure zones[39][40][42].

1.3.2 Acoustic Piezoelectric Composites for LWD
Acoustic piezoelectric composites are a novel class of functional materials consisting of
piezoelectric active composites and non-piezoelectric passive polymers laminated
together with different connectivities. Compared with conventional piezoelectric
ceramics and crystals which are widely used for acoustic actuator design,
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piezocomposites have several advantages including improved electromechanical
properties, mechanical flexibility, higher sensitivity and reduced dielectric constant which
led to the improvement of overall transducer performance, resulting in rapid
implementation of piezoelectric composites in medical imaging and other acoustic
logging transducers design[43]. Simulation, optimization and fabrication of a
piezocomposite transducer system, especially the piezocomposite receiver is discussed in
the dissertation, COMSOL multiphysics® is adopted to study transient response,
frequency analysis, acoustic-piezoelectric interaction, structure mechanics analysis, etc.
Fabrication details on high strength vacuum epoxy bonding and anticorrosion thermal
cycle characterization protocol simulating the real working conditions is also provided
after the design strategies and device optimization.

1.4 Research Contribution and Dissertation Organization
This dissertation develops an in-depth understanding of the piezoelectric composite
systems, specifically in ME composite systems for biomagnetic detection and
piezoelectric composite receivers for industry logging. The topics covered in this thesis
are arranged as follows.

In Chapter 2, The concept of piezoelectricity, vibration modes and equivalent circuit
model of piezoelectric devices is first introduced. Then acoustic resonance calculation of
piezoelectric composite devices is discussed, followed by the principles of ME sensors
and Mason's equivalent circuit model for shear piezomagnetic/shear piezoelectric (S-S)
mode resonance ME sensor design.
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In Chapter 3, Noise mechanism of ME sensors will be presented. Three major sources
(dielectric loss noise, vibration noise and charge amplifier flicker noise) will be analyzed.
After that, A novel Push-Pull composites structure is proposed to cancel the vibration
noise. At last a 1st order gradiometer structure is introduced to compensate the common
mode back ground signal.

In Chapter 4, Basics of biomagnetic liver iron level detection is demonstrated. After that a
Pb(ZrTi)O3(PZT)/Tb0.3Dy0.7Fe2 (Terfenol-D) ME sensor based 1st order gradiometer BLS
system is investigated, and a prototype magnetoelectricliver susceptometry was built and
tested with liver phantoms which shows a linear response in the iron concentrations from
normal iron dose(0.05mg/g-liver) to 5mg/g-liver -iron over load (100× overdose). The
demonstration of magnetoelectric gradiometer based magnetometer will open the
possibility for compact size, portable, economical room temperature systems for
quantitative tissue iron determination.

In Chapter 5, Geometry and piezocomposite receiver design strategies are discussed and
an FEA model with COMSOL multiphysics® is introduced for performance analysis and
receiver optimization. The simulation results are validated by experimental data. Finally
an optimized receiver design is proposed based on the simulation/experimental results.

In Chapter 6, Fabrication details on developing high strength epoxy bonding of
ceramic/polymer is presented. A vacuum fabrication method for the transmitter/receiver
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is given after that. An anticorrosion thermal cycle characterization protocol simulating the
real working conditions is discussed which provides feedback to the materials selection
and fabrication methods improvement.

In Chapter 7, A summary and suggested future research are presented.
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Chapter 2 Methodology and Fundamentals of Piezoelectricity and Piezoelectric
Composites

All the work presented in this dissertation is based on the principles of piezoelectricity
and piezoelectric composites. Before delving into detailed discussion on the practical
biomagnetic and industry applications, a brief introduction of the fundamental knowledge
about piezoelectric devices, ME sensors and piezoelectric composite transducers is
presented in this chapter.

2.1 General Description of Piezoelectricity and ME Effect
Piezoelectric materials have been widely used in various ultrasonic devices. Properties of
piezoelectric element can be explained by the series of images in Figure 2.1[44]. The
polled element is shown in Fig.2.1(a). For direct piezoelectric effect, the piezoelectric
materials generate electric charges on the top and bottom surfaces as a consequence of
applying mechanical force. The induced charges are proportional to the mechanical force
as Fig.2.1(b) and Fig.2.1(c). Materials with this phenomenon also conversely have a
geometric strain proportional to an applied electric field across the devices as Fig.2.1(d)
and Fig.2.1(e). This is the converse piezoelectric effect. These effects provide the ability
to use piezoelectric materials as both sensors and actuators. Strain, for example, can be
measured by monitoring the voltage/charge generated across the material when it is
shrunk or compressed. Piezoelectric devices can also be used as actuators because
strain/stress could be generated when an electric voltage is applied across the material.
This also makes piezoelectric devices good candidates for actuation devices or acoustic
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transmitter systems.

Fig.2.1 Reaction of a poled piezoelectric element to applied mechanical stimuli[44].

The piezoelectricity is exhibited by 20 out of 32 crystal classes[45]. These piezoelectric
crystals always have noncentrosymmetric structure. A mechanical stress on the crystal
shifts the positive and negative charge differently, thus changing the polarization strength
of the crystal, and vice-versa. Typical piezoelectric materials include quartz, Rochelle salt,
Topaz, Barium titanate (BaTiO3), lithium niobate (LiNbO3), lead zirconate titanate (PZT),
piezo-polymers and piezo-composites[44][46].

The electromechanical properties of piezoelectric materials are described as the
piezoelectric constitutive equations. Fig.2.2 is schematic drawing of a piezoelectric
element with axis nomenclature. 1 refers to the x axis, 2 corresponds to the y axis, 3
corresponds to the z axis while 4, 5and 6 corresponds to shear axes.

Fig.2.2 Schematic diagram of a piezoelectric element and axis nomenclature.
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There are four forms of constitutive equations[47].
Strain-Charge Form:
E
Sij  sijkl
Tkl  d kij Ek

Di  diklTkl   ikT Ek

(2.1)

Stress-Charge Form:
E
Tij  cijkl
Skl  ekij Ek

Di  eikl Skl   ijS Ek

(2.2)

Strain-Field Form:
D
Sij  sijkl
Tkl  g kij Dk

Ei   giklTkl  ikT Dk

(2.3)

Stress-Field Form:
D
Tij  cijkl
Skl  hkij Dk

Ei  hikl Skl  ikS Dk

(2.4)

where S is the strain tensor, T is the stress tensor, E is the electric field intensity, D is
the electric displacement, s is elastic compliance constant, c is elastic stiffness constant,
the superscript E stands for at constant electric field, the superscript D stands for at
constant electric displacement, d is piezoelectric charge constant, g is piezoelectric
voltage constant, e is piezoelectric stress constant, h is piezoelectric deformation
constant,  is permittivity, and  is impermittivity.

2.2 Vibration Modes of Piezoelectric Structure and Acoustic Resonance of
Piezoelectric Composites
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The vibration behaviors (modes) of piezoelectric resonator structure vary depending on
the dimensional and elastic conditions and (a) longitudinal mode, (b) transverse mode, (c)
shear mode are the common modes people can observe for piezoelectric devices with
certain geometry as Fig.2.3[48].

Fig.2.3 Schematic of vibration modes of piezoelectric Structure: (a) longitudinal mode; (b)
transverse mode; (c) shear mode.

In longitudinal piezoelectric devices, the electric voltage in the piezoelectric layer is
applied parallel to the direction of polarization which is called d33 mode. This induces a
strain or stress in the direction of polarization. Usually stack actuators are constructed in
the longitudinal mode, where many individual piezoelectric layers are mechanically
connected in series and electrically connected in parallel. The transverse mode actuators
are very similar except that the strain or stress is applied perpendicular to the polling
direction which is also called a d31 mode. For piezoceramic such as PZT, compared with
the d33 mode, the d31 mode has a lower piezoelectric constant thus lower output with the
same input strain/stress[49]. In this case, the d33 mode is a better design for PZT based
piezoelectric sensors and accelerometers. For piezoelectric shear actuators, the applied
electric field in the piezoelectric layer is orthogonally to the polarization direction and
then shear strain S15 is utilized. Since the shear piezoelectric constants d15 of
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piezoceramic, such as PZT, are normally the largest piezoelectric coefficients in the
piezoelectric constant matrix [49], a large strain/stress could generated and a typical
application for shear actuators are drive elements for stick-slip motors.

Besides transverse mode, longitudinal mode and shear mode, there are other vibration
modes for ring devices, e.g., radial mode and hoop mode. The radial mode is vibration
along the radial direction, and the hoop mode is the vibration along circumference
direction. Since the hoop mode has a longer wave traveling path, it is always happens at
lower frequency.

These pure vibration modes have strict dimensional and elastic requirements thus could
only happen at certain frequencies. For real devices with a special geometry type, usually
people can observe one predominant mode but several other modes coupled together. For
complicated acoustic structure, there are several vibration modes happen at different
frequency, one of the key design strategies is to optimize certain modes while the
unwanted modes damped. The details of these design strategies will be discussed in
Chapter.5.

In analysis, different geometry vibration modes can be traced back to the three
fundamental modes. In this case, universal formulas derived from the fundamental modes
could be used to analyze resonance frequency[48]:
v

Y



(2.5)
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f 

v
2l

(2.6)

where Y is the modulus of the piezoelectric device,

is the density and l is the traveling

path of the acoustic wave (thickness for transverse mode), these formulas could also be
used for composite piezoelectric transducer calculation:

vComposite 

YComposite

f s ,Composite 

vComposite

Composite

2l

(2.7)

(2.8)

2.3 Equivalent Electrical Circuits of Piezoelectric Devices
The use of equivalent electrical networks to represent mechanical systems is pervasive
today, particularly with respect to the depiction of piezoelectric resonators and
transducers. There are two commonly used equivalent electrical circuits of piezoelectric
devices, namely the Van Dyke Model and Mason's equivalent circuit.

The most basic equivalent circuit model describing piezoelectric devices near the
resonant frequency is the Van Dyke model shown in Fig.2.6[50], which is often adopted
for modeling electromechanical resonance characteristics of piezoelectric oscillators.
Mason's equivalent circuit model shown in Fig.2.7[51] is accurate and valid for one
dimensional multilayered devices, however the modeling process is complicated
compared with the Van Dyke Model.
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2.3.1 Van Dyke Model
The Van Dyke model is a parallel connection of RLC networks shown in Fig.2.4 with one
arm representing mechanical damping, mass, and elastic compliance, and another arm
representing the electrostatic capacitance between the two parallel plates of the

piezoelectric layer.

C0   r  0

A
d is the electrostatic capacitance, C1 is the capacitance of

the mechanical circuit, L1 is the inductance of the mechanical circuit, and c is the
resistance caused by mechanical losses. One advantage of Van Dyke model is that all
components are real. In the thickness resonance mode, these components are determined
by:

L1    8 lb w   s11E 2 / d312 
C1   8  2   lw b   d312 / s11E 

(2.9)

where l , w, b are length, width, and thickness, respectively.
The series and parallel resonance frequencies derived from the equivalent circuit are:

fs 

1
2

1
L1C1

fp 

1
2

C0  C1
L1C0C1

(2.10)

Also the value of series and parallel resonance frequencies could be defined by the elastic
stiffness and other constants as:

18

1
c33E
c33D 12
2
fp [
] =[
]
4(1  kt2 )  t 2
4t 2

fs 

2



kt2 f p cot(

 f p  fs
2

fp

)

(2.11)

where kt is the coupling factor.

Fig.2.4 The Van Dyke model for an unloaded piezoelectric transducer[50].

2.3.2 Mason's Equivalent Circuit
Mason's equivalent circuit is a three port black box which has two acoustic ports and one
electrical port. The force F at the surface of the piezoelectric transducer is defined as
voltage in electrical circuits, and the particle velocity v is defined as current in electrical
circuits. The acoustic and electrical ports are coupled through an ideal electromechanical
transformer as shown in Fig.2.5 for thickness vibration mode. On the electrical side, all
circuit elements are standard electrical elements and the voltage is related to the current
via V  ZI where Z is an electrical impedance. On the acoustical side, the force at surface
'
'
F and the particle velocity v are related through F  Z v where Z is the specific acoustic

impedance. Mason's equivalent circuit represents mechanical systems with electrical
networks and adopts electric circuit methods for acoustic analysis, which provides exact
analytical solutions to the acoustic wave equation in piezoelectric devices.
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Fig.2.5 Mason equivalent circuit[51].

The constants of the thickness vibration model are shown below:

N  C0 h33
where

(2.12)

h33  kt c33D  33S

ZT  iZ0 tan(t / 2)

where

Z0  A  c

Z S  iZ0 csc(t )

D
33

(2.13)

 
and


c33D

(2.14)

2.4 Theory and Fundamentals of ME Composites
Magnetoelectric effect is a material phenomenon featuring the energy interchange
between magnetic and electric phases, which is defined by the electric field (E) induced
by a magnetic field (H); or the magnetic induction (B) induced by an electric field (E).
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ME effects have been reported in single phase materials (Mercier 1975, Rado 1975) and
in piezoelectric/magnetostrictive composites (van Run et al. 1974, van den Boomgaard et
al. 1976) since 1970th[52][53]. Generally speaking, the ME response could be described
by the ME voltage coefficient, which is defined as:  ME  V / H , or ME field coefficient,
which is defined as:

 ME  E / H [54]. The ME effect of single-phase materials has

always shown small values of  ME and happens at low temperatures (e.g., the largest
value of

 ME of single phase materials is that for Cr O crystals, which is only 20 mV/
2 3

cm・Oe)[55].

To overcome these problems, composite systems were studied in the past 30 years[56-59].
Compared with single phase materials, larger coefficient has been discovered in ME
composites, and investigations of ME composites have been focused on various
laminated materials and structures. Dramatically enhanced values of

 ME with low noise

density have been reported in laminated composites the year since 2000, which
stimulated sharply increasing research activities for the potential technological promise in
the novel multifunctional devices.

Various ME composites with different structures and working modes have been
investigated and reported recently. Compared with all these structures, the ME
composites can be classified using the notations 0-3, 2-2, 1-3 with the concept of phase
connectivity, in which each number denotes the connectivity of related magnetoelastic
and piezoelectric phases[60]. For the phase connectivity notations: 0 means powder
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particles "without dimension"; 1 stands for wire structures with a length in one axis much
larger than the other two dimensions which is called "one dimension structure" (e.g.,
nanowires ); 2 means plane structures and 3 is the volume structure with "3 dimensions".
Some of the examples are shown in Fig.2.6, a 0-3 type composite means particles
embedded in the volume system, a 1-3 type composite means fibers dispensed in the
volume system and 2-2 type composite means several plates laminated together to form a
volume system.

Fig.2.6 Schematic illustration of bulk composites with three common connectivity
schemes: (a) 0-3 particulate composite; (b) 1-3 fiber/rod composite; (c) 2-2 laminate
composite[60].

Ultra sensitive magnetic sensors operating at room temperature can be realized based on
the magneto electric coupling principles. Recent developments in multiferroic materials,
especially, the magnetoelectric (ME) laminate composites, create unique opportunity for
developing ultra sensitive piezoelectric sensors for magnetic sensing. A schematic of ME
composite sensor system is illustrated in Fig.2.7, in which an external magnetic field
generates an electric response in the piezoelectric layer by cross-coupling interactions in
multiferroic composites. The electric signal could be read out by a charge mode or
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voltage mode low noise amplifier which is connected with a lock in amplifier. The
amplitude and phase information from lock in amplifier could then be displayed and
stored in an computer. The compact device footprint (for example, typical dimension of
the ME laminates in Fig.2.2 is~ 12mm×8mm×3mm) makes them easy to be integrated
into various device configurations such as gradiometer structure which will be introduced
in Chapter.3.

Fig.2.7 Schematic of a ME sensor system consisting of ME laminates and readout
electronics.

The principle of the ME laminate sensor is that a magnetic field induces a strain in the
ferromagnetic substance (NiFe2O4, Metglas, Terfenol-D, etc) by magnetostriction; and
the strain is then coupled to the piezoelectric substance Pb(ZrTi)O3 (PZT), Lead
magnesium niobate-lead titanate (PMNPT), Polyvinylidene fluoride (PVDF), etc) as
Fig.2.8[60-64], resulting in an electric output signal. Strain coupling is the basic principle
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and it requires suitable combination of magnetostrictive and piezoelectric phases for
efficient displacement transfer. As illustrated in Fig.2.8, the ME coupling sensor could
work in the linear or cut off region, cut off region could be used for AC modulation while
the linear region is chosen for liver iron detection[65].

Fig.2.8 Schematic representation of the ME effect in the composites[66].

By employing magnetoelectric composite principles (as illustrated in Fig.2.8), a high
sensitivity magnetic sensor can be realized. The sensitivity of the ME sensor system in
Fig 2.10 can be expressed as,
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Δq p
Vout


ΔH a Cf ΔHa

d p Ap
Cf s (1 
E
p

H
m p
E
p m

s t
s t

)

ΔS
ΔHa

(2.15)

where△ S/△ Ha is the piezomagnetic coefficient in the magnetostrictive layer, dp is the
piezocoefficient and Ap is the total electrode area of the piezo-layer, tp, tm, spE and smH are
the thicknesses and the compliances of piezo-layer and magnetic layer respectively, qp is
the charge generated in the piezo-layer[66]. Equation (2.15) shows the dependence of
field sensitivity of the ME sensor on the material parameters such as peizo-coefficient dp,
magnetostrictive coefficient ΔSm/ΔHa, and elastic compliance of the piezo-layer. Equation
(2.15) also shows that the sensitivity can be improved by increasing the piezo-layer area
Ap and using a smaller feedback capacitor Cf. Table.2.1 summarizes the properties of
different magnetoelastic materials[60][66][67]. The properties of piezoelectric materials
are provided in Table.2.2[60][67]. Fig 2.9 is the ME coefficient of TbFe2/PZT structure
which has a maximum coefficient around 1.2 V/ cm・Oe; a simple calculation could lead
to the result that the feedback signal is 1.2×10-6V where there is an input signal of 1
nano-Tesla which is not hard to be detected. A table of state of art ME properties of
different kinds of ME sensors is summarized and presented as Table.2.3.
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Fig.2.9 ME sensor coefficient of TbFe2/PZT structure, sensor size: 12mm×8mm×3mm,
operation frequency=100Hz.
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k33
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9
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6e-7
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N/A
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Μ

Table.2.1 Summary of magnetoelastic properties[60][66][67].
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Terfenol-D/PZT, Metglas/PZT and Metglas/PVDF are widely used for different kinds of
applications because of good sensitivity, low cost and ease of use. Compared with
Terfenol-D, Metglas ME sensor has a lower dynamic range however higher ME
coefficient both resonance and off resonance. For these reasons, Metglas/PZT is a
common structure adopted for applications without a high dynamic range requirement.
Meanwhile compared with PZT, usually PMNPT has a higher d33 constant and quality
factor as Table.2.2 but the cost of PMNPT is higher compared with PZT. Thus
Metglas/PMNPT is usually used for improvement of Metglas/PZT sensor applications
which are not cost-sensitive. The performance of TbFe2/PZT sensor is presented as
Fig.2.9, which has the highest dynamic range ever reported. This sensor structure is an
ideal candidate for biomedical applications which required high bias field. The
Metglas/AIN(thin-film cantilever in vacuum) ME sensor has the highest ME coefficient
and quality factor ever reported. Here a shear-shear mode Metglas/LiNbO3 sensor will be
proposed later in Chapter 2.5 which has a higher ME coefficient and quality factor based
on the Mason's Equivalent Circuit simulation results.
BaTiO3

PZT-5

PZT-4

PZNPT

PMNPT

PVDF

d31(pC/N)

-90

-175
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-1100

700
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152
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320

163

80

129
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7.6

8.2

7.8
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4

441(Mn

600(Mn

Ε
Tc (°C)

ρ (g/cm3) 6
Qm

1300

27
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k33
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modified)
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Table.2.2 Summary of piezoelectric layer properties[60][67].

Terfenol-D/PZT[68][69]

ME Coefficient (V/cm

ME Coefficient (V/cm

Quality

Dynamic

・ Oe) Off resonance

・ Oe) Resonance

factor

range (Oe)

2.6

40

80

600

Typical Applications

Widely used as magnetic sensors, energy
harvesting.

TbFe2/PZT[70]

1.2

26

35-40

2000

Magnetic sensors with high dynamic
range.

Gafenol/PZT[71][72]

0.6

4.4

56

750

Energy harvesting/Thin film magnetic
sensors.

Gafenol//BaTiO3[73]

0.1
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Table.2.3 ME properties of different kinds of ME sensors.

Besides sensitivity, signal to noise ratio (SNR) is another critical parameter which should
be considered for sensor design. For the ME sensor system, SNR is:
SNR 

Voutput
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28

SNR of individual laminated sensor could be calculated based on Table.2.1 and
Table.2.2[60][66][67]. Fig.2.10 is a measurement of noise density of proposed
TbFe2/PZT structure which has a noise level less than nano-Tesla across the entire
frequency range.

Fig.2.10 Noise spectrum of proposed TbFe2/PZT structure.

Besides ME coefficient and SNR, a broad dynamic range is also required for the ME
sensor system, a high saturation point will provide a higher bias field and thus gives out a
larger feedback signal. The saturation point is more related with the magnetoelastic phase
(NiFe2O4, Metglas, Terfenol-D, etc), some materials like Metglas 2605SA1 has a
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saturation point of 10-20Oe and commercialized Terfenol-D has a saturation point of
400-500Oe depending on the sensor structure, Fig.2.11 is the magnetization curve of
TbFe2 magnetic material measured with a SQUID magnetometer in the Physics
Department, Penn State, which has a saturation point around 1Tesla (104 Oe), this is the
highest saturation point among the magnetic phases used for ME sensors which is 20
times larger than currently used Terfenol-D material. Fig.2.12 is a comparison of
TbFe2/PZT and Terfenol-D/PZT structure with similar dimensions and same charge
amplification rate. Both of these laminates present saturation fields high enough for our
liver iron detection, meanwhile TbFe2/PZT has a higher saturation field while the peak
value is smaller; finally Terfenol-D/PZT is chosen for further investigation because of
good ME coefficient, high SNR and saturation field high enough.

Magnetization (emu/gm)

TbFe2 amorphous

80
40
0
-40

T = 300 K

-80
-1.0

-0.5

0.0
B (T)

0.5

1.0

Fig.2.11 Magnetization of Annealed TbFe2 amorphous magnetic material.
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Fig.2.12 Comparison of TbFe2/PZT and Terfenol-D/PZT structure with similar
dimensions.

The studies on the resonance behaviors of ME sensors have shown that ME coefficient
can be increased significantly at resonant frequencies. The laminate composites can
accumulate much more energy during the resonance periods compared with the off
resonance vibration. consequently the charge produced by ME coupling can be enhanced
by accumulating over many cycles at resonant frequencies. FF (Free-Free), FC (FreeClamped) and CC (Clamped-Clamped) are three commonly used modes as shown in Fig.
2.13. The fundamental resonance frequency of FF mode is[82]:
f 

1
2L

c



(2.17)

where L is the length of laminates, c is the traveling wave velocity and  is the effective
density of the laminates.
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Similarly, the fundamental resonance frequency of FC mode is[82]:
f  0.1615

t
L2

c



(2.18)

where t is the thickness of laminates. The fundamental resonance frequency of CC mode
is[82]:
f  1.028

t
L2

c



(2.19)

Fig.2.13 Illustration of FF (two ends are free), FC (one end is free, the other end is
clamped) and Clamped-Clamped (two ends are clamped) modes[54].

Fig.2.14 is the frequency ME coefficient measurement of Metglas/PZT done with my
colleague Dr. Zhao Fang[54],showing an enhanced sensitivity at the resonance (78 kHz).
The ME Coefficient stays constantly at 2.9V/cm・Oe before resonance and goes to 42
V/cm・Oe at resonance.
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Fig.2.14 ME coefficient as a function of frequency for Metglas/PZT ME laminate sensor
(L=3 cm).

2.5 Mason's Equivalent Circuit of ME Composites
Due to their potential for high sensitivity room temperature magnetic sensors, a great
amount of studies on various laminated ME materials and structures to increase ME
coefficient and reduce noise level have been reported recent years. To better
understanding the effect of various composite structures, theoretical analysis of ME effect
for magnetostrictive/piezoelectric two-phase composites has been performed using an
equivalent circuit model. In this chapter, we consider the equivalence of piezoelectric
phase and piezomagnetic phase and apply the Mason's equivalent circuit to simulate the
magnetostrictive layer by reciprocity replacement of magnetic flux density B, magnetic
field H, magnetomotive Force F, magnetic permeability µ, induced voltage V, etc in the
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piezoelectric Mason circuit. A new Shear- Shear mode Mason's equivalent circuit model
is thus developed in this paper for analyzing the magnetostrictive/piezoelectric two-phase
composites.

2.5.1 Shear Mode Metglas/LiNbO3 Laminates and Constitutive Equations
Previous papers have reported equivalent circuits of longitudinal type ME composites of
a piezoelectric layer poled in the thickness direction sandwiched between two
magnetostrictive layers magnetized in the length (or thickness) direction which are
named L-T (longitudinal magnetization-transverse polarization) and T-T (transverse
magnetization-transverse polarization) modes ME laminates[83-85]. The longitudinal (or
transverse) magnetized magnetostrictive layer will generate elastic strain S(z) and stress
T(z) in the longitudinal (or transverse) direction and then coupled to the piezoelectric
layer via surface bonding: a longitudinal (d33 mode) strain/stress (or a transverse (d31
mode) strain/stress) is excited if the magnetic field H is parallel applied to the
longitudinal axis (or the thickness) of the laminate and the strain/stress could be
transferred to the piezoelectric layer if we assume the surface bonding is perfect and no
sliding, the surface the strain/stress could be treated as the boundary condition for the
piezoelectric layer. If the piezoelectric layer is polled in the thickness direction, a d31
mode vibration is excited and charge (or voltage) signal is generated at the surface which
is called charge mode (or voltage mode) piezoelectric model as Fig.2.15 shows.
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Fig.2.15 Schematic of L-T and T-T mode magnetostrictive /piezoelectric laminates.

The L-T/T-T mode magnetostrictive/piezoelectric structures are the basic ME
configuration and have been studied by various groups since 2000s[60-64][83-85].
Compared with the piezomagnetic/piezoeletric coefficients in these L-T/T-T modes, the
shear piezomagnetic/piezoelectric coefficients are much higher. Fig.2.16 is the S-S mode
resonator with magnetic field applied: the DC magnetic field is applied parallel to the
transverse axis of the magnetostrictive Metglas layer, and AC magnetic field applied
parallel to the longitudinal axis. Because the magnetization of the magnetostrictive layer
is along z-axis (parallel with DC magnetic field), and a small AC magnetic field is
applied along x-axis, a shear deformation is generated in the Metglas. When operated in a
S-S resonance mode, the corresponding shear wave is transmitted to the piezoelectric
layer (assuming perfect bonding at the interface). Since the LiNbO3 crystal is polled
parallel to the longitudinal axis, shear deformation is generated and the piezoelectric
phase works in the shear mode. The shear wave is confined to the center due to energy
trapping to increase efficiency and reduce damping of edge structure. Accordingly, the
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piezomagnetic constitutive equations are
(2.20)
where

is the shear elastic modulus at constant bias (

magnetic permeability at constant stress, and

),

is the transverse

is the shear piezomagnetic constant.

Also the piezoelectric constitutive equations are
(2.21)
where

is the shear elastic modulus at constant bias (

electric permittivity at constant stress, and

),

is the transverse

is the shear piezoelectric constant.

Fig.2.16 Cross sectional view of a shear mode piezoelectric crystal with shear mode
magnetostrictive coating layer when DC and AC magnetic field applied (not proportional
to actual dimensions).
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2.5.2 Mason's Equivalent Circuit of Piezoelectric Phase and Magnetostrictive Phase
by Reciprocity Replacement

Let's consider the piezoelectric model represented in Fig.2.17, the piezoelectric LiNbO3
layer is polled in the 3-direction, the charge generated is collected at top and bottom
surfaces in x direction, shear force F1 and F2 are applied along z direction (T5), the length,
width and thickness of the piezoelectric LiNbO3 layer is l, w, t; the velocity at x=0 and
x=l are

and

, here F1, v1 means force and velocity along positive 3 direction and F2,

v2 means force and velocity along negative 3 direction.

Fig.2.17 A shear mode LiNbO3 plate with shear force applied at top and bottom surfaces.

Since the electrodes are only applied at top and bottom surfaces, we have D1≠0, D2=D3=0
and the shear strain

≠0,

=

=

=

=

=0. Hence the piezoelectric equations

are:
(2.22)
(2.23)
where

is the stiffened shear elastic constant,

constant, defined as

,

is equal to

is known as the shear transmitting
and the boundary conditions at the
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acoustic ports are:
(2.24)
(2.25)
(2.26)
(2.27)
Making use of the boundary conditions at x=0 and x=t, and the piezoelectric equations
lead to the following relations between

and
(2.28)

Meanwhile we also have the relationship between
=-j

and

as

(2.29)

where

(2.30)

Based on the matrix formula, we have a three-port Mason’s equivalent circuit (shown in
Fig.2.18) to represent a linear model of the piezoelectric layer, which has two acoustical
ports and one electrical port. The acoustical variables are analogous to electrical variables:
stress corresponds to voltage, particle velocity corresponds to current, and mechanical
impedance Z1 and Z2 (ratio of stress to particle velocity) are analogous to electrical
impedance[86]. The transformer with a coupling factor φ is used to describe the
conversion between electrical and acoustical variables[87]:
(2.31)
(2.32)

38

(2.33)
(2.34)

Fig.2.18 Three-port Mason's equivalent circuit of shear mode LiNbO3.

The magnetostrictive layer is similar with the piezoelectric layer if we look at the
constitutive equations (2.17) and (2.18), a lot of magnetostrictive properties could be
simulated by the piezoelectric properties using reciprocity replacement. Table.2.4 is the
variable relations we used in our simulation between magnetostrictive and piezoelectric
properties.
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Piezomagnetic (Magnetostrictive under a DC bias)

Piezoelectric

Magnetic field B

Electric displacement field D

Magnetic flux density H

Electric field E

Magnetic permeability µ

Electric permittivity ε

Piezomagnetic constant

Piezoelectric constant

Magnetomotive force F=

Voltage V=

Induced voltage v=j

Induced current I=

Table.2.4 The equivalence between piezomagnetic (magnetic) and piezoelectric (electric)
parameters derived from the piezomagnetic and piezoelectric constitutive equations.

A similar Mason's equivalent circuit for magnetostrictive layer could be developed based
on the reciprocity replacement as Fig.2.19, which also have two acoustical ports and one
electrical port and similar acoustical variables:
(2.35)
(2.36)
(2.37)
(2.38)
(2.39)
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Fig.2.19 Three-port Mason’s equivalent circuit of shear mode Metglas under DC
magnetic bias (in piezomagnetic mode).

Since the top surface of LiNbO3 and bottom surface of magnetostrictive layer is free
(short condition), we can simplify the three port Mason's equivalent circuit into two port
Mason's equivalent circuit and continue to solve the circuit by T-to-π equivalent circuit
as Fig.2.20.
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Fig.2.20 Simplification of the magnetostrictive/piezoelectric Mason's equivalent circuit
model.

Fig.2.20 (d) is the final simplified equivalent circuit model with magnetic input at the left
side and electric output at the right side. We can employ circuit impedance analogy to
find magneto-electric coefficient of the shear mode ME laminate. The magnetomotive
force F is the integration of applied magnetic flux density H and analogous to
electromotive force V; the induced voltage v is the derivation of magnetic field B and
analogous to induced current I; the equivalent circuit also have mechanical impedance Z1
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Z2 and Z'1 Z'2, analogous to resistance R; coupling factors φp and φm as transformer with
coil turn ratio N and N’ as Fig.2.18 and Fig.2.19. In Fig.2.20(a) and (d), the V1 and i1 act
as a "magnetic voltage" and "magnetic current" which are related with the applied flux
density H and magnetic field B. The "magnetic voltage" and "magnetic current" could
excite the electric response via the piezomagnetic coupling factor φm and piezoelectric
coupling factor φp . φm could translate the magnetic input properties into mechanical
stress/strain (magneto-elastic effect) and then further translated to electrical charge and
voltage output via φp (piezoelectric effect). The coupling is based on a resistor network
represented by the mechanical impedance Z1 Z2 and Z'1Z'2. In turn, the applied magnetic
signal results in anelectrical voltage V across the piezoelectric layer, due to magnetomechanical-piezo coupling. A resistor network with transformers with a turn-ratio of φm
and φp can be used to represent the whole coupling effect in the laminated system.

2.5.3 A Shear Piezomagnetic/Shear Piezoelectric (S-S) Mode Resonance ME Sensor
Design

A S-S mode ME-laminated composite made of LiNbO3/Metglas bilayer as Fig.2.16 is
considered here and compared with tensile excitation modes. The length and width of
LiNbO3/Metglas layer is fixed and the thickness ratio of LiNbO3/Metglas varies, the
dimensions are defined in the circuit model and solved by differential equations with
MATLAB (The MathWorks, Natick, MA). Two sets of codes were written to perform
the simulation: (1) After the basic material characteristic parameters and boundary
conditions are configured, the shear force F1, F2 and “magnetic current” i1 are solved. The
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code is set to locate the maximum peak by frequency sweeping with a step of 10 Hz;
therefore, the resonance frequency can be found precisely by +/-10 Hz. (2) After the
maximum peak frequency was located, the simulation process will re-enter the first step
to calculate precise ME coefficient values with the code to solve equation (2.17) and
equation (2.18), and then repeat every 10 Hz until reaches the optimized ME coefficient.
Table.2.4 summarizes the parameters of magnetostrictive and piezoelectric phases used in
our simulation. There are several simulations performed to verify and study the
performance of the S-S mode laminates: Firstly, simulation of different LiNbO3 (Or
Metglas) thickness is performed to study the change of resonance frequency and q factor;
then the ME voltage coefficient of different thickness (different resonant frequency) is
studied and the optimized Metglas thickness is obtained; finally, the signal to noise ratio
(SNR) simulation is performed and we find that the SNR will be improved with a lower
resonance frequency. To verify the results, simple structural model analysis based on
traveling mode method is performed which agrees with our calculation.
ρ(kg/m3)
LiNbO3 4650
Metglas 7180

εr

μr

44.3
45000

Se/Sm(m2/N)

de(10-12C/N)

17.1×10-12−1.71×10-15i

69.2

16.6×10-12−1.66×10-14i

dm(10-9 m/A)

Q
104

80

103

Table2.4 Parameters of magnetostrictive and piezoelectric phases used in our equivalent circuit
analyses[88][89].

We analyze the laminate composite at a λ/2-resonator, operating in a "double" shear
mode (both magnetoelastic and piezoelectric layers operates in the shear mode), with the
angular resonance frequency being ω

2πf. Under resonant conditions, the mechanical

impedance Z in the equivalent circuit reaches its minimum value and thus the ME output
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will have a peak at the resonance. Fig. 2.21 (a) is the simulated resonance frequency
peaks of 44.33 μm and 88.66 μm LiNbO3 (10 MHz and 20 MHz resonance frequency)
and Metglas thickness of 0.4433 um and 0.8866 um (1% of LiNbO3 layer), the calculated
acoustic speed is 3540.6 m/s, results in a resonance frequency of 9.989 MHz and 19.978
MHz which agree with the simulation results. The ME coefficient increases when a 10
MHz sample is presented compared with a 20 MHz sample.

Fig.2.21 (a) Equivalent circuit analyzed resonance frequency peak of 20MHz and 10MHz
Metglas/LiNbO3 laminates (Metglas thickness percentage: 1% ); (b) LiNbO3 thickness is
fixed at 88.66 μm (20 MHz resonance frequency), the thickness of Metglas layer is
changed from 0.95% of LiNbO3 thickness (0.8423μm) to 1.05% LiNbO3 thickness
(0.9309μm); (c) Metglas layer is changed from 1% (0.8866μm) to 10% (8.866μm); (d)
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Equivalent circuit analyzed results of the Q-factor of the composite resonator.

The resonance frequency of the shear mode ME sensor system is a combination of both
LiNbO3 and Metglas; the thickness change of Metglas layer will not only change the ME
voltage coefficient but also shift the resonance frequency. Here, another simulation of a
varied Metglas thickness is performed and the effect of Metglas thickness is
demonstrated as Fig.2.21 (b) and (c): The shear strain induced by the thin Metglas layer
is rigidly coupled to the LiNbO3 layer and thicker Metglas layer presents a higher ME
coefficient while shift the resonance frequency peak to a lower range. In Fig.2.21(b) and
(c), the LiNbO3 thickness is fixed at 88.66 μm (20 MHz resonance frequency), and the
thickness of Metglas layer is changed from 0.95% (0.8423 um) to 1.05% (0.9309 um) of
LiNbO3 thickness (Fig.2.21 (b)) and 1% (0.8866um) to 10% (8.866um) of of LiNbO3
thickness (Fig.2.21 (c)); The laminated components is very sensitive with Metglas
thickness, any small percentage change will affect the ME coefficient, both amplitude
and resonance frequency as Fig.2.21 (b). This is due to the factor that the whole sensing
system is driven by the magnetoelastic layer, and surface integrated magnetic flux is
proportional to the cross sectional area thus thicker Metglas layer will provide a larger
driving force; Also, small change of Metglas layer will affect the equivalent acoustic
speed thus shift the resonance frequency. This effect will be more significant if we
change the Metglas thickness even more as Fig.2.21 (c), a Metglas thickness change from
1% to 10 % of LiNbO3 will generate a resonance frequency shift around 0.22 MHz
according to Fig.2.21 (c).
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Thicker Metglas layer will have higher ME coefficient however some other
disadvantages (e.g., a lower q factor of the components). For Metglas/LiNbO3 system, the
q factor is the effective mechanical quality factor of the laminate composite includes
contributions from the magnetostrictive and piezoelectric layers. In our simulation, the
imaginary parts of material elastic compliances are included and we can easily find the q
factor by study the 3dB point of the output signal: the simulated q factor will reduce from
10000 to 2000 when the percentage of Metglas thickness changes as Fig.2.21 (d). Based
on the material data sheet[88][89], the q factor of LiNbO3 is around 10000 and Metglas is
around 1000, the energy transfer/mechanical vibration is based on the mechanical loss
properties of the laminated components. Thicker "low q factor" layer will damp the
resonance even more and thus the q factor will become lower with a thicker Metglas
layer.

The ME coefficient is a measured value of voltage induced by applied field H. There
are two methods to express the ME coefficient. These are induced voltage per unit
magnetic field (ME voltage coefficient), or induced electric field per unit magnetic field
(ME field coefficient) [90]. In our simulation results of Fig.2.16, the thickness of LiNbO3
is fixed, thus the ME voltage coefficient could be simply transferred to ME field
coefficient by multiplying the thickness t; both field and voltage coefficient is simulated
and an optimized Metglas thickness ratio is demonstrated. A number of previous
literatures have studied the magneto-electric laminates which shows the ME coefficient
of sensor system is strongly related with material parameters such as piezoelectric
constant dp, elastic compliance coefficients of piezoelectric, piezomagnetic layers (smH,
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spE), thickness ratio of piezoelectric/piezomagnetic layers tp/tm, and magnetostrictive
coefficient ΔSm/ΔHa, which is related with piezomagnetic coefficient dm [59][66][91-93].
The ME voltage coefficient Vout/ΔHa could be improved if materials with better
piezoelectric constant dp and piezomagnetic coefficient dm are implemented (shear mode
LiNbO3 and shear mode Metglas 2605), and we can tune the thickness ratio of
piezoelectric and piezomagnetic layers tp/tm to improve it even more. Based on the
derivation in previous section, the equivalent Mason's equivalent circuit for the ME
coefficient simulation is demonstrated. Fig.2.22(a) and Fig.2.22(b) are simulated ME
field coefficient and ME voltage coefficient with different Metglas thickness percentage,
and a giant ME field coefficient of 175 kV/cm・Oe is observed which is 8.75 times
higher than the state of the art (20 kV/cm・Oe for a resonance AlN/Metglas bending
cantilever structure in vacuum condition) [80][94]. The maximum ME coefficient is
found around Metglas thickness percentage of 11% for both field and voltage coefficient:
Thicker Metglas layer could provide more driving force thus generating higher electric
output, however lower the synthetic q factor. This is why an optimized Metglas thickness
percentage was found at 11%.
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Fig.2.22 Equivalent circuit analyzed ME (a) Field coefficient and (b) Voltage Coefficient
for LiNbO3 thickness of 1772 μm (1MHz), 354.4 μm (5MHz), 177.2 μm (10MHz)
and88.6 μm (20MHz) LiNbO3/Metglas laminates (Metglas thickness percentage changes
from 1% to 20% of LiNbO3).

SNR is another prominent limiting parameter of the detection level of ME sensor system.
Usually there are 3 major noise sources: (1) dielectric loss of piezoelectric layer, (2) RF
OP Amp noise, (3) feedback circuit noise. Fig.2.23 illustrates the major noise sources in
the sensor system. Rp represents the dielectric loss of the piezoelectric layer (Rp =
1/ωCptanδ) which is one of the primary noise sources at low frequency , Cp is the
capacitance of LiNbO3, Rf and Cf are feedback resistance and capacitance, in and en are
the input referred current noise and input referred voltage noise of the OP Amp,
respectively. The output spectral noise voltage density from the charge sensitivity readout
is:
(2.40)
At higher frequency (>100 kHz or MHz), the noise is dominated by the OP Amp noise en
and in [66], and for our S-S mode Metglas/LiNbO3 laminates system:
(2.41)
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Fig.2.23 Major noise sources of the S-S mode Metglas/LiNbO3 resonance sensor.

ME voltage coefficient divided by the noise

could be used to calculate SNR and

Fig.2.24 is simulated SNR for 1 MHz, 2.5 MHz, 5 MHz, 10 MHz, and 20 MHz when the
thickness percentage of Metglas changes from 0-20%: lower resonance frequency
structure has a better SNR since the ME voltage coefficient becomes larger when we
increase LiNbO3's thickness as Fig.2.22. Usually in and en are smaller than 10 fA/√Hz, 10
nV/√Hz for high frequency operation of ME sensor system; Lower resonance frequency
structure has a better performance however usually the working frequency should not be
lower than 1MHz since: (1) Lower working frequency means longer sampling time,
usually the high q factor material has a short relaxation time, thus the high q resonator
will not be stable enough to hold the frequency; (2) The dominate noise source at low
frequency range is dielectric loss rather than OP Amp noise, the dielectric loss noise
increased dramatically for low frequency operation; (3) Larger thickness is required for
low frequency operation, however thicker material will have more structural defects due
to film fabrication process (grains, columns, cracks, and orientation defects) and the
defects will generate physical dispersion and hence acoustic losses [95], also the

50

inhomogeneous thickness of the device surface during fabrication will affect q factor.
Based on these reasons, an optimized design of 1 MHz Metglas/LiNbO3 sample with
Metglas thickness ratio at 11% is suggested, since the S-S mode and resonance operation
provided an enhanced ME output, the SNR could reach as high as 4.4×1011√Hz/Oe which
is the highest value ever reported.

Fig.2.24 Equivalent circuit analyzedSNR for LiNbO3 thickness of 1772 μm (1 MHz),
354.4 μm (5 MHz), 177.2 μm (10 MHz) and 88.6 μm (20 MHz) LiNbO3/Metglas
laminates (Metglas thickness percentage changes from 1% to 20% of LiNbO3).
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Chapter 3 Noise Sources of Magnetic Sensors and Strategies to Improve the Sensor
System SNR

It is obvious that trying to minimize intrinsic and extrinsic noises is critical to achieving
low noise level and high sensitivity. In the case of ME sensors, the dominate noise
sources come from: dielectric loss noise, introduced via piezoelectric layer; vibration or
acoustic noise, introduced via the piezoelectric and magneto elastic coupling and charge
amplifier circuit noise, introduced via signal processing unit. Accordingly, quality (tan δ)
and capacitance (Cp) of piezoelectric layer, small temperature fluctuations and flicker
noise comes from charger amplifier will act as noise sources in the ME sensor system
[66][96]. Different frequency range has different dominate noise source. For low
frequency operation (<1kHz), dielectric loss noise which has a (1/f) shape is the dominate
factor for piezoelectric material based sensors. When the frequency goes to RF range
(MHz), the dominate factor will be amplifier circuitry noise which is white noise and
distributed equally over the frequency spectrum. Vibration and environmental noise
usually happens at low frequency and could be reduced when operated at higher
frequency, especially at MHz or even higher. The principles of ME sensor noise analysis
will be proposed in this chapter; several approaches will be adopted to increase
sensitivity and SNR. A novel ME laminates structure—symmetric bimorph configuration
operating in bending mode— will be proposed to reject thermal and environment
vibration noise. And a novel differential input charge amplifier circuit with low noise
level will be demonstrated to even lower circuit flicker noise.
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3.1 Dielectric Loss Noise
The electrical model of piezoelectric layer within ME sensor is usually described by
parallel capacitance CP and resistance RP as Fig.3.1. Besides the geometry size, Cp
depends on the dielectric constant and Rp depends on the dielectric loss angle.

Fig.3.1 Electric model of piezoelectric layer and dielectric loss angle.

I
V
1

 jC p
Rp

Y

tan  


(3.1)

1
Rp
jC p

1
 RpC p

(3.2)

where Y is the conductance and tan  is the dielectric loss angle. The imaginary part
determines the noise generated by the piezoelectric layer. Similar with the other resistors,
the thermal noise
in , =

4kT
Rp

(3.3)

in ,

has the expression as:

53

Substituting the formula of tan  ,
in, = 4kT C p tan 

(3.4)

Where k is Boltzmann’s constant (1.38 × 10–23 J/K), T is temperature in Kelvin, tan δ is
the dielectric loss of piezoelectric layer in ME sensor. Noise dominated by dielectric loss
is:

Vn, =

in,

(3.5)

C f

where

Cf

is the feedback capacitance.

Table.3.1 summarizes the equivalent magnetic noise level at low frequency caused by
dielectric loss for some common used ME sensors.

Equivalent

Terfenol-D/PZT

TbFe2/PZT

Metglas/PZT

Metglas/PMN-PT

Metglas/ PVDF

0.4 nT/√Hz [69]

0.7 nT/√Hz[70]

70 pT/√Hz[76]

6.2 pT/√Hz[97]

50pT/√Hz[54]

magnetic noise

Table.3.1 Equivalent magnetic noise at low frequency for some common used ME
sensors.

The piezoelectric layer of ME sensor is modeled as a charge source with a shunt capacitor
and resistor, or as a voltage source with a series capacitor and resistor. These models are
presented in Fig.3.2 along with a typical schematic symbol. The charge produced depends
on the piezoelectric constant of the piezoelectric layer. Rp accounts for the dissipation of
static charge generated, usually the resistance is very large for a piezoelectric layer. Cp is
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the capacitance of the piezoelectric layer. For plate structures, Cp is determined by the
area, the width, and the dielectric constant of the material.

Fig.3.2 Charge and Voltage modes of piezoelectric layer in ME sensor.

Thermal fluctuation coupled into noise via pyroelectric effect and mechanical vibrations
coupled via piezoelectric effect pose significant obstacles to external noise rejection. The
spontaneous polarization of the piezoelectric phase is temperature dependent, resulting in
a dielectric displacement current in response to temperature fluctuation; Piezoelectricity
will be introduced by sensor vibration, and so the spontaneous polarization is coupled to
pressure and stress changes. Accordingly, small temperature fluctuations or environment
air flow and vibrations will act as noise sources in the piezoelectric layer.

3.2 Mechanical Vibration Noise and Double Layer L-T Push-Pull Structure
Let us assume a rectangular shape laminated sensor as shown in Fig.3.1. Stray vibrations
will excite various vibration modes, the fundamental bending mode which has a low
resonance frequency could be excited very easily, and thus will couple best to the low
frequency environmental vibration noise. Please note that there is a neutral plane, which
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ideally has no shear force, the area below this neutral plane is in compression while that
above it is in tension, or vice versa [98]. If we measure the charge induced at top and
bottom surfaces, we would find that they are of opposite signs but nearly of the same
magnitude as Fig.3.3. And this bending noise could be cancelled by differential output
structure as Fig.3.4. However for ME sensor system with two ends free boundary
conditions, the laminated sensor works at compression/tension mode which only has
longitudinal/transverse deformations. In this case, the charge generated at top and bottom
surfaces have the same signs and will not be cancelled by the differential structure. Based
on above analysis, two ends free/differential output structure is employed as the sensing
part of the sensor system.

Fig.3.3 A force free rectangular plate and shape deformation under vibrated bending
mode temperature fluctuation noise.

Fig.3.4 Proposed noise cancelling design: Double layer L-T push-pull structure.
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3.3 Electric Circuitry Noise and Low Noise Charge Mode Differential Amplifier
Design
As we have already discussed in Chapter 3.1, there are two circuitry modes for
piezoelectric sensor design: Charge mode design and Voltage mode design [66][70].
Charge mode is used for our amplifier circuitry since the circuit is remote to the sensor
and this model is shown in Fig.3.5 along with a typical schematic symbol. For the circuit
model, the piezoelectric layer is a charge source with a shunt capacitor and resistor, the
resistor Rp accounts for the dissipation of static charge, and typically has a very large
resistance for a piezoelectric material. The OP Amp maintains 0 V across the
piezoelectric layer, in this case the generated charge is balanced by the OP Amp and
transferred to the feedback capacitor Cf with a 180 degrees phase shift. Ri provides ESD
protection and Rf is a shut resistor across the input and output of OP Amp which prevents
the amplifier from going into saturation. Voltage across the piezoelectric layer is related
with charge generated and the capacitance of the piezoelectric material. The charge
produced depends on the piezoelectric constant the device, and the capacitance is
determined by the area, the width, and the dielectric constant of the material [66][92].
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Fig.3.5 Charge mode amplifier circuit design[66].

A custom-made differential input charge amplifier is fabricated based on the charge mode
design as Fig.3.6. LMP7721from Texas Instruments is chosen because of its low circuit
noise and low drift current. The noise of our LMP7721 based charge amplifier is
compared with a commercial charge amplifier as shown in Fig.3.7.

Fig.3.6 Schematic design of the differential input charge measurement system.
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Fig.3.7 Noise density of LMP7721 based charge amplifier and a commercial charge
amplifier.

3.4 ME Sensor Based 1st Order Gradiometer
Gradiometer is one kind of precise instruments which measures the gradient (numerical
rate of change) of a physical quantity, such as a magnetic field [99]. Over the past
decades, gradiometers have shown that they can offer high sensitive detection of weakly
magnetic anomalies, and obvious improvements in spatial resolution over the total field
measurement. A gradiometer is ideal for tiny magnetic field change measurement with
common mode background signal, and is therefore very useful in geotechnical,
environmental and biomedical mapping[100].
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There are two types of gradiometers for tiny magnetic fields measurement; axial
gradiometer and planar gradiometer. Usually planar gradiometer is used in SQUID
system to measure the flux difference between two loops of magnetometers placed next
to each other. This structure is widely used for SQUID based devices, however no one
has tried this method for ME sensor yet. Fig.3.8 is the basic principles of gradiometer
structure: The magnetic field strength will be different at two detection coils or sensors
serial or parallel with each other; this difference is the gradient of the applied magnetic
field. With differential input configuration, the gradient could be detected by gradiometer
structure.

Fig.3.8 Structure of magnetometer, axial gradiometer and planar gradiometer.

Present in Fig.3.9 is a first order gradiometer which is used in the proposed room
temperature magnetic susceptometer design to eliminate common mode environment
noises. Each magnetic sensor consists of a magnetostrictive layer (Terfenol-D alloy is
chosen which has DC bias operation field in 400Oe to 500 Oe range) sandwiched
between two piezoelectric PZT ceramic layers. In this piezoelectric arrangement,
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vibration noises which cause bending of the magnetic sensor will not generate electric
signal output due to the signal cancellation caused by strain/stress of opposite signs.

Fig.3.9 A first order gradiometer used to cancel common mode noises.

In the first order gradiometer scheme, the antiparallel electric connection will cancel
environmental magnetic noise and temperature fluctuations which are same at the two
sensor locations. Fig.3.10 is picture of helmholtz coil calibration set up of TerfenolD/PZT ME sensor based gradiometer structure. A N54 Neodymium Magnet within a
customer made plastic holder is used as DC bias, and two Terfenol-D/PZT laminate
sensors are fixed at front and back surfaces to form a gradiometer structure. The
Helmholtz coil is driven by a DS360 function generator. The output from the gradiometer
sensors will be collected by a customer made differential charge amplifier and then
transferred to a SR560 voltage amplifier. The output amplitude and phase information of
the gradiometer structure and individual sensor is recorded by SR830 lock in amplifier or
an Agilent 35670A FFT Signal Analyzer as Fig.3.11. Fig.3.12 is a schematic and block
diagram of the calibration set up.
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Fig.3.10 Helmholtz coil calibration set up of Terfenol-D/PZT ME sensor based
gradiometer structure.

62

Fig.3.11 Photo of the measurement setup that is used to characterize the ME sensor based
gradiometer.

Fig.3.12 Block diagram of the experimental setup for the ME sensor based gradiometer.
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Fig.3.13 is the output from the two ME laminate sensors which shows a difference less
than 5%, and this difference will be further reduced by adjusting the feedback
capacitance of customer made charge amplifier, Fig.3.14 is the output from two charge
amplifiers of the gradiometer structure which is exposed in a uniform magnetic field,
from which we can find that the output from sensor 1 and sensor 2 is nearly the same, and
the differential output is around zero.

Fig.3.13 Output curve of two ME laminate sensors (dimension: 12mm×8mm×2.9mm,
AC calibration field: 0.513Oe@ 100Hz).
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Fig.3.14 Output from sensor 1, sensor 2 and the differential output from the gradiometer.

Fig.3.15 is the simulation result of magnetic field strength change, feedback magnetic
signal from liver phantom fall off rapidly with distance from the surface (distance=0),
and thus has a gradient along the baseline of the gradiometer structure (The distance of
the two ME sensor is 3.74cm). This gradient could be detected while the background
environmental and temperature noise is eliminated by the common mode rejection ability
of gradiometer structure. Fig.3.16 is the output from Sensor 1, 2 and the differential
output when there is a gradient of 0.0135Oe. The input field difference at two locations
will generate a differential output around 5 mV. Fig.3.17 is the noise spectrum of sensor
#1, #2 and gradiometer structure; both the gradiometer and the sensors have a noise level
around 10-5 V/rt Hz at 10Hz.
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Fig.3.15 Distance dependence of the flux signal from a model liver as a standard ellipsoid
seen by ME sensor.

Fig.3.16 Individual output from Sensor 1, 2 and differential output when there is a
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gradient of 0.0135Oe.

Fig.3.17 Noise spectrum of sensor #1, #2, gradiometer structure and background noise of
amplifier.
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Chapter 4 ME Sensor Based BLS System

4.1 Background of Liver Susceptometry
Iron level is a trace mineral that play vital role in human health, patients suffering from
certain pathologies that can produce iron overload, such as Cooley’s anemia and
hemochromatosis, have the demands to monitor and control the level of iron stored in
their organs to avoid the toxicity of high iron level [101-103]. According to the Centers
for Disease Control and Prevention (CDC), even hereditary hemochromatosis alone
affects as many as 1 in every 200 people in the United States[104], in this case, it is
critical to develop means for the iron overload early detection, and noninvasive method
for quantitative assessment of LIC is meaningful. biomagnetic liver susceptometry (BLS)
with SQUID (superconducting quantum interference device) which could measure liver
iron levels from normal (< 0.50 mg Fe/gliver) to overloads up to 8 mg Fe/gliver is studied
these days [105-108], however, SQUIDs based BLS need expensive (~ $ 1 million) and
cumbersome cryogenics (~ 4 Kelvin) to operate which severely limit the widespread use
for BLS.

When a material is placed within a magnetic field, it can react quite differently to the
presence of an external magnetic field. Based on the relationship of feedback magnetic
field and external magnetic field, most materials can be classified as diamagnetic,
paramagnetic or ferromagnetic[109]. Normal tissues, in which molecules do not contain
net magnetic dipoles, is diamagnetic and has a magnetic susceptibility (χ) close to that of
water while liver is paramagnetic (χ is around zero and could be modified by different
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iron concentration.) Based on the differences of paramagnetic and diamagnetic properties,
Biomagnetic Liver Susceptometer (BLS) is designed to measure bio-magnetic fields from
paramagnetic particles in the body such as hepatic iron stores in the liver[110][111].
Measurements are performed by determining magnetic field fluctuation at the detector as
the subject is moved towards and away from the detector. During these measurements, a
magnetic field should be applied by a self contained superconducting or permanent
magnet (Usually the field strength is higher than 0.1Tesla), and an ultra sensitive detector
or sensor which have a sensitivity around or below nano-Tesla should be used as sensing
part. A following electric circuit analysis and signal processing system should be used for
analog/digital signal converting and signal conditioning, and a computer interface should
be provided to do system calibration, graphic interaction and data storage.

A tissue with given magnetic susceptibility induces subtle magnetic perturbation
(response) to an external magnetic field (bias field). This response may be exploited for
diagnostic purposes because both the magnitude and direction of the induced magnetic
field vary greatly in different materials. Normal tissues, in which molecules do not
contain net magnetic dipoles, is diamagnetic and has a magnetic susceptibility (χ) close to
that of water(-9.032×10-6 S.I.) [112]. In contrast, iron atoms possess net magnetic
moment which will align with the applied field as Fig.4.1, and generate a paramagnetic
response. When iron atoms are present, χ is modified and the variation of the
magnetization is proportional to the amount of iron present. Therefore, liver iron load
alters the return signal from liver, and the signal strength is modulated when the subject is
moved towards and away from the detector.
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Fig.4.1 Schematic illustration of the paramagnetic response of irons in tissue after
application of a magnetic field.

Presently, a SQUID susceptometer is used in order to meet the required sensitivity of
detecting the weak magnetic response from the iron in ferritin and hemosiderin induced
by a strong bias magnetic field. There is no other commercial magnetic sensor possesses
large enough dynamic range, i.e., measuring weak biomagnetic responses in the presence
of a strong magnetic field of 104 times larger. However, the high cost (~ $ 1 million per
instrument) and complexity of the SQUID magnetometer limit its clinical adoption of the
method.

The weak biomagnetic responses from liver requires a very high sensitivity sensor (Nano
to sub-nano Tesla(10-9 to 10-11 Tesla) with broad dynamic range, SQUID susceptometer
could offer a sensitivity of Pico Tesla (10-12 Tesla) or even lower[113][114], however very
expensive and bulky. Based on the experimental results, our ME sensor based LIC system
could also be employed because of the high sensitivity (10-9 to 10-11 Tesla) and broad
dynamic range (TbFe2 has a saturation point of 0.22 Tesla and saturation point of
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Terfenol-D is 0.062Tesla.).

4.2 BLS with Low Transition-temperature Superconductor (LTS) SQUID and High
Transition-temperature Superconductor (HTS) SQUID
Studies of LIC in the past several decades have proven that BLS is effective in quantify
LIC at levels from normal (0.05 mg Fe/gliver) to overloads up to 100× (5 mg Fe/gliver).
The first human measurements were reported in 1980 with liquid-helium-cooled low-T
superconductivity (LTS) for magnetic sensors as Fig. 4.2[13]. As we have discussed in
Chapter 4.1, the susceptibility change could be measured with very sensitive magnetic
sensors. LTS was been used several years and proved to be very efficient to measure the
susceptibility of the liver with different iron concentration[115-119]. However the cost (~
$ 1 million) and cumbersome cryogenics (~ 4 Kelvin or - 269.15 Celsius) to operate has
restricted clinical adoption of LTS based LIC.

Fig.4.2 An in vivo magnetic susceptometer for liver-iron measurement based on low-Tc
superconductivity[13].
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Magnetic susceptometry was subsequently developed since 2000s[120-123], later a new
instrument designed with high-transition-temperature (HTS) SQUID to measure the
magnetic susceptibility of human liver tissue is reported in 2007 as Fig. 4.3[122]. The
HTS SQUID raised the possibility of substantially reducing the cost of in vivo LIC
susceptometry. How liquid nitrogen cryogenic is still needed, the system is bulky and
special software is also needed for signal processing[120][122]. Compared with LTS and
HTS techniques, ME sensor based BLS system have several inherent advantages, such as
high sensitivity, compact size, simple structure, and as room temperature sensors that can
be operated without cumbersome cryogenics. The recent advancement can lead to
portable, cost affordable systems for biomagnetic quantitative assessment.

Fig.4.3 High-Tc superconductivity based susceptometer for liver-iron measurement[122].
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4.3 Magnetoelectric (ME) Liver Susceptometry with Liver Phantom
Fig.4.4 presents schematically the prototype ME sensor based room temperature
magnetic susceptometer system, consisting of a first order gradiometer with
PZT/Terfenol-D composite sensors, a moving stage with dewar tail and signal processing
circuit. Two ME sensors with the same dimension (12mm×8mm×2.9mm) are placed
along the baseline of the scanning probe to form a first order gradiometer which is
designed to eliminate common mode environment noises such as the background
magnetic noises and temperature fluctuations. Each magnetic sensor consists of a
magnetostrictive layer (Terfenol-D which has the DC bias operation field of 430Oe,
provided by the permanent magnet) sandwiched between two piezoelectric PZT ceramic
layers. In this piezoelectric arrangement, vibration noises which cause bending of the
magnetic sensor will not generate electric signal output due to the signal cancellation
caused by strain/stress of opposite signs from the two piezoelectric layers[98][124].

Fig.4.4 Schematic of ME sensor based room temperature magnetic susceptometer BLS
system with signal processing and readout circuit.
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Gradiometer is a sensor configuration that measures the gradient of a physical quantity,
such as a magnetic field which is discussed in Chapter 3.4. Fig.4.5 (a) is a schematic of a
first order ME sensor based gradiometer for liver iron detection. As shown in Fig.4.5 (b),
the biomagnetic signal generated from the irons in liver will decay with the separation
between the liver and sensors, where the distance=0 is at the point when the liver surface
and sensor surface touch each other. The liver iron concentration of 0.05mg/g-liver is
used in the calculation and the model liver has an elliptical shape with the three main
axes of a=6cm, b=7cm, and c=3.5cm[122]. As can be seen, the magnetic field strength is
different at two sensor locations to form a magnetic field gradient. (The distance of the
two ME sensor is 3.74cm). This gradient is detected by the first order gradiometer while
the background environmental and temperature noises, which are the same at the two
sensors, is eliminated due to the common mode rejection ability of the gradiometer
configuration, designed by the anti parallel electric connection of the two piezoelectric
layers [84]. Fig.4.5 (c) is the images of the sensor set up of the first order gradiometer: A
N54 Neodymium Magnet (2.54mm × 2.54mm × 5.08mm) in a custom made plastic
holder providing required DC magnetic field, two Terfenol-D/PZT laminate sensors
which are fixed at the front and back surfaces to form a gradiometer structure and a
custom made charge amplifier is integrated in the system.
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Fig.4.5 (a) Schematic of the first order gradiometer configuration with real time phantom
response signal measurement (The phantom response signal decays with distance thus a
magnetic signal gradient is generated along the baseline of the gradiometer structure); (b)
Simulated field decay of the phantom magnetic signal with the distance between the
phantom and sensor, in the simulation the liver iron concentration of 0.05mg/g-liver, and
an elliptic shaped liver of 6cm×7cm×3.5cm were used; (c) Images of the gradiometer
with permanent magnet, charge amplifier, ME sensor and electric shielding box.

To characterize the biomagnetic susceptometry performance, liver phantoms with
different iron concentrations were fabricated for the ME senor based biomagnetic
susceptometry system. Tissue-mimicking materials were adopted to customize the design
and fabrication of the liver phantoms. The normal liver iron concentration (0.050 mg/g
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liver) was calculated first and the recipes of 1× (normal liver iron concentration), 10×,
20×, 50×, 75×, 100×of iron overdoses are then calculated. FeCl2 (Iron II chloride)
(Sigma 372870) was used for liver iron; MnCl2 (Sigma M8054) was used as the other
components and the solution was mixed with Agar (Sigma A7921) and heated until
boiling.

A custom made PIC microcontroller based circuit was adopted to move the phantom
stage with a stepper motor at 0.23Hz to generate an AC magnetic signal under a strong
DC bias which is provided by the N54 neodymium magnet as shown Fig.4.6 (a) and
Fig.4.6 (b). A four phase unipolar step motor (Jameco237761) was adopted for the
moving stage design. A stepper motor is a brushless DC electric motor that divides a full
rotation into a number of equal steps[125]. The motor's position can then be commanded
to move and hold at one of these steps with a micro controller. Fig.4.7 (a) is the schematic
of micro controller based control circuit[126] and Fig.4.7 (b) is the driving pulses
generated for the step motor; a self made driving circuit with 110V 50Hz- 12V DC power
converter is applied and a PIC18F4550 micro controller based control board is used to
generate the driving pulses.
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Fig.4.6 (a) Schematic of the four phase step motor Jameco 237761[125]; (b) Driving
pulses generated with a PIC18F 4550 based control board for Jameco 237761 with selfwritten code.

The output voltage spectrum from the first order gradiometer from the moving liver
phantom was measured by an Agilent 35670A dynamic signal analyzer. Presented in
Fig.4.8 is the voltage spectrum for different iron concentrations from normal iron dose
(0.05mg/g-liver)to 100 × iron overload (5mg/g-liver), related signal peaks could be
found at 0.23438Hz (scanning frequency) and heavier iron concentration will have a
higher output peak level.

Next, the moving conditions were changed and another two measurements were carried
out as Fig.4.9 and Fig.4.10. Firstly the moving distance was changed, since the rotation
speed of step motor is fixed, the moving frequency could be adjusted and the voltage
spectrum of phantom measurement at different moving frequencies is shown in Fig.4.9
(frequency 1=0.233Hz; frequency 2=0.297Hz, frequency 3=0.442Hz). The peaks of the
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spectrum also shifted with the frequency change, and the first output peak happened at
the same frequency as the moving frequency. Also moving at a higher frequency which
means a shorter distance change has a stronger output signal since the generated AC
signal is stronger. After frequency change measurement, the distance between sensor and
phantom were also adjusted from 0mm (surfaces of sensor and phantom nearly contacted
with each other) to 10mm and 20mm. Fig.4.10 is voltage spectrum of phantom
measurement for different distances between sensor and phantom. The output becomes
weaker while the distance increases since the AC phantom signal decays with distance.

Fig.4.7 (a) Schematic of micro controller based control circuit[125]; (b) PIC18F4550
micro controller based control board for phantom stage driving.

The output spectrum from the sensor for different iron concentrations from 0.05mg/gliver to 5mg/g-liver (100× iron over load) is then integrated on the peak around the
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phantom moving frequency of 0.23 Hz, above the background level. As shown in Fig.4.8
and Fig.4.11, a good linearity is observed, and the sensitivity could be compared with
previous reported SQUID based system. The results demonstrate the promise of the ME
based magnetic sensor systems which are portable, cost affordable systems for
biomagnetic quantitative assessment. The prototype biomagnetic susceptometry system is
the first liver biomagnetic measurement setup with ME sensor and the liver phantom
measurement results have shown that this design could be used for iron concentration
diagnoses.

Fig.4.8 Voltage spectrum of phantom measurement for different iron concentrations from
common (0.05mg/g-liver)to 100× iron overload (5mg/g-liver).
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Fig.4.9 Voltage spectrum of phantom measurement for different moving frequencies
(frequency 1=0.233Hz; frequency 2=0.297Hz, frequency 3=0.442Hz).

Fig.4.10 Voltage spectrum of phantom measurement for different distances between
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sensor and phantom.

Fig.4.11 Integrated signals of output spectrum for different iron concentrations from
0.05mg/g-liver to 5mg/g-liver (100×overdose). The inset shows the signal spectrum
from the phantom of 10×iron concentration (0.5mg/g-liver).
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Chapter5 Theories and FEA Model of Piezoelectric Composite Transducers

Piezoelectric transducers which convert between electrical energy and acoustic energy, is
widely used for acoustic logging in the past century. Compared with the traditional
piezoelectric acoustic transducer design, a composite Lead zirconate titanate
(PZT)/Polyether ether ketone (PEEK) polymer acoustic transducer system is presented
and discussed in this chapter, followed by device optimization based on FEA analysis
with COMSOL Multiphysics®. There are several advantages of the composite logging
device, such as higher voltage output, better mechanical properties under harsh
environment (temperature of 250 °C, pressure of 20,000psi or even higher), improved
sensitivity, etc.

5.1 Background of LWD with Transducers
Well logging, also known as borehole logging is the process of recording various physical,
chemical, electrical, or other properties of the rock/fluid mixtures penetrated by drilling a
borehole for petroleum industry. Electric well logging is the first well logging technique,
pioneered by Conrad Schlumberger in 1911[127][128].After that, Schlumberger's
company introduced the first electrical resistivity log to record resistivity changes
through rock formations in 1927[129]. For the past century, geoscientists and petroleum
engineers have been logging drilling activities with various well logging techniques,
including resistivity, Nuclear Magnetic Resonance (NMR), Gamma Ray (GR),etc[130134]. Most recently, scientists and engineers have developed logging while dilling (LWD),
a novel well logging technique that incorporates logging tools into the drill string and
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transmit real-time formation measurements to the surface.

Similar to wireline devices, LWD consists of a transmitter with at least two receivers
mounted several feet away. Additional receivers and transmitters enhance the
measurement quality and reliability[135-137]. Acoustic waves are generated by the
transmitter and propagated within the rock and liquid around the drilling tools.
Measurement data derived from the propagation of acoustic waves through porous media
provide helpful information about geophysical properties and working conditions of the
drilling tools.

LWD has revolutionized the well logging concept. Scientists and engineers are able to
use LWD information immediately to define well placemen, predict drilling hazards and
monitor the drilling speed and bit. Known as "intelligent drilling". Compared with other
logging techniques, LWD has several advantages such as: improved pore pressure
estimates, real-time adjustment of drilling conditions, better boreholes and more efficient
drilling. Real-time logging information provided by LWD is enabling stronger, more
successful drilling techniques both onshore and off.

5.2 The Electromechanical Behavior of Piezoelectric Composites and Frequency
Analysis Theories
The electromechanical behavior of a piezoelectric devices can be represented by an
electrical equivalent circuit diagram as discussed in Chapter 2. When exposed to an AC
electric field, a piezoelectric device changes dimensions cyclically, at the frequency of
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the AC field. The piezoelectric device vibrates most readily, and most efficiently converts
between the electrical energy and mechanical energy at the resonance frequency.

If we look at the spectrum, the device's oscillations first approach series resonance
frequency fs at which the impedance of the device is minimum (maximum admittance).
After that, the impedance increases to a maximum (minimum admittance) at parallel
resonance frequency fp. Piezoelectric devices show the maximum displacement and thus
the optimum transmission performance at the series resonance frequency, but the
maximum receiving voltage sensitivity occurs at the parallel resonance frequency which
is higher as a series resonance frequency. For these reasons, frequency analysis is very
important for piezoelectric device design, especially piezoelectric composite transducers.
The electromechanical behavior and frequency analysis of piezoelectric composite
transducers will be discussed here based on a flat Lead Zirconate Titanate
(PZT)/Polyether ether ketone (PEEK) composite transducer design.

The PZT/PEEK transducer is presented in Fig.5.1 with three structures: (a) pure PZT
without PEEK; (b) PZT embedded with PEEK frame; (c) PZT embedded with PEEK
frame and then sandwiched between top and bottom covers. The theoretical calculation of
the series resonance frequency (maximum admittance Y) and the parallel resonance
frequency (maximum resistance R) of pure PZT-5A(Fig.5.1 (a)), PZT-5A with PEEK
frame(Fig.5.1 (b)) and piezoelectric composite transducer (Fig.5.1(c)) are presented and
validated with experimental data.
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Fig.5.1 (a) Pure Lead Zirconate Titanate (PZT) transducer; (b) PZT-5A with PEEK frame;
(c) PZT-5A with PEEK frame and two covers.

For pure PZT-5A as Fig.2.4(a), its longitudinal mode acoustic wave velocity is:

vaE 

YComposite

Composite



16.4 10

12

1
 2833 m/s
m /N  7600 kg/m3
2

(5.1)

This leads to the series resonance frequency (maximum admittance Y):

f s ,31 

vaE
2833 m/s

 14.9 kHz (5.2)
2l 2  95 103 m

And we can obtain the parallel resonance frequency (maximum resistance R):
 4k 2 
 4  0.342 
f p ,31  f s ,31 1  231   14.9 kHz  1 
  15.6 kHz (5.3)
 
3.142 



Similarly, the percentage of PZT reduces to 26% and the percentage of PEEK is 74% for
Fig.2.4(c). Now the composite density is:

Composite  0.74  PEEK  0.26  PZT  2945 kg/m3
The composite Young’s modulus is:

YComposite  0.74  YPEEK  0.26  YPZT  18.8 GPa
The composite acoustic wave velocity is:
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vComposite 

YComposite

Composite



18.8 109 Pa
 2527 m/s (5.4)
2945 kg/m3

So the theoretical series resonance frequency (maximum admittance Y) should be:

f s ,Composite 

vComposite
2l



2527 m/s
 12 kHz (5.5)
2 105 103 m

With the same methods, we can calculate composite Young’s modulus and composite
acoustic wave velocity of PZT with PEEK frame as Fig.5.1 (b). Due to limited space, the
calculation details will not be provided here, the final calculated theoretical series
resonance frequency is 13.3 kHz:

f s ,Composite 

vComposite
2l



2790 m/s
 13.3 kHz (5.6)
2 105 103 m

Fig.5.2 shows the experimental admittance curve for the three structures. For structure 1
as Fig5.1 (a), its maximum is at 14.7 kHz which is consistent with the theoretical
calculation. The series resonance frequency for the composite with PEEK frame as Fig5.1
(b), is 13.7 kHz, close to the 13.3 kHz from equation(5.6). For structure 3 as Fig5.1 (c),
the final package composite transducer has a series resonance frequency as 12.2 kHz,
close to the 12 kHz calculation from where equation(5.5).

86

Fig.5.2 Admittance curve of the PZT with wire, the PZT with PEEK frame, and the
composite transducer.

5.3 Finite Element Analysis(FEA) and COMSOL Multiphysics®
Piezoelectric acoustic devices have been gaining popularity these days due to their
increasing applications in various fields such as military, industries, consumer electronics,
biomedical monitoring, and many more. Traditionally, the design and develop process of
piezoelectric acoustic devices is expensive and time consuming since engineers have to
use complicated laboratory testing set up to investigate the structural behavior and to
develop appropriate design rules. For example, high quality sound-absorbing material
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must be installed in water tank for piezoelectric hydrophone performance study[138]. For
these reasons, computer simulation of complete piezoelectric acoustic designs is therefore
desired. Use of advanced finite element tools has not only allowed the introduction of
structural mechanics simulation of piezoelectric devices, but also the development of
accurate analysis of acoustic wave propagation and domain interaction. High
performance computing facilities and advanced finite element programs are now
available for research and development activities of piezoelectric acoustic devices,
especially piezoelectric composite transducer design[139] .

Structures that have complex geometry and loads, are either very difficult to analyze or
have no theoretical solution. Direct analysis of such a system can be very complicated.
However, the FEA can solve these problems through discretization of geometry and
approximations of the Partial Differential Equations(PDEs)[140]. A full description of
how FEA works in this dissertation would be impractical and highly unnecessary.
However, a short description of FEA analysis with COMSOL Multiphysics® is included,
to give an insight to the modeling procedures of piezoelectric composite transducer. The
usual construction of a model includes the following steps:

1. Select analysis model, chose one or more physics interfaces and decide the study type.
For example, the pressure acoustics and piezoelectric devices interfaces and a frequency
domain study were selected for piezoelectric composite receiver study in this dissertation.

2. Import the geometry of piezoelectric composite receiver and surrounding water domain,
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or draw it with the built-in tools.

3. Define physics interfaces of each single domain or element. A single domain might be
governed by several interfaces in a multiphysics model.

4. Assign materials to different domains in the model. Custom materials might be
implemented into the library and saved for later use, e.g., the ceramic sensor is assigned
with piezoelectric material and the PEEK frame is defined as linear elastic material in the
composite receiver model.

5. Set up coordinate systems and boundary conditions, e.g., Perfectly Matched Layer
(PML). Replace the predefined conditions with manually applied conditions if needed.

6. Choose distribution and elements type of the mesh, select element sizes ranging from
extremely coarse to extremely fine. Standard free triangular mesh is generated for
simulation in this dissertation.

7. Set the simulation frequency range for frequency domain analysis. Since the working
frequency of the acoustic LWD is around 13kHz, 1kHz to 20kHz is chose for receiver
simulation.

8. After the problem is solved by Comsol; the solution could be plotted out through a
selection of post-processing visualization techniques.
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5.4 Governing Equations, Acoustic Design Parameters and Receiver Design 1
LWD piezoelectric transducers are used either to generate acoustic pressure by applying
electric voltage as transmitter, or, the opposite, to produce an electric signal from an
acoustic field as receiver. Piezoelectric devices (pzd) module could be applied for
frequency domain analysis of

piezoelectric composites receivers. For the pzd module

frequency domain, the governing equations are[141]:

  2u     Fv ei
 D

(5.7)

Performance of piezoelectric transmitter is also investigated together with my colleague
Runkun Jiang with Acoustic-Piezoelectric Interaction (acpz) module. For the acpz
module in frequency domain, the governing equations are as below in addition to
equations 5.7[141].
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(5.8)

There are several acoustic design parameters used for transmitter and receiver simulation
listed as follows[142-145]:
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1.Sound Pressure Level (SPL)
SPL is the most important quantity in acoustic measurement which is often used in
measuring the magnitude of sound. It is a relative quantity in that it is the ratio of actual
sound pressure with a fixed reference pressure. Usually a reference of 1  Pa in water is
used for transducer design:

SPL(dB)  20log10 ( p /1 Pa)

(5.9)

2.Transmitting voltage response (TVR)
Transmitting Voltage Response (TVR) is an important parameter for transmitter design
which is defined as sound pressure response measured at 1 m of input Voltage as a
function of frequency in decibel. Also 1

 Pa / Vrms is adopted as reference in water:

TVR(dB)  20log10 ( prms / Vrms /1[  Pa / V ])

(5.10)

3. Receiving Sensitivity (RS)
RS is an important parameter for receiver design which is ratio of the output voltage to
the sound pressure measured at 1 m in decibel.

RS (dB)  20log10 ( RV / ( P 1[V /  Pa]))

(5.11)

As we have mentioned, LWD receiver optimization based on FEA analysis with
COMSOL Multiphysics® will be discussed in this chapter. Firstly one PZT/PEEK
composite receiver design (Receiver Design 1) is presented as an example to study
receiver sensitivity and signal to noise ratio. And then the optimization based on FEA is
discussed step by step. A schematic geometry of receiver design 1 is demonstrated in

91

Fig.5.3: There are three layers of the receiver structure, the middle layer is a PEEK frame
embedded with PZT-5A plates as sensing elements. The PZT ceramics are wrapped with
anti-corrosive rubber protection layer which is flexible. In the arc length direction, the
ratio between the width of PZT and the width of spacer is 1:1, which means the spacing
between two PZT pieces filled rubber is the same as the ceramic width. There are four
groups of PZT-5A sensors in the middle frame. Each group has 5 pieces active sensing
units. The total 20 pieces are connected in serial. The polling of the PZT-5A material is in
the radial direction and the piezoelectric elements are working in d31 mode. The whole
composite receiver is immersed in water for performance analysis. Material properties of
PZT-5A and PEEK are user-defined to meet specific needs. Besides PZT, all other
materials are treated as linear elastic materials. The boundary conditions are summarized
as: The ground boundaries are the inside of all the PZT sensors and the voltage
boundaries are the outside of all the PZT sensors. The surface of PZT and PEEK frame
are bonded tightly without sliding.
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Fig.5.3 3D geometry of receiver design 1 (5pieces in each quarter part, total 20 pieces ).

In most cases, the measurement of underwater sound is made electrically, so that the
electrical properties of the transducers are important. The most critical performance
specifications for underwater acoustic receivers are RS, signal to noise ratio (SNR), and
operation frequency range, etc. RS is defined as the ratio of output voltage to the sound
pressure in the fluid surrounding it as equation (5.11). The sensitivity of a receiver is
expressed in the decibel representation, with respect to 1

. Fig.5.4 is the simulation

result of receiver design 1. The resonance around 9 kHz is due to the hoop mode
resonance. By reducing the polymer content and increasing the ceramic content, this
resonance can be moved to higher frequency.
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Fig.5.4 Simulation result of receiver design 1 (1 kHz- 20 kHz).
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5.5 Voltage Mode Equivalent Circuit of Piezoelectric Receiver
Equivalent circuit is the best method by which to analyze and optimize piezoelectric
sensor design. The electrical model of the piezoelectric layer is a current source with
shunt capacitor and resistor, or as a voltage source with capacitor and resistor series
connected, namely, "Charge Mode" and "Voltage Mode" which are shown in Fig.5.5. is
and vs are current signal and voltage signal, in and vn are current noise and voltage noise.

Fig.5.5 (a) Charge mode of piezoelectric element; (b) Voltage mode of piezoelectric
element.

Since the voltage sensing is used for the receiver system, we will use the voltage mode
for our analysis as follows, Fig.5.6 is the equivalent circuit of the voltage mode PZT
receiver. Usually the Rx is much larger than R in the Op AMP circuit.
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Fig.5.6 Voltage mode equivalent circuit.

This OpAmp circuit design has three resistors: R1, R2 and Rx which are related with both
gain and noise, also there are several noise sources such as: en_R1:Johnson noise source of
the resistor R1; en_R2:Johnson noise source of the resistor R1; (en, in): the equivalent noise
sources of the charge amplifier. All the experimental studies of piezoelectric sensor noises
at low frequency as demonstrated here show that the main noise source comes from the
piezoelectric sensors (due to the dielectric loss). Hence a lower dielectric loss will lead to
lower noise level from the sensor.

5.6 Electric Serial/Parallel Connections and Signal to Noise Ratio
Signal to noise ratio (SNR) is a measure that compares the input signal to the
background noise. It is defined as the ratio of signal level to the noise level, often
expressed in decibels. A ratio higher than 1:1 (greater than 0 dB) indicates a signal above
the noise level. SNR is more important than RS since it determines the minimum signal
sensor can detect.
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The total noise of Fig.5.6 could be written as:

(5.12)
Here we have

(5.13)

Since en_R1, en_R2, (en, in) are relatively small compared with the dielectric loss at low
frequency, we can ignore these noise sources and use the dielectric loss noise as main
noise source for calculation of SNR:

(5.14)

Since the output signal is:
(5.15)
The SNR can be derived as:

(5.16)

As discussed before as Fig.5.4, Rx is >>R, (5.16) can be simplified as:

(5.17)

Since R1, R2, Rx are fixed values, the SNR of transducer array is related to the total
equivalent resistance R' and total equivalent capacitance C' of the array. Here a Figure Of
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Merit (FOM) is introduced to describe the influence of total equivalent resistance and
total equivalent capacitance on the SNR of transducer array.
FOM =

1
(5.18)
1


R
1
2
)
 Rx + 1+ jwRC  ( 1
2 2


+C w
R2

The 20 sensing units are connected in serial for receiver design 1. If the 20 sensing unites
are connected as 5-serial-4 parallel, the total equivalent resistance R' and total equivalent
capacitance C' are:
(1) For the 20 units in serial, R'=20R, C'=C/20;
(2) For the 5-serial-4 parallel, R'= 5R/4, C'=4C/5;
FOM is smaller when the 20 pieces are connected in serial. The receiver design 1 has a
higher voltage signal output. However the SNR of 5-serial-4 parallel is better. These
analyses provide general guidelines for choosing electric connections among PZT plates
in the composite receiver transducers.

5.7 Piezoelectric Composite Receiver Design Strategies
Based on the FEA simulation of receiver design 1, several design strategies to improve
piezoelectric composite transmitter design are summarized as follows.

To achieve a higher voltage output, PZT/polymer composite structure could be used to
lower the dielectric constant and the ratio of the width of PZT and polymer could be
reduced since there are wasted spaces in the polymer part. Less space in the polymer gap
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between neighboring PZT plates will provide a higher stress transferred from polymer to
PZT and thus better electric signal output. In addition, more PZT ceramic plates can be
packed in the receiver if there is less polymer there. Meanwhile, with better packaging
techniques, there is no need for anti-corrosive rubber protection since the polymer to be
used is also anti-corrosive.

The thickness (along the radial direction) to width (along the arc direction) ratio, or
aspect ratio, of the polymer gap between the neighboring PZT plates is an important
design parameter. In an ideal case, the incoming pressure (stress) signal should be
transmitted mostly to the PZT ceramics (due to much higher elastic modulus of PZT
plates). However if the aspect ratio is too large, the stress in the polymer region will not
be effectively transferred to the PZT plates, reducing the overall transducer performance.
In general, one should have the aspect ratio much smaller than 1. On the other hand, such
a small aspect ratio may increase the manufacturing cost. The optimized design should
take both of these factors into consideration. Meanwhile a d33 mode PZT operation (at the
hoop resonance) to replace d31 mode PZT receiver can also lead to improved sensitivity
since the piezoelectric d33 coefficient is more than twice higher than the piezoelectric d31
coefficient.

5.7.1 Improve Receiver Performances by Thickness Ratio Change
In receiving transducers, the PZT/polymer composite structure was adopted to lower the
dielectric constant and hence enhance the voltage output from the transducer and improve
the SNR. In the PZT/Polymer composites, the ratio of the width of PZT and polymer and
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the aspect ratio of the polymer gap between the PZT plates are key design parameters
(besides the cost consideration):In the design of PZT/polymer ratio 1:1 with the aspect
ratio of the polymer gap less than 1, a large part of the polymer material is passive and
does not contribute to the acoustic signal transduction. In the simulation, the width ratio
of d31 mode PZT ceramic/polymer was chosen as 1:0.5, 1:1, 1:2, see Fig. 5.7(a), 5.7(b)
and 5.7(c). As shown in Fig.5.8,for the transducer with the width ratio of 1:0.5 (PZT:
polymer), the sensitivity can reach-170db (10kHz-13kHz), and peak value becomes152db. The performance is improved when the percentage of polymer is reduced in the
composite, leading to an increased aspect ratio of the polymer region, as well as an
increased ceramic volume content in the composite.

Fig.5.7 (a)Structure when the width ratio of PZT/Polymer is 1:2; (b) Structure when the
width ratio of PZT/Polymer is 1:1; (c)Structure when the width ratio of PZT/Polymer is
1:0.5.
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Fig.5.8 The sensitivity of the composite receiver with different PZT/polymer width ratio.

5.7.2 d33 Mode Piezoelectric Receiver
The piezoelectric constitutive equations in the Strain-Charge form and Stress-Charge
form are[146]:
Strain-Charge form:

Stress-Charge form:

E
Sij = sijkl
Tkl + d kij Ek

Di = diklTkl + εikT Ek

(5.19)

E
Tij = cijkl
Skl - ekij Ek

Di = eikl Skl + εijS Ek

(5.20)

E
E 1
where c  (s )

As shown from the piezoelectric constant matrix of PZT 5A, the piezoelectric d33
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coefficient is much larger than d31. The receiver transducer performance should be
improved if d33 mode is used(for hoop mode resonance, the strain along tangent (arc)
direction is much larger compared with that along the radial direction[147].

0
0
0 584 0 
 0
d =  0
0
0 584 0 0  10 -12 C / N
-171 -171 374 0
0 0 
(5.21)
Using the receiver design 1 as an example, Fig.5.9 compares the simulated receiving
sensitivity of d33 mode with that of d31 mode which shows a higher sensitivity for d33
mode operation.
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Fig.5.9 Receiver sensitivity of d33 mode and d31 design structure.
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The optimized design (receiver design 2), as shown in Fig.5.10, consists of four groups of
piezoelectric ceramic/polymer receivers. Each group has 12 d33 mode PZT-5A ceramics
electrically connected in series, and then the four groups are connected in parallel
electrically. The polling of each sensor is presented in Fig.5.11. The space between two
neighboring PZT-5A ceramic plates is filled with polymer and the width ratio of
PZT/polymer is 1:0.5 to improve the receiver sensitivity. Fig.5.12 is simulated receiver
sensitivity of design 2. Compared with simulation data of receiver design 1(Fig.5.4), the
optimized design has a better receiver sensitivity over the frequency ranges from 5kHz to
15kHz

Fig.5.10 Optimized d33 mode piezoelectric/polymer composites receiver design (receiver
design 2).
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Fig.5.11 Clockwise direction polling (d33 mode piezoelectric/polymer composites).
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Fig.5.12 Receiver sensitivity of finalized receiver transducer design operated at the d33
mode.
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Chapter 6 Piezoelectric Composite Transducer Fabrication and Characterization
Protocol Simulating the Real Working Conditions

Piezoelectric ceramic/polymer composites offer great advantages over both single phase
piezoelectric ceramic and piezoelectric polymer in both actuating and sensing
applications as discussed in Chapter 5. However the fabrication of LWD composite
transducers presents a huge challenge since bonding under extreme environment (high
temperature, high pressure, low frequency vibration) is very tough especially for
ceramic/polymer interfaces. Bonding of high performance polymer materials such as
polyetheretherketone (PEEK) is a critical step in composite transducer fabrication. How
to increase the adhesion properties is discussed in this chapter, surface preparation and
modification is adopted to enhance the bonding strength. The bonding strength is also
related with bonding epoxies. After that an advanced vacuum bonding technique with
spacer is demonstrated. Finally characterization protocol simulating the extreme
environment is provided and tested with the fabricated composite transducers.

6.1 Polyetheretherketone (PEEK) Composites Bonding with Different Epoxies
Polymer bonding is essentially a superficial phenomenon depending as it does upon
interactions between the epoxy and the surface of the substrate[148-150]. The surface
preparation of PEEK joint to be bonded is therefore of the greatest importance and
surface roughness is a key issue based on our study, PEEK bonding with surface
roughness of 1um,5um,20um was studied and the lap shear strength test results will be
discussed. Also the annealing could be used to release the surface defects and future
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enhance the bonding properties.

For the first step, bonding samples with different epoxies were prepared and studied.
These tests were mainly to check the thermal stability and thermal expansion
compatibility of the epoxies and PEEK composites. Similar thermal expansion
coefficients are desired for the epoxy to prevent interfacial failure when heated. Five
different epoxies, as listed in Table.6.1, were tested to find the most suitable one for
PEEK and ceramic materials[151-154].
Epoxy

Duralco
4538
(Flexible)

Duralco
4538
(Rigid)

Bond- EP
It 7050 534
0

AremcoBond
2150

PEEK

Maximum
Temperature (°F)
Thermal Expansion
(×10-5/°C)
Tensile
Strength
(psi)
Chemical Resistance

450

450

450

400

400

600

4.0

4.0

4.8

5.4

1.8

5.9

6000

8000

5000

9000

2350

14000

Outstanding

Outstanding

Excelle
nt

Goo
d

Good

Outstandin
g

Table.6.1 Five tested epoxies and their properties[151-154].

Different epoxies also work differently on different materials. Therefore a thermal cycle
test was carried out. The samples went through the thermal cycle three times, their
appearance, especially bonding consistency, was checked after each cycle. Two groups of
samples were prepared. One group was PEEK-PEEK bonding. The other group was
PEEK-Ceramic-PEEK bonding. The test was mainly to check the thermal stability of the
epoxies. Another purpose was to check the thermal expansion compatibility of the
epoxies and PEEK. Similar thermal expansion coefficients are desired for the epoxy to
prevent interfacial failure when heated. Therefore a thermal cycle test was carried out.
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The samples went through the following cycle three times. Their appearance, especially
bonding consistency, was checked after each cycle. Fig.6.1 shows the appearances of the
PEEK-PEEK samples after one thermal cycle. The following is the heat cycle for the high
temperature test:
(1) Heat up the furnace from room temperature (20 °C) at the rate of 1 °C/min to 50 °C,
and then hold at that temperature for 30 minutes.
(2) Continue the heating-holding process for every 30 °C until it reaches 170 °C.
(3) Heat up the furnace from 170 °C at the rate of 1 °C/min to 200 °C, and then hold at
that temperature for 10 hours.
(4) Cool down the furnace from 200 °C to room temperature at a rate no more than
1 °C/min.

Fig.6.1 PEEK-PEEK bonding samples after one thermal cycle.

Table.6.2 is qualitative PEEK-PEEK and PEEK-PZT bonding test results of the five
different epoxies chosen. Finally Duralco 4538 is chosen as the epoxy and the flexible
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recipe (ratio of resin/harder: 1:2) is used for PEEK- PZT bonding, rigid recipe (ratio of
resin/harder: 1:1.2) is used for PEEK- PEEK bonding.

Adhesive

Manufacturer

PEEKPEEK150°C

PEEKPEEK
200°C
1st

PEEKPEEK
200°C
2nd

PEEKPEEK
200°C
3rd

PEEKPZT150°C

PEEKPZT
200°C
1st

PEEKPZT
200°C
2nd

PEEKPZT
200°C
3rd

Duralco
4538
(Flexible)
Duralco
4538
(Rigid)
Bond-It
7050

Duralco

√

√

√

√

√

√

√

√

Duralco

√

√

√

√

√

√

×

Duralco

√

√

√

√

×

×

EP 5340

Eagle
Polymers

√

√

√

√

×

AremcoBond
2150

Aremco

√

√

×

×

Table.6.2 PEEK-PEEK and PEEK-PZT bonding test results of five tested epoxies.

6.2 Strength Test and Surface Roughness Modification
Adhesive bonding of polymers often results in joints with poor joint strength. Reasons for
this are low surface energy, poor spreading of the epoxy and mismatched mechanical
properties between epoxy and polymers, etc, which also apply to PEEK bounding for
composite transducer. Surface roughness modification is the most easy and inexpensive
property modification technique since costs for equipment are low. For the modification
process, silica carbide paper or grit blasting is used to roughen the PEEK surface to a
surface roughness of 5um or 10um. Then the polished PEEK plates are cleaned in order
to remove debris and grease. To enhance the cleaning action ultrasonic bath is applied
and the PEEK plates are dried with a temperature of 50°C for 30 minutes before epoxy
bonding. After epoxy bonding and curing, the effect of surface morphology or roughness

108

is studied by shear strength test.

Apparent shear strength of single-lap-joint adhesively bonded specimens by tension
loading (PEEK-to-PEEK, and PEEK-Ceramic-PEEK) is measured with Instron 4465
Testing System in the Mechanical Testing Lab as Fig.6.2. The standard specimen are
made based on the ASTM recommendation shown in Fig.6.3[155]. The quantitative
results (Fig.6.2 Bottom) confirmed with the qualitative results on what epoxy works best
for PEEK-PEEK interface and PEEK-Ceramic-PEEK interface.

Fig.6.2 Instron 4465 Testing System for bonding strength test.
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Fig.6.3 Dimensions of single-lap-joint shear strength testing specimen based on the
ASTM recommendation[155].

In a single overlap shear experiment different types of fracture may be
observed[156][157]. Basic fracture modes are shown Fig.6.4 with following
abbreviations: Interfacial or adhesive failure (if): here the adhesion of the epoxy to the
substrate at the interface is weak linked. The tensile bar is peeled off after the strength
test. There is no crack propagation within the epoxy. Cohesive failure (cf): in this case
fracture propagates within the epoxy so that both halves of tensile bar have a layer of
epoxy. Substrate failure (sf): The epoxy and the interface are strong enough to sustain the
applied load. In this case the stress concentration at the end of overlap causes fracture
within the tensile bar. Interfacial/cohesive failure (icf): A mixed mode failure where
fracture propagates between fracture at the interface and fracture within the epoxy.
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Fig.6.4 Basic fracture modes of overlap shear experiment[156][157].

Properties of PEEK bonding with surface roughness modification is discussed here to
ensure good bonding properties of acoustic applications, finally a lap shear strength
higher than 6MPa is observed for the optimized bonding process.

The fracture shear strength of different epoxies are tested at room temperature (25°C),
and the fracture conditions are listed and shown in Table.6.3 and Fig.6.5. EP 5340 and
Aremco-Bond 2150 have lowest performance in terms of lap shear strength since the
specimens are peeled off during the test. Bond-It 7050 has a cf fracture mode with a
fracture tensile stress of 4.1 MPa. Compared with these epoxies, the performance of
Duralco 4538 is much better especially after a surface roughness treatment of 5um. Based
on these measurement results, Duralco 4538 with a surface roughness of 5um is chosen
for PEEK/PEEK and PEEK/Ceramic/PEEK bonding.
T = 25°C

Duralco 4538
(Flexible)

Duralco 4538
(Flexible)

Duralco 4538
(Flexible)

Duralco 4538
(Rigid)

Duralco 4538
(Rigid)

Duralco 4538
(Rigid)

Surface Roughness
[um]
Tensile Stress
 [MPa]
Fracture Mode

no treatment

5

10

no treatment

5

10

4.3

6.7

6.2

3.7

5.4

5.1

sf

sf

sf

cf

sf

sf
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T = 25°C
Tensile Stress
 [MPa]
Fracture Mode

Bond-It 7050
4.1

EP 5340
3.1

Aremco-Bond 2150
2.1

cf

if

if

Table.6.3 Fracture shear strength testing with different epoxies of samples at room
temperature (25 °C).
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Sample 1
Sample 2
Sample 3

Tensile Stress (MPa)

5

4

3

2

1

0
0

25

50

75

100

125

150

Time (sec)

Fig.6.5 Shear strength testing on some PEEK/PEEK and PEEK/PZT/PEEK samples to
determine the best epoxy.

Epoxy bonding is the most crucial step that guarantees the composite piezo-transducer to
work in high-temperature, high-pressure, and strong-vibration working environment.
Some general guidelines to ensure a strong bonding are summarized as follows.
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(1) Surface should be clean of all grease, oil, dirt, etc. Acetone is used as the solvent here.
(2) Entrapped air in the epoxy mixture should be removed by either letting it stand for
several minutes or vacuum degassing.
(3) The bond lines should be between 0.005ꞌꞌ - 0.010ꞌꞌ (0.127 mm to 0.254 mm). To
achieve such a thin layer, applying forces by clamping devices is useful. In addition, a
smooth surface finish such as 5 micron roughness can make sure the bonding layer is of
uniform thickness.

6.3 Vacuum Glove Box Bonding Technique
It appeared to us that trapped air in the bonding process might contribute majorly to the
deteriorating bonding strength. Several ways has been tried to avoid the trapped bubbles,
firstly a sliding method is chosen and we could still see some trapped bubbles under
microscope as Fig.6.6 (b). After that the vacuum glove box bonding is adopted and
bonding in vacuum glove box as Fig.6.6 (a) is compared with bonding in the ambient as
Fig.6.6 (c). As demonstrated in Fig.6.6 (c), bonding in ambient has numerous minuscule
trapped air bubbles, while no air bubbles could be tracked for bonding in vacuum glove
box.

Fig.6.6 (a) Glass on PZT bonding in vacuum; (b) Glass with PZT bonding with sliding
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method; (c) Glass on PZT bonding in ambient.

Two samples A and B were fabricated with the new in-vacuum bonding technique. The
two samples are similar, except that sample A used 125 µm optic fiber as spacer, while
sample B used 150 µm glass fiber woven fabric as spacer. Here, the fabrication process of
sample A is used to describe this technique. The dimensions of PZT-5A are 95 mm×57
mm×6.35 mm. There is a slant cut, resulting in the long edge 95 mm, and the short edge
80 mm. The center PEEK frame is 110 mm×67 mm×6.35 mm. The sandwiching PEEK
pieces are 110 mm×67 mm×3.15 mm. The PZT pieces were cut with a diamond saw, and
the grooves on the PZT were cut with a sonic mill, same as before. The PEEK was cut
with water jet cutter and the wire grooves were milled on it. The vacuum system utilizes a
vacuum glove box and a computer-controlled motor actuator, as shown in Fig.6.7.

Fig.6.7 (a) The entire set up including the vacuum glove box, actuator, voltage generator,
and computer; (b) PZT framed in center PEEK piece is placed at the base of the actuation
system, and the sandwiching PEEK piece is attached to the actuator rod. As the rod
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extends, the sandwiching PEEK piece will be lowered to bond to the PZT piece at the
bottom.

The motor actuator is wired outside the vacuum glove box to a voltage generator. The
connection parts are carefully sealed with vacuum grease to ensure vacuum. The
actuation can be controlled by a computer program, which consists of retraction and
extension movements. In this technique, the surfaces of two parts (the PZT and PEEK)
are covered with epoxy separately and put inside the system, PZT being at the base of the
actuation system, and sandwiching PEEK piece being at the end of the extension rod.
Then the pump is started to pump the glove box to vacuum. The two parts stay in vacuum
for 30 minutes so that the epoxy can be degassed. After that, the sandwiching PEEK
piece will be actuated to lower to the PZT piece that is at the bottom of the actuator. Since
the entire operation takes place in vacuum, there will be no air trapped in the bonding
process.

To ensure that the epoxy bonding layer is at optimum thickness (50-150 µm), spacers of
certain thicknesses were used. For sample A, it was 125 µm optic fiber; for sample B, it
was 150 µm glass fiber woven fabric. Fig.6.8 shows the center piece of the piezotransducer with 125 µm optic fiber spacer laid on top.
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Fig.6.8 Center piece of piezoelectric transducer with 125 µm optic fiber laid on top, ready
to be placed at the bottom of the actuator so that one sandwiching PEEK piece can be
lowered onto it in vacuum.

The finished piezo-transducer A before high temperature (200 ºC) curing is shown in
Fig.6.9 (a) and the piezo-transducer B after high temperature (200 ºC) curing is shown in
Fig.6.9 (b).
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Fig.6.9(a) The finished sample Apiezo-transducer before 200 ºC curing; (b) sample
Bpiezo-transducer after 200 ºC curing.

After that, the vacuum glove box technique is employed for curved transmitter
fabrication with slanted PZT elements. Four slanted PZT ceramic pieces are shown in
Fig.6.10 (a). Fig.6.10 (b) is fabricated half-tube transmitter with vacuum glove box
technique. Glass fiber fabric is used as spacer. The spacer ensures a uniform-thickness
layer of epoxy, which will also enhance the bonding strength. The vacuum system used is
similar to the one used to fabricate the flat one-piece low-power piezoelectric composite
transmitter for high temperature, high pressure testing, the only difference is the moving
stage is modified as shown in Fig.6.11. Impedance measurement is presented as Fig.6.12
after the fabrication is finished.

Fig.6.10 (a) Four PZT ceramic pieces were slanted to 15 °and placed in the configuration
of one half-tube transmitter; (b) Bonded half-tube transmitter with glass fiber fabric used

117

as the spacer. The spacer ensures the uniform thickness of epoxy layer, which improves
the bonding strength.

Fig.6.11. Modified moving stage for vacuum glove box technique used for transmitter
with slanted PZT plates.

In general, the impedance data of two half-tube transmitters match very closely. For each
transmitter, from the impedance measurements, it shows properties as predicted by
COMSOL simulations as Fig.6.13, which is done with my colleague Runkun Jiang. Take
the resistance curves in Fig.6.12 for example, the peak around 8-9 kHz is reduced
drastically. The peak around 13 kHz is broadened significantly, caused by the slanted
PZT ceramic pieces. The long and short edges of PZT correspond to low and high peaks
around 13 kHz, broadening the entire peak from 10 to 15 kHz.
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Fig.6.12 Resistance curves of two half-tube transmitters. The peak caused by height
resonance around 8-9 kHz was reduced significantly. The peak around 13 kHz was
broadened due to the PZT piece slanting.
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Fig.6.13 COMSOL simulation of displacement of the same transmitter design. The
simulation data is highly matched to the experimental results. Height resonance is
reduced and the circumferential resonance is broadened (worked with my colleague
Runkun Jiang).

6.4 Low-Noise Piezoelectric Composite LWD Receiver Fabrication with Vacuum
Technique
Epoxy bonding and vacuum glove box fabrication techniques have been discussed in
Chapter 6.2 and Chapter 6.3. Here these advanced techniques are adopted for low-noise
high-sensitivity piezoelectric composite LWD receivers. The fabrication process is
discussed in this chapter with a process flow containing PZT electrical connections,
PEEK frame preparation, PZT pieces soldering, in-vacuum bonding and testing as
Fig.6.14. The bonding procedure is similar with the fabrication of high-power broadband
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transmitters which is presented in Chapter 6.3. Two receivers are fabricated and after that
impedance analysis is performed and the impedance spectrum shows that both receivers
have a flat frequency response in between 11 kHz and 15 kHz, which is a desired
performance for LWD receivers. At last, thermal cycle testing is carried out to verify the
high-temperature stability of both transmitters and receivers.

Fig.6.14 Process flow of receiver fabrication.

6.4.1 Preparation and Receiver Bonding
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There are 24 pieces of PZT-5A (APC International, APC 850) in each half of the receiver
as shown in Fig.6.15. Every 6 pieces are connected in series, and then 4 such groups are
in parallel. The dimension is 20 mm × 6.5 mm × 5mm for each piece. The poling is in 6.5
mm direction, making it operate at d33 mode.
εε
For 6 pieces in series, the capacitance is
For 4 such groups in parallel, the capacitance is

(6.1)
.
.

Fig.6.15 Every 6 pieces of PZT are in series, 4 such groups are in parallel in the receiver
connection.

The slots and wire grooves on PEEK frame is completed with a milling machine. To
facilitate milling, first a holder is machined, as shown in Fig.6.16(a). Fig.6.16(b) is
finished center PEEK tubes. To fit the rectangular shaped PZT pieces, the corners of the
slots are filed down. All the soldering points are also machined using a handheld rotary
tool. The center piece has an inner diameter of 150 mm, outer diameter of 160 mm, and a
thickness of 5 mm. The height is 40 mm.

122

Fig.6.16 (a)Holders to hold center PEEK tube during milling; (b)Center PEEK tubes after
milling.

All PZT pieces are fit in the PEEK frame, and then the sensors are soldered to each other
and to the main wire to achieve the designed electrical connection configuration as
Fig.6.17. For each 6 pieces soldered, a capacitance measurement is carried out to make
sure they were connected. High temperature solder is used to make sure the device can
operate in extreme environment seen in the LWD conditions.

Fig.6.17 PZT pieces are soldered for connections in the PEEK frame.
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The same bonding technique as transmitter is used in the receiver fabrication The center
frame with outside and inside protection layers are bonded in vacuum to make sure there
was no trapped air in between layers. Fiber fabric spacer was used to ensure a uniform
bonding thickness. Fig.6.18 presents the bonded transmitter.

Fig.6.18 Two halves of receiver finished before annealing. Same technique for transmitter
bonding is adopted for receiver bonding.

6.4.2 Impedance Analysis of Composite Receivers
Impedance analysis was done on both parts of the two receivers with Agilent 4294A
Impedance Analyzer. Here are the results for capacitance (Fig.6.19), resistance (Fig.6.20)
and conductance (Fig.6.21) data. Both parts of the two receivers show a flat frequency
response curve from 11 kHz to 15 kHz, which is desired for receiving signals. The peak
around 10.5 kHz is caused by the half ring resonance. For each figure, the values and the
positions of the peaks vary due to PZT material difference and fabrication variations. But
in general, the curves are consistent. And for the capacitance, the measurement matches
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the theoretical calculations.
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Fig.6.19 Capacitance curves for both parts of the two receivers before annealing.
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Fig.6.20 Resistance curves for both parts of the two receivers before annealing.
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Fig.6.21 Conductance curves for both parts of the two receivers before annealing.
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The finished receiver has an inner diameter of 148 mm, and a thickness of 14 mm in the
radial direction. The height is 40 mm. The pout for the wire outlet has a height of 13 mm,
and a width of 13 mm.

To make sure the two parts of the receivers will fit onto the drill collar, an Acetal plastic
tube imitating the drill collar of the same size was machined. The outside diameter of the
imitation drill collar is 144 mm. In between the imitation drill collar and the receivers is a
1.6 mm thick rubber layer. The purpose of the rubber layer is to ensure a tight fitting and
also to function as a backing material. This rubber layer is not meant to protect the
receivers from corrosions because the epoxy used on the receivers can achieve this
purpose already.

6.4.3 Thermal Cycle Test for Transmitters and Receivers
To test the high-temperature stability, a thermal cycle test was carried out. Each thermal
cycle had the heating profile as follows: (1) Heat up the furnace from room temperature
(20 °C) at the rate of 1 °C/min to 50 °C, and then hold at that temperature for 30 minutes.
(2) Continue the heating-holding process for every 30 °C until it reaches 170 °C. (3) Heat
up the furnace from 170 °C at the rate of 1 °C/min to 200 °C, and then hold at that
temperature for 10 hours. (4) Cool down the furnace from 200 °C to room temperature at
a rate no more than 1 °C/min. Thermal cycle test was done on both parts of the two
receivers, Fig.6.22(a) and Fig.6.22(b) are pictures of receivers and transmitters after the
thermal cycle test, the color of epoxy has changed because the surface has reacted with
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air under high temperature. Fig.6.23 presents the resistance curves of the half-tube
transmitter after first annealing cycle and the third annealing cycle. The resonance peak at
13.5kHz matched with each other because of good thermal stability of the fabricated
device.

Fig.6.22 (a) Receiver and (b)Transmitters after the thermal cycle test.
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Fig.6.23 Resistance curves of the half-tube transmitter one after first annealing cycle and
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the third annealing cycle. It shows that the transmitters have excellent thermal stability in
terms of performance.

The impedance measurement results of receivers are shown in Fig.6.24-6.26. For
different parts, they all show very close data matching before and after the thermal
annealing. The peaks shift higher as the epoxy resin hardens after the annealing.
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Fig.6.24 Capacitance data for receiver 1 part 2 before and after annealing.
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Fig.6.25 Resistance data for receiver 2 part 1 before and after annealing.
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Fig.6.26 Conductance data for receiver 2 part 2 before and after annealing.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions
Piezoelectric materials, which could be utilized to provide both sensing and actuating
functions, are widely used in various areas of modern technologies, such as
acoustic clinic, automotive sensing, underwater sonar technology, etc. Compared with
conventional piezoelectric ceramics and crystals which are widely used for acoustic
sensors and actuators, piezoelectric composites have several advantages including
physical coupling of composite phases, improved electromechanical properties and
mechanical flexibility which led to the broadened usage as smart sensors and
improvement of overall transducer performance. This dissertation investigates the two
novel piezoelectric sensor and transducer configurations for applications in (i)
biomagnetic signal detection; (ii) industry acoustic logging. One general approach
through the entire dissertation is to theoretically analyze these novel piezoelectric
composite

systems,

optimize

composite

structure

design

and

develop

fabrication/measurement strategies for advanced biomedical/industry applications.

Magnetoelectric (ME) effect is a material phenomenon featuring exchange between
magnetic and electric energies or signals. Magnetoelastic/piezoelectric composite systems
with 2-2 connection are studied and adopted for room temperature biomagnetic sensing.
The ME composite sensor has the potential to be used for biomagnetic liver
susceptometry (BLS) because of its high sensitivity and broad dynamic range. SQUID
(superconducting quantum interference device) technique is widely used for noninvasive
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liver iron assessment, however, compared with ME sensor based susceptometer, such
devices need expensive and cumbersome cryogenics to operate, which severely limits its
broad usage and proliferation for biomedical susceptometry and diagnosis. The recent
advances in noise cancelling methods, equivalent circuit analysis,

1st order ME

gradiometer design and ME BLS set up is presented and discussed in this dissertation.

The ME based 1st order gradiometer structure exhibits an equivalent magnetic noise of
0.45 nT/√Hz at 1 Hz in the presence of DC magnetic field of 0.05 Tesla and a great
common mode back ground noise rejection ability. A prototype magnetoelectric liver
susceptometry is built and tested with liver phantoms which shows a linear response in
the iron concentrations from normal iron dose(0.05mg/g-liver) to 5mg/g-liver -iron over
load (100 × overdose). The demonstration of magnetoelectric gradiometer based
magnetometer will open the possibility for compact size, portable, economical room
temperature systems for quantitative tissue iron determination.

Besides ME sensors and ME sensor based biomagnetic diagnostic systems, piezoelectric
composite systems are also studied for industrial acoustic logging, such as LWD, in this
dissertation. Simulation, optimization and fabrication of a piezoelectric composite
transducer system, especially the piezocomposite receiver is discussed, COMSOL
Multiphysics® is adopted to study transient response, frequency analysis, acousticpiezoelectric interaction, structure mechanics analysis, etc. LWD transducers work at
extreme conditions, e.g., (i) High working pressure; (ii) High working temperature; (iii)
Strong vibrations between 2 Hz and 1 kHz from drilling practice; (iv) Corrosive gas and
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drilling fluids. To accommodate these conditions and the above mentioned design
strategies, prototypes were fabricated with novel engineering methodologies. Polyether
ether ketone (PEEK) was chosen as packaging material for its outstanding mechanical
and chemical resistance properties under harsh environment.

PEEK bonding with different epoxies and surface roughness phenomenon are studied.
Bonding strength tests are carried out to determine the optimized bonding conditions and
epoxy selection. After the prototypes were finished, impedance measurements are carried
out to validate the design strategies and effectiveness of FEM computations. Thermal
cycle tests are also conducted and proved that piezoelectric composite transducer systems
fabricated with this process met LWD working requirements.

This work provided LWD industry with design strategies and novel engineering
methodologies for composite piezoelectric transducers. The improved piezocomposite
transducers could withstand the harsh LWD working conditions and demonstrated to
have exceptional acoustic properties for this particular application.
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7.2 Future Work
Based on the works presented in this dissertation, some future research directions are
suggested and listed in this section.

7.2.1 ME Sensor Based Biomagnetic Susceptometry
The ME sensor based BLS is presented and discussed in this dissertation. However this
is the first prototype and there are a lot of things could be improved in the future. Due to
cost related concerns, PZT is used as the piezoelectric material layer for ME sensor based
BLS system. However as we mentioned in Chapter 2.4. PMNPT which has a
piezoelectric d31 constant as high as 700 pC/N is a good candidate for sensitive
piezoelectric composite sensors. Future work should includes development of ME sensor
based gradiometer structure with PMNPT. The PMNPT/Terfernol-D based gradiometer
should have an improved SNR compared with the current PZT/Terfernol-D structure.

Meanwhile a liver iron mapping system should be developed in the future. The current 1st
order gradiometer system could only be used for signal detection from the whole liver
phantom without spatial resolution. A new system capable of iron mapping should be
developed in the next step and two sets of 1st order gradiometer system could be used for
the mapping process. ME sensors with different sizes which have different response
curves could be employed. A FEA model could be developed to study the response and
provide useful information for the dimension and position of the sensors.

To better understand the whole process, a detailed theoretical model with magnetic
susceptibility of liver, surrounding tissue, water and air should be developed to calculate
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the magnetic feedback signal from liver and then electric signal generated by the sensors.
Such theoretical calculation and modeling could be useful for signal analysis and SNR
performance calculation.

Furthermore, the signal processing circuit should be improved. The current design as
demonstrated in Fig.3.1 only has charge amplifier design. A commercial SR560
differential amplifier is used to cancel the common mode background signal. This
function should also be intergraded in the future design. Low noise instrumentation
amplifier with associated circuits, e.g., AD8429, could be intergraded in the system as
differential amplifier unit. Also a band pass filter need to be included in the design to
remove unwanted noise for SNR improvement.

Finally, the ME sensor based susceptometry system could be applied for other
biomagnetic detection applications, e.g., magnetic brain imaging. As we have discussed
in chapter one, ME composites have a better noise level compared with detection coil
which is currently used in Magnetic Resonance Imaging (MRI) brain imaging system.
ME sensor with pT sensitivity [77][158] could be used to replace the detection coil in
MRI system. A S-S mode ME composite system made of LiNbO3/Metglas bilayer is
simulated in Chapter 2 which presents a giant ME field coefficient of 175 kV/cm・Oe
and SNR as high as 4.4×1011√Hz/Oe. The simulation predicts potential MRI system with
ME detectors of higher sensitivity and significantly improved channel counts compared
with the state of art detection coil based MRI system for brain imaging.
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7.2.2 Guided Wave Stop Band Transducer Design
Guided waves are generated from the interference behaviors between traveling
longitudinal and shear waves along the specimen[159][160]. Low frequency guided
waves could be easily generated and coupled into receiver vibration signal thus generate
noise for the logging system.

Guided waves could be studied by calculation of phase velocity and group velocity
dispersion curves[161][162]. Usually the analytical solutions are very hard, however FEA
is a good candidate for acoustic guided wave propagation the boundary in solid
media[163]. To improve the performance of LWD devices, guide wave FEA model and
stop band transducer design is suggested for future research. The Acoustics Module of
COMSOL Multiphysics® offers two predefined interface studies, namely frequency
domain and transient interface of acoustic-piezoelectric interaction. Wave propagation
and interaction between piezoelectric acoustic transducers and the fluid media could be
simulated. Meanwhile special designed grove configurations could be studied for stop
band transducer design and optimization.

136

References:

[1] Steinem, Claudia, and Andreas Janshoff. Piezoelectric sensors. Vol. 5. Springer
Science & Business Media, 2007.
[2] Park, Gyuhae, et al. "Overview of piezoelectric impedance-based health monitoring
and path forward." (2003).
[3] Tressler, James F., Sedat Alkoy, and Robert E. Newnham. "Piezoelectric sensors and
sensor materials." Journal of Electroceramics 2.4 (1998): 257-272.
[4] Drafts, Bill. "Acoustic wave technology sensors." IEEE Transactions on Microwave
Theory and Techniques 49.4 (2001): 795-802.
[5] Fiebig, Manfred. "Revival of the magnetoelectric effect." Journal of Physics D:
Applied Physics 38.8 (2005): R123.
[6] Zhai, Junyi, et al. "Magnetoelectric laminate composites: an overview." Journal of the
American Ceramic Society 91.2 (2008): 351-358.
[7] Dowell, Iain Alexander, Douglas Donald Seiler, and Patrick Leon York. "Logging
while drilling borehole imaging and dipmeter device." U.S. Patent No. 5,899,958. 4 May
1999.
[8] Birchak, James Robert, et al. "Acoustic Transducer for LWD tool." U.S. Patent No.
5,644,186. 1 Jul. 1997.
[9] Webpage. Available: https://en.wikipedia.org/wiki/Magnetometer
[10]

Lenz,

James,

and

Alan

S.

Edelstein.

"Magnetic

sensors

and

their

applications."Sensors Journal, IEEE 6.3 (2006): 631-649.
[11] Popovic, R. S., J. A. Flanagan, and P. A. Besse. "The future of magnetic
sensors." Sensors and actuators A: Physical 56.1 (1996): 39-55.

137

[12] Ripka, Pavel. "Review of fluxgate sensors." Sensors and Actuators A: Physical33.3
(1992): 129-141.
[13] Fagaly, R. L. "Superconducting quantum interference device instruments and
applications." Review of scientific instruments 77.10 (2006): 101101.
[14] Popovic, RS el, Z. Randjelovic, and D. Manic. "Integrated Hall-effect magnetic
sensors." Sensors and Actuators A: Physical 91.1 (2001): 46-50.
[15] Mei, L "Development of Low Cost and Highly Sensitive Magnetoelectric
Susceptometer for Liver Iron Detection." Comprehensive Thesis, pennsylvania state
university, 2012.
[16] Lenz, James E. "A review of magnetic sensors." Proceedings of the IEEE 78.6
(1990): 973-989.
[17] Webpage. Available:
http://beforeitsnews.com/science-and-technology/2014/09/magnetic-field-sensorsmarket-2020-worldwide-forecast-trends-company-profiles-2718908.html
[18] Webpage. Available: http://www.eetimes.com/document.asp?doc_id=1264348
[19] Magnetic Field Sensors Market by Type (Hall Effect, Magnetoresistive, SQUID,
Others), Technology (Low Field, Earth Field, BIAS Magnetic Field Sensors),
Applications (Automotive, Consumer Electronics, Industrial & Infrastructure, Medical,
Aerospace & Defense) and Geography - Forecasts & Analysis to 2013 – 2020 By:
marketsandmarkets.com Publishing Date: September 2014 Report Code: SE 2688
[20] Weinstock, Harold, ed. SQUID sensors: fundamentals, fabrication and applications.
Vol. 329. Springer Science & Business Media, 2012.
[21] Srinivasan, G. "Magnetoelectric composites." Annual Review of Materials

138

Research 40 (2010): 153-178.
[22] Dekkers, M. J. "Environmental magnetism: an introduction." Geologie en
Mijnbouw 76.1-2 (1997): 163-182.
[23] Stolz, R., et al. "Magnetic full-tensor SQUID gradiometer system for geophysical
applications." The Leading Edge 25.2 (2006): 178-180.
[24] Gary, James H., Glenn E. Handwerk, and Mark J. Kaiser. Petroleum refining:
technology and economics. CRC press, 2007.
[25] Naik, S. N., et al. "Production of first and second generation biofuels: a
comprehensive review." Renewable and Sustainable Energy Reviews 14.2 (2010): 578597.
[26] Sorrell, Steve, et al. "Oil futures: A comparison of global supply forecasts."Energy
Policy 38.9 (2010): 4990-5003.
[27] Inman, Mason. "Natural gas: The fracking fallacy." Nature 516.7529 (2014): 28-30.
[28] John Staub, et al., World Hydrocarbon Resources, Energy Information
Administration Conference (2013)
[29] Darwin V. Ellis, and Julian M. Singer, Well Logging for Earth Scientists, Springer:
Dordrecht, The Netherlands (2008)
[30] Webpage. Available: http://science.howstuffworks.com/environmental/energy/oildrilling.htm
[31] Jordan J. R., and Campbell F., Well logging I - borehole environment, rock
properties, and temperature logging. SPE Monograph Series, SPE, Dallas, TX (1984)
[32] Passey, Quinn R., et al. "Overview of high-angle and horizontal well formation
evaluation: issues, learnings, and future directions." SPWLA 46th Annual Logging

139

Symposium. Society of Petrophysicists and Well-Log Analysts, 2005.
[33] Segesman F. F., Well logging method. Geophysics 45(11): 1667–1684 (1980)
[34] Clark, Brian, et al. "Well logging apparatus having toroidal induction antenna for
measuring, while drilling, resistivity of earth formations." U.S. Patent No. 5,235,285. 10
Aug. 1993.
[35] Johnson, Hamilton M. "A history of well logging." Geophysics 27.4 (1962): 507-527.
[36] Franco, JL Arroyo, et al. "Sonic investigation in and around the borehole."Oilfield
Review 18.1 (2006): 14-31.
[37] Runkun Jiang, Lei Mei, et. al., Understanding Logging-While-Drilling Transducers
with COMSOL, COMSOL Conference Boston (2014)
[38] Sadlier, Andreas G., et al. "Automated Alarms for Managing Drilling Pressure and
Maintaining Wellbore Stability New Concepts in While-Drilling Decision Making." SPE
Annual Technical Conference and Exhibition. Society of Petroleum Engineers, 2011
[39] Webpage. Available: http://www.offshore-mag.com/topics/logging.htm
[40] Webpage. Available:
http://www.wellservicingmagazine.com/cover-story/2006/09/can-lwd-replace-wireline/
[41] Webpage. Available: http://petrowiki.org/Acoustic_logging_tools
[42] Briggs, Victoria Alice. A comparison of logging while drilling (LWD) and wireline
acoustic measurements. Diss. Massachusetts Institute of Technology, 2006.
[43] Lee, Hyeong Jae, et al. "High Temperature, High Power Piezoelectric Composite
Transducers." Sensors 14.8 (2014): 14526-14552.
[44] Safari, Ahmad, and E. Koray Akdogan. Piezoelectric and acoustic materials for
transducer applications. Springer Science & Business Media, 2008.

140

[45] Webpage. Available: https://en.wikipedia.org/wiki/Pyroelectric_crystal
[46] Dineva, Petia, et al. "Dynamic fracture of piezoelectric materials." AMC 10 (2014):
12.
[47] Wang, Qing-Ming, and L. Eric Cross. "Constitutive equations of symmetrical triple
layer piezoelectric benders." Ultrasonics, Ferroelectrics, and Frequency Control, IEEE
Transactions on 46.6 (1999): 1343-1351.
[48] Uchino, Kenji. Introduction to piezoelectric actuators and transducers. Pennsylvania
State University, 2003.
[49] Webpage. Available:
https://www.americanpiezo.com/apc-materials/physical-piezoelectric-properties.html
[50] Sherrit, S., et al. "An accurate equivalent circuit for the unloaded piezoelectric
vibrator in the thickness mode." Journal of Physics d: applied physics 30.16 (1997): 2354.
[51] W.P. Mason, Physical Acoustics and the Properties of Solids, D. Van Nostrand Co.,
Princeton, NJ, 1958
[52] Bichurin, M. I., V. M. Petrov, and G. Srinivasan. "Theory of low-frequency
magnetoelectric effects in ferromagnetic-ferroelectric layered composites."Journal of
applied physics 92.12 (2002): 7681-7683.
[53] Kambale, Rahul C., Dae-Yong Jeong, and Jungho Ryu. "Current status of
magnetoelectric

composite

thin/thick

films." Advances

in

Condensed

Matter

Physics 2012 (2012).
[54] Fang, Zhao. Ultra sensitive magnetic sensors integrating the giant magnetoelectric
effect with advanced microelectronics. 2011.
[55] Ryu, Jungho, et al. "Magnetoelectric effect in composites of magnetostrictive and

141

piezoelectric materials." Journal of Electroceramics 8.2 (2002): 107-119.
[56]

Bichurin,

M.

I.,

et

al.

"Magnetoelectric

sensor

of

magnetic

field." Ferroelectrics280.1 (2002): 199-202.
[57] Wang, Yaojin, et al. "An extremely low equivalent magnetic noise magnetoelectric
sensor." Advanced Materials 23.35 (2011): 4111-4114.
[58] Nan, Tianxiang, et al. "Self-biased 215MHz magnetoelectric NEMS resonator for
ultra-sensitive DC magnetic field detection." Scientific reports 3 (2013).
[59] Li, Fan, et al. "Low-frequency voltage mode sensing of magnetoelectric sensor in
package." Electronics letters 46.16 (2010): 1132-1134.
[60] Nan, Ce-Wen, et al. "Multiferroic magnetoelectric composites: historical perspective,
status, and future directions." Journal of Applied Physics 103.3 (2008): 031101.
[61] Li, Menghui. "Fabrication of reliable, self-biased and nonlinear magnetoelectric
composites and their applications." (2014).
[62] R. Ramesh and N. A. Spaldin, “Multiferroics: Progress and prospects in thin films,”
Nature Mater., vol. 6, pp. 21–29, 2007.
[63] W. Eerenstein, N. D. Mathur, and J. F. Scott, “Multiferroic and magnetoelectric
materials,” Nature, vol. 442, pp. 759–765, 2006.
[64] Xing, Zengping. Magnetoelectric Device and the Measurement Unit. Diss. Virginia
Polytechnic Institute and State University, 2009.
[65] Gillette, S. M., et al. "Improved sensitivity and noise in magneto-electric magnetic
field sensors by use of modulated AC magnetostriction." Magnetics Letters, IEEE 2
(2011): 2500104-2500104.
[66] Fang, Zhao, et al. "Magnetoelectric Sensors With Directly Integrated Charge

142

Sensitive

Readout

Circuit—Improved

Field

Sensitivity

and

Signal-to-Noise

Ratio." Sensors Journal, IEEE 11.10 (2011): 2260-2265.
[67] Gillette, Scott Matthew. "Dynamic magnetostrictive response of heterostructural
magnetoelectric magnetic field sensors." (2011).
[68] Xing, Z. P., et al. "Resonant bending mode of Terfenol-D/steel/Pb (Zr, Ti) O-3
magnetoelectric laminate composites." (2006).
[69] Dai, Xianzhi, et al. "Modeling, characterization and fabrication of vibration energy
harvester using Terfenol-D/PZT/Terfenol-D composite transducer."Sensors and Actuators
A: Physical 156.2 (2009): 350-358.
[70] Mei, Lei, Zhao Fang, and Feng Li. "Ultra-sensitive magnetoelectric sensor with high
saturation field." 70th Device Research Conference. 2012.
[71] Dong, Shuxiang, et al. "Magnetostrictive and magnetoelectric behavior of Fe–20 at.%
Ga/Pb (Zr, Ti) O3 laminates." Journal of applied physics 97.10 (2005): 1039002.
[72] Wang, Yi. "Characterization and applications of FeGa/PZT multiferroic cantilevers."
(2014).
[73] Du, Zhaofu, et al. "Closed magnetic circuit FeGa/BaTiO 3/FeGa sandwich structure
for high magnetoelectric effect." Journal of Alloys and Compounds587 (2014): 688-691.
[74] Fang, Fei, ChangPeng Zhao, and Wei Yang. "Thickness effects on magnetoelectric
coupling for Metglas/PZT/Metglas laminates." Science China Physics, Mechanics and
Astronomy 54.4 (2011): 581-585.
[75] Zhai, Junyi, et al. "Geomagnetic sensor based on giant magnetoelectric
effect."Applied Physics Letters 91.12 (2007): 123513.
[76] Li, Menghui, et al. "Enhanced magnetoelectric effect in self-stressed multi-push-pull

143

mode Metglas/Pb (Zr, Ti) O3/Metglas laminates." Applied Physics Letters 101.2 (2012):
022908.
[77] Gao, Junqi, et al. "Enhanced sensitivity to direct current magnetic field changes in
Metglas/Pb (Mg1/3Nb2/3) O3–PbTiO3 laminates." Journal of Applied Physics 109.7
(2011): 074507.
[78] Zhai, J. Y., et al. "Giant magnetoelectric effect in Metglas/polyvinylidene-fluoride
laminates." (2006).
[79]

Martins,

Pedro,

and

Senentxu

Lanceros‐Méndez.

"Polymer‐Based

Magnetoelectric Materials." Advanced Functional Materials 23.27 (2013): 3371-3385.
[80] C. Kirchhof, M. Krantz, I.Teliban, R.Jahns, S. Marauska, B. Wagner, and E. Quandt,
“Giant magnetoelectric effect in vacuum.” Applied Physics Letters, vol.102, art. no.
232905, 2013.
[81] Sreenivasulu, G., et al. "Magnetoelectric interactions in layered composites of
piezoelectric quartz and magnetostrictive alloys." Physical Review B 86.21 (2012):
214405.
[82] Blevins, Robert D., and R. Plunkett. "Formulas for natural frequency and mode
shape." Journal of Applied Mechanics 47 (1980): 461.
[83] S. X. Dong, J. F. Li, and D. Viehland, “Longitudinal and transverse magnetoelectric
voltage coefficients of magnetostrictive/piezoelectric laminate composite: Theory,” IEEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 50, pp. 1253–1261, 2003.
[84] S. X. Dong and J. Y. Zhai, “Equivalent circuit method for static and dynamic
analysis of magnetoelectric laminated composites,” Chin.Sci. Bull., vol. 53, no. 14, pp.
2113–2123, 2008.

144

[85] T. I. Muchenik and E. J. Barbero, “Charge, voltage, and work-conversion formulas
for magnetoelectric laminated composites,” Smart Materials and Structures, vol.24, no.2,
art. no. 025039, 2015.
[86] M.Guo and S. Dong. "A resonance-bending mode magnetoelectric-coupling
equivalent

circuit." Ultrasonics,

Ferroelectrics,

and

Frequency

Control,

IEEE

Transactions 56.11, 2009
[87] S. Sherrit, S. P. Leary, B. P. Dolgin and Y. BarCohen “Comparison of the Mason and
KLM Equivalent Circuits for Piezoelectric Resonators in the Thickness Mode”, IEEE
Ultrasonic Symposium, p.921-926, 1999.
[88] Bostonpiezo, “Material Properties: Lithium Niobate” datasheet. Available:
http://bostonpiezooptics.com/lithium-niobate.
[89] Metglas Inc., “Metglas Magnetic Alloy” datasheet. Available:
http://Metglas.com/products/magnetic_materials/2605SA1.asp.
[90] F. Li, R. Misra, Z. Fang, Y. Wu, P. Schiffer, Q. Zhang and S. Datta, “Magnetoelectric
flexural gate transistor with nanotesla sensitivity,” Journal of Microelectromechanical
Systems, vol. 22, no. 1, pp. 71-79, 2013.
[91] J. Zhai, Z. Xing, S. Dong, J. Li, and D. Viehland, “Detection of pico-Tesla magnetic
fields using magneto-electric sensors at room temperature,” Appl. Phys. Lett., vol. 88, art.
no. 062510, 2006.
[92] Bi, K., et al. "Large magnetoelectric effect in mechanically mediated structure of
TbFe2, Pb (Zr, Ti) O3 and nonmagnetic flakes." arXiv preprint arXiv:1210.7542 (2012).
[93] M.-C. Lu, L. Mei, D.-Y. Jeong, J. Xiang, H. Xie, and Q. M. Zhang, “Enhancing the
magnetoelectric response of Terfenol-D/polyvinylidenefluoride/Terfenol-D laminates by

145

exploiting the shear mode effect,” Applied Physics Letters, vol. 106, art. no. 112905,
2015.
[94]

Jahns,

Robert,

et

al.

"Giant

Magnetoelectric

Effect

in

Thin‐Film

Composites."Journal of the American Ceramic Society 96.6 (2013): 1673-1681.
[95] Gong, Songbin, and Gianluca Piazza. "Figure-of-merit enhancement for laterally
vibrating lithium niobate MEMS resonators." Electron Devices, IEEE Transactions
on 60.11 (2013): 3888-3894.
[96] H. J. Weller, D. Setiadi, and T. Binnie, “Low-noise charge sensitive readout for
pyroelectric sensor arrays using PVDF thin film,” Sensors & Actuators, vol. 85, pp. 267–
274, 2000.
[97] Wang, Yaojin, et al. "Ultralow equivalent magnetic noise in a magnetoelectric
Metglas/Mn-doped Pb (Mg1/3Nb2/3) O3-PbTiO3 heterostructure." Applied Physics
Letters 101.2 (2012): 022903.
[98] Xing, Zengping, et al. "Investigation of external noise and its rejection in
magnetoelectric sensor design." Journal of Applied Physics 106.2 (2009): 024512.
[99] Snadden, M. J., et al. "Measurement of the Earth's gravity gradient with an atom
interferometer-based gravity gradiometer." Physical Review Letters 81.5 (1998): 971.
[100] Mei, L., Rupprecht, S., Yang, Q. & Zhang, Q. A first order gradiometer based low
noise magnetoelectric sensor system. in 71st Device Research Conference (DRC) 85-86
(IEEE 2013).
[101] Carneiro, A. et al. Liver iron concentration evaluated by two magnetic methods:
Magnetic resonance imaging and magnetic susceptometry. Magnetic Resonance in
Medicine 54, 122-128 (2005).

146

[102] Jensen, P. Evaluation of iron overload. British Journal of Haematology 124, 697711 (2004)
[103] Gandon, Y. et al. Non-invasive assessment of hepatic iron stores by MRI. The
Lancet 363, 357-362 (2004).
[104] Nielsen, P. et al. Liver iron stores in patients with secondary haemosiderosis under
iron chelation therapy with deferoxamine or deferiprone. British Journal of Haematology
91, 827-833 (1995).
[105] Kew, M. Hepatic Iron Overload and Hepatocellular Carcinoma. Liver Cancer 3, 3140 (2014).
[106] Milward, E. et al. Noncitrus Fruits as Novel Dietary Environmental Modifiers of
Iron Stores in People With or Without HFE Gene Mutations. Mayo Clinic Proceedings 83,
543-549 (2008)
[107] Farrell, D. et al. Magnetic measurement of human iron stores. IEEE Trans. Magn.
16, 818-823 (1980).
[108] Brittenham, G. et al. Magnetic-Susceptibility Measurement of Human Iron Stores.
New England Journal of Medicine 307, 1671-1675 (1982).
[109] Webpage. Available:
https://www.ndeed.org/EducationResources/CommunityCollege/MagParticle/Physics/Ma
gneticMatls.htm
[110] AndraÌ,W. & Nowak, H. Magnetism in medicine. (Wiley-VCH, 1998).
[111] Sheth, S. SQUID biosusceptometry in the measurement of hepatic iron. Ped Radiol
33, 373-377 (2003)
[112] Schenck, John F. "The role of magnetic susceptibility in magnetic resonance

147

imaging: MRI magnetic compatibility of the first and second kinds." Medical
physics 23.6 (1996): 815-850.
[113] Weinstock, Harold. "A review of SQUID magnetometry applied to nondestructive
evaluation." Magnetics, IEEE Transactions on 27.2 (1991): 3231-3236.
[114] Nagaishi, Tatsuoki, et al. "First practical high Tc SQUID system for the detection of
magnetic contaminants in commercial products." Applied Superconductivity, IEEE
Transactions on 17.2 (2007): 800-803.
[115] Dubiel, S. M., et al. "Magnetic properties of human liver and brain
ferritin."European biophysics journal 28.3 (1999): 263-267.
[116] Mahdi, A. E., L. Panina, and D. Mapps. "Some new horizons in magnetic sensing:
high-T c SQUIDs, GMR and GMI materials." Sensors and Actuators A: Physical 105.3
(2003): 271-285
[117] Sternickel, Karsten, and Alex I. Braginski. "Biomagnetism using SQUIDs: status
and perspectives." Superconductor science and technology 19.3 (2006): S160.
[118] Nielsen, Peter, et al. "Non-invasive liver iron quantification by SQUIDbiosusceptometry and serum ferritin iron as new diagnostic parameters in hereditary
hemochromatosis." Blood Cells, Molecules, and Diseases 29.3 (2002): 451-458.
[119] Fischer, Roland, and David Farrell. "Liver iron susceptometry." Magnetism in
Medicine: A Handbook, Second Edition (2007): 529-549. [104]
[120] Farrell, D. E., et al. "A new instrument designed to measure the magnetic
susceptibility of human liver tissue in vivo." IEEE transactions on magnetics43.9 (2007):
3543-3554.
[121] Camaschella, Clara, et al. "The human counterpart of zebrafish shiraz shows

148

sideroblastic-like microcytic anemia and iron overload." Blood (2007).
[122] Farrell, D. E., et al. "Magnetic measurement of liver iron stores: Engineering
aspects

of

a

new

scanning

susceptometer

based

on

high-temperature

superconductivity." Magnetics, IEEE Transactions on 43.11 (2007): 4030-4036.
[123] Brittenham, Gary M., et al. "Efficacy of deferoxamine in preventing complications
of iron overload in patients with thalassemia major." New England Journal of
Medicine 331.9 (1994): 567-573.
[124] S. X. Dong, J. Y. Zhai, J. F. Li, D. Viehland (2006) "Near-ideal magnetoelectricity
in high-permeability magnetostrictive/piezofiber laminates with a (2-1)connectivity,"
Appl. Phys. Lett. 89 252904–252906.
[125] Webpage. Available:
ftp://ftp.jameco.com/archive/previouscatalogs/Catalog%20262/Electromech.pdf
[126] Microchip, PIC18F4550 datasheet. Avalable:
http://www.microchip.com/wwwproducts/Devices.aspx?product=PIC18F4550
[127] Weller, Geoff, et al. "A new integrated LWD platform brings next-generation
formation evaluation services." SPWLA 46th Annual Logging Symposium. Society of
Petrophysicists and Well-Log Analysts, 2005.
[128] Alain Brie, et al., New Directions in Sonic Logging, Oilfield Review, Spring, 40-55
(1998)
[129] Peter J. Shull, and Bernhard R. Tittmann, Ultrasound, Nondestructive Evaluation:
Theory, Techniques and Applications, New York, NY: Marcel Dekker (2002)
[130] Jeff Alford, et al., Sonic Logging While Drilling - Shear Answers, Oilfield Review,
Spring, 4-15 (2012)

149

[131] Webpage. Available:
http://science.howstuffworks.com/environmental/energy/oil-drilling.htm
[132] Cheng, Chuen Hon, and M. Nafi Toksöz. "Elastic wave propagation in a fluid-filled
borehole and synthetic acoustic logs." Geophysics 46.7 (1981): 1042-1053.
[133] Robbins, Carl Arthur, et al. "Acoustic logging while drilling tool to determine bed
boundaries." U.S. Patent No. 5,678,643. 21 Oct. 1997.
[134] Clark, Brian, et al. "Logging while drilling apparatus with blade mounted electrode
for determining resistivity of surrounding formation." U.S. Patent No. 5,339,036. 16 Aug.
1994.
[135] Li Cheng, et. al., Characteristic Analysis of Joint Acoustic Echo and Noise
Suppression in Periodic Drillstring Waveguide, Shock and Vibration, 2014, Article ID
741314, 1-10 (2014)
[136] Leggett III, James V. "Measurement-while-drilling acoustic system employing
multiple, segmented transmitters and receivers." U.S. Patent No. 6,084,826. 4 Jul. 2000.
[137] Leggett III, James V., et al. "Drilling system with an acoustic measurement-whiledriving system for determining parameters of interest and controlling the drilling
direction." U.S. Patent No. 6,088,294. 11 Jul. 2000.
[138] Sineiro, Guilherme da Silva. Underwater multimode directional transducer
evaluation. Diss. Monterey, California. Naval Postgraduate School, 2003.
[139] Hajati, Arman, et al. "Three-dimensional micro electromechanical system
piezoelectric ultrasound transducer." Applied Physics Letters 101.25 (2012): 253101.
[140] Leggett III, James V., et al. "Field test results demonstrating improved real-time
data quality in an advanced LWD acoustic system." SPE Annual Technical Conference

150

and Exhibition. Society of Petroleum Engineers, 2001.
[141] COMSOL Tutorials, COMSOL Group. Available:
http://www.comsol.com/blogs/online-tutorial-piezoacoustic-optimization/
[142] Charles Sherman, and John Butler, Transducers and Arrays for Underwater Sound,
Springer Science & Business Media (2007)
[143] Bernstein, Jonathan J. "Acoustic transducer with improved low frequency
response." U.S. Patent No. 5,452,268. 19 Sep. 1995.
[144] Bernstein, Jonathan J. "Acoustic transducer." U.S. Patent No. 5,146,435. 8 Sep.
1992.
[145] Burkard, Robert. "Sound pressure level measurement and spectral analysis of brief
acoustic transients." Electroencephalography and clinical neurophysiology57.1 (1984):
83-91.
[146] Lee, C. K. "Theory of laminated piezoelectric plates for the design of distributed
sensors/actuators. Part I: Governing equations and reciprocal relationships."The Journal
of the Acoustical Society of America 87.3 (1990): 1144-1158.
[147] Gautschi G. Piezoelectric Sensorics: Force, Strain, Pressure, Acceleration and
Acoustic Emission Sensors, Materials and Amplifiers[J]. Sensor Review, 2002, 22(4):
363-364.
[148] Katnam, K. B., L. F. M. Da Silva, and T. M. Young. "Bonded repair of composite
aircraft structures: A review of scientific challenges and opportunities." Progress in
Aerospace Sciences 61 (2013): 26-42.
[149] Schonhorn, H., and R. H. Hansen. "Surface treatment of polymers for adhesive
bonding." Journal of Applied Polymer Science 11.8 (1967): 1461-1474.

151

[150] Baldan, A. "Adhesively-bonded joints and repairs in metallic alloys, polymers and
composite materials: adhesives, adhesion theories and surface pretreatment." Journal of
materials science 39.1 (2004): 1-49.
[151] Duralco 4538. Available: http://cotronics.com/allenchen/pdf/4538.html
[152] Bond-It 7050. Available: http://www.cotronics.com/vo/cot7050.html
[153] EP 5340. Available: http://eagerplastics.com/5340.htm
[154] Aremco-Bond 2150. Available:
http://www.aremco.com/news-item/aremco-bond%E2%84%A2-2150-high-strengthepoxy-bonds-ceramic-wear-tiles/
[155] Broberg, K. B. "Discussion of initial and subsequent crack growth." Engineering
Fracture Mechanics 5.4 (1973): 1031-1035.
[156] Andrews, E. H., and A. J. Kinloch. "Mechanics of adhesive failure. II."Proceedings
of the Royal Society of London A: Mathematical, Physical and Engineering Sciences. Vol.
332. No. 1590. The Royal Society, 1973.
[157] Crosby, Alfred J., and Kenneth R. Shull. "Adhesive failure analysis of
pressure‐sensitive

adhesives." Journal

of

Polymer

Science

Part

B:

Polymer

Physics37.24 (1999): 3455-3472.
[158] Fang, Cong, et al. "Significant reduction of equivalent magnetic noise by in-plane
series connection in magnetoelectric Metglas/Mn-doped Pb (Mg1/3Nb2/3) O3-PbTiO3
laminate composites." Journal of Physics D: Applied Physics 48.46 (2015): 465002.
[159] Nicholson, Patrick HF, et al. "Guided ultrasonic waves in long bones: modelling,
experiment and in vivo application." Physiological measurement23.4 (2002): 755.
[160] Younho Cho, Jung-Chul Park, Joseph L. Rose, A Study on the Guided Wave Mode

152

Conversion Using Self-calibrating Technique, Roma 2000 15th World Conference on
Non-Destructive Testing. (2000)
[161] Siqueira, M. H. S., et al. "The use of ultrasonic guided waves and wavelets analysis
in pipe inspection." Ultrasonics 41.10 (2004): 785-797.
[162] Hayashi, Takahiro, Won-Joon Song, and Joseph L. Rose. "Guided wave dispersion
curves for a bar with an arbitrary cross-section, a rod and rail example." Ultrasonics 41.3
(2003): 175-183.
[163] Alleyne, D. N., M. J. S. Lowe, and P. Cawley. "The reflection of guided waves
from circumferential notches in pipes." Journal of Applied mechanics 65.3 (1998): 635641.

Vita

Lei Mei
Lei Mei was born on March 30th, 1986 in Anhui, China. He received the Bachelor of
Science degree in Electrical Engineering from Southeast University China in 2004. After
that he attended the Pennsylvania State University as a Ph.D. student in the Department
of Electrical Engineering.

His current research is on the simulation, fabrication of ultra-sensitive magnetic sensors
based on magnetoelectric (ME) effect, also acoustic devices FEM simulation and
transducer fabrication.

