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Abstract
Magnetic sensors of high sensitivity, compact size, and low cost are of great interest for
biomedical applications. Magnetoelectric (ME) composites enable the use of
piezoelectric materials, through magnetoelectric coupling between constituents, for
magnetic sensing applications.

The goal of this dissertation is to explore novel

approaches which have potential to enhance the sensitivity of magnetoelectric composite
sensors and their biomedical applications.

ME composite sensors based on tensile piezoelectric effects have been extensively
investigated in the past. Substantial research efforts in the past decade have resulted in
composite materials with a strong ME response. On the other hand, shear piezoelectric
effect is in fact is the highest among the known piezoelectric effects. In this thesis, I
investigate an ME composite sensor with enhanced sensitivity using shear mode effect.
Moreover, I investigate further enhancing the sensitivity by operating at resonance. Here,
we

develop

an

ME

laminate

heterostructure

consisting

of

magnetostrictive

Tb0.3Dy0.7Fe1.92 (Terfenol-D) alloy and piezoelectric polyvinylidene fluoride (PVDF)
layers, both operated in shear mode. We show that the shear mode ME sensor exhibits a
markedly improved ME effect compared with traditional ME composites operated in
longitudinal and transverse piezoelectric and magnetostrictive modes using the same
materials. A strong ME coefficient of 7.93 V/(cm Oe) is obtained under a dc magnetic
bias of 2300 Oe. We also show that a single-crystal lithium niobate/Metglas thickness
shear-mode ME sensor demonstrates the simulation results of a sensitivity of 177,620
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V/Oe∙cm and peak signal to noise ratio (SNR) of 4.49×1012 √Hz/Oe for the 1MHz
resonance frequency sample.

Iron plays a vital role in the human body; however, absorbing and storing too much iron
in the body organs can cause damage to or even destroy an organ [1][2][3][4][5].
Clinically, liver biopsy is used to assess liver ion concentration (LIC), though this
process is invasive, has risks, and cannot be used repeatedly. Non-invasive methods have
been developed. BLS is effective in quantifying LIC at levels from normal (0.05 LIC <
0.5 mg Fe/gliver) to overload [6][7][8][9][10][11]. However, BLS requires to detect weak
biomagnetic signal in the presence of a strong dc magnetic field that can currently only
be achieved by a superconducting quantum interference device (SQUID). The high cost (>
$ 1 million) and complicated operation and maintenance of SQUIDs have restricted
general clinical adoption of the SQUID BLS technology. BLS detects weak biomagnetic
signals in the presence of a dc magnetic field more than six orders of magnitude stronger.

In this thesis, I explore the unique capabilities of high-sensitivity ME sensors and
investigate the application of ME sensors for iron level detection in human tissues. The
compact size and room-temperature operation of ME sensors allow the development of a
magnetic sensor array for biomagnetic liver susceptometry (BLS) for iron profiling. For
ME sensors, by properly designing the magnetostrictive and piezoelectric composite
layer structure and thickness ratio, a very high sensitivity for detecting ac biomagnetic
signals (~ 1 nT) could be achieved in the presence of a strong dc magnetic field (~ 0.1
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Tesla). We design and fabricate ME sensor systems in first-order gradiometer
configurations in order to significantly reduce environmental magnetic noise so that the
minute biomagnetic signals can be detected and demonstrate their high sensitivity and
high signal to noise ratio (SNR) performance. The results successfully show the output
signals from 0.05 mg Fe/g liver phantom (normal liver iron concentration (LIC) level) to 5 mg
Fe/g liver phantom

(100X overdose) to be linearly responsive to liver iron concentrations.

For the next step, we develop a prototype for a multi-ME sensor array BLS system. The
introduction of the dual-sensor self-calibrating technique shows the potential of the
automatic cancellation of the background signal and the signal of overlying tissue,
enabling a higher sensitivity and providing the capability of adaptive auto-calibration to
significantly improve the accuracy of LIC and reduce data scan time. With these
improvements, it is possible to get improved signal distribution mapping potential and
characterization flexibility via signal processing from the multiple sensors in the system.
Our ME-sensor BLS will achieve sensitivity close to that of the SQUID-based BLS with
only a fraction of its cost. Thus, our research could broadly impact the clinical practice in
iron overload treatment and significantly reduce the cost of care of those patients.
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Chapter 1 Introduction

1.1 Background
Magnetic sensors have played an important role in the electronics industry for many years
and have spread to a wide range of applications in automobiles, data storage, geophysical
detection, and health care. The common technologies used for high sensitive magnetic field
sensing include induction coil sensors, superconducting quantum interference devices
(SQUID), the Hall effect, giant magnetoresistance (GMR), magnetostrictive/piezoelectric
composites, and microelectromechanical systems (MEMS)-based magnetic sensors.
Particularly, high-sensitive magnetic sensors have been useful in that they are able to detect
tiny magnetic fields produced outside the brain by the neuronal currents, which then can be
used in diagnostic applications such as magnetoencephalogram (MEG) and magnetic
resonance imaging (MRI) systems. Measuring the brain's magnetic field is extremely
challenging because the signals are so weak, with strengths of 0.1-1 pT, thus requiring
magnetic sensors with sub-pico tesla sensitivity. In fact, to date, these measurements can
only be performed with the most sensitive magnetic sensors, i.e., SQUID. However, such
detectors require expensive and cumbersome cryogenics to operate. Additionally, thermal
insulation of the sensors prevents them from being placed very close to the tissues under
study, thereby preventing high-resolution measurement capability. All of these constraints
severely limit their broad usage in biomedical imaging and diagnosis.
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1.2 Conventional Magnetic Sensors

1.2.1

Induction Sensors

As its name suggests, an inductive sensor is a coil that measures magnetic flux based on
Faraday’s law of induction. In an inductive sensor, a voltage (e) is induced when a magnetic
flux (Φ) propagates through an N-turns coiled core with the cross section A. The relation
can be expressed as:

𝑒𝑚𝑓 = −𝑑Φ/𝑑𝑡 = −𝑑(𝑁𝐴𝜇! 𝜇! (𝑡)𝐻(𝑡))/𝑑𝑡,

(1-1)

where H is the magnetic field in the core and µ0 and µr are the vacuum and relative
permeability of the core, respectively. The relation can be further deduced to [12]:

𝑒𝑚𝑓 = −[𝑁𝐴𝜇! 𝜇! 𝑑(𝐻(𝑡))/𝑑𝑡 + 𝑁𝜇! 𝜇! 𝐻𝑑(𝐴(𝑡))/𝑑𝑡 + 𝑁𝐴𝜇! 𝐻𝑑(𝜇! (𝑡))/𝑑𝑡] (1-2)

The first term on the right is a general term for all coil-based sensors, while the second term
is specific for rotating coil sensors. The last term is the general fluxgate equation. Note that
the sensitivity is generally determined by the parameters listed above, including the number
of turns, cross-section (i.e., effective area), and relative permeability [12]. The sensitivity
can be greatly enhanced by replacing the typical air core with a ferromagnetic rod having a
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high magnetic permeability. The ferromagnetic rod is employed to concentrate the
surrounding magnetic fields so that the flux density B (= A/Φ) can be raised.

Coil magnetometers feature non-contact detection and are widely used in magnetic
recording (in the audio frequency regime), magnetic resonance imaging, metal detection,
and traffic lights, to name a few applications. They are also very useful in geophysical study
for monitoring micro-pulsations of the magnetic ﬁeld of Earth, typically ranging from 1
mHz to 1 Hz. However, such devices are bulky and cumbersome and have limited
sensitivity, thus hindering their use in applications that require compact size and high
sensing resolution.

1.2.2

Fluxgate Sensors

Fluxgate magnetometers can measure low-frequency/dc vector magnetic fields based on the
last term of Eq. (1-2). Such a magnetometer can measure a field magnitude down to 10−9 T
from 10−4 T. The resolution in frequency is restricted by the response time of the employed
(ferromagnetic) material and the magnitude of the excitation field.

The fluxgate sensors can be formed by two coil-wrapped magnetically susceptible rods or
positioned in a ring-core geometry. Letting alternating electric current propagate through
the coil induces repeated magnetic-saturation cycles from the magnetized region through the
unmagnetized to inversely magnetized regions (usually in a sine or square form). The
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constantly changing field will excite an electric current in the other coil. By comparing the
input and output currents, a magnetic field can be detected from a neutral background (cf.
Fig. 1.1). When there is a magnetic field, the polarity that is aligned with the field is easily
saturated, while the opposite one is not. The magnitude of the field is proportional to the
voltage measured. Therefore, the direction and magnitude of the magnetic field can be
detected.

Fig. 1.1 The basic fluxgate principle. The ferromagnetic core is excited by the ac current Iexc
of frequency f into the excitation winding. The core permeability µ(t) is therefore changing
with 2f frequency. If the measured dc field B0 is present, the associated core flux Φ(t) is
also changing with 2f, and voltage Vind is induced in the pickup (measuring) coil having N
turns [13].

1.2.3

Magnetoresistors

Magnetoresistive sensors are usually made of NiFe films. They are cost-efficient and widely
used in automobile applications. Such a magnetometer detects a magnetic field H by
monitoring the variation of resistance ΔR. The response can be as fast as 1 µs. A giant
magnetoresistor (GMR) can be achieved by stacking two conductors and two thin
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ferromagnets alternately (Fig. 1.2 and Fig. 1.3). It can detect field magnitudes down to 10−9
T at 1 Hz.

Fig. 1.2 Orientation of the magnetization of the ferromagnetic layers in a GMR spin valve
for different external fields H. (a) H = 0, the magnetization of the free ferromagnetic layer is
perpendicular to the magnetization of the pinned ferromagnet, R = R(0). (b) Low resistant
state, H parallel to the magnetization of the pinned ferromagnet, R < R(0). (c) High resistant
state, H directed opposite to the magnetization of the pinned ferromagnet, R > R(0). (d) H
large enough to unpin the pinned ferromagnet, R < R(0) [14].
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Fig. 1.3 Voltage output versus field for a spin valve supplied by NVE Corp [14].

1.2.4

Hall Effect Sensors

As its name suggests, a Hall Eﬀect sensor is made of a semiconductor, the operating
principle of which is based on the Hall Effect. The Hall Effect describes the situation in
which a Lorentz force is generated when a magnetic field is applied to a conducting slab
with an electric current propagating through it. The relationship between the Lorentz force
F, the magnetic flux density B, the charge q, the velocity of the moving electrons v, and the
electric field E is:

F = Bqv = qE. (1-3)
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The electric field is inherently generated to balance the Lorentz force. By measuring the
electric field (or say, the Hall voltage), the magnetic field can be calculated. It is noteworthy
that the Hall Effect is usually small in metals but large in semiconductors. A magnetometer
based on indium antimonide can detect magnetic fields as low as 10−7 T. Hall Effect sensors
are low cost and widely used in many sensing applications such as speed detection (e.g.,
disk drives).

1.2.5

SQUID Sensors

Superconducting QUantum Interference Devices (SQUID) are widely used in
susceptometry. The temperature of SQUIDs has to be cooled below the superconducting
temperature, at which point the resistance goes to nil and the electric current can be greatly
enhanced. Hence, it is to date the most sensitive magnetic sensor of all practical
magnetometers, which can measure magnetic fields as low as ~ 10−17 T with a noise level at
~ 3 fT/Hz½. We have to note here that recently so-called “atomic magnetometers” are
claimed to be more sensitive than SQUID (see the next section for more detail).

The operating principle of a SQUID, which is based on superconducting loops with at least
two weakly coupled superconductors (i.e., a Josephson junction), is depicted in Fig. 1.4 [14].
SQUIDs can be classified into two main types: dc and RF. A dc SQUID requires two
Josephson junctions while the RF counterpart needs only one, which makes it cheaper yet
less sensitive. In a dc SQUID, the input current Ii is equally split in two in the absence of
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magnetic fields. With an external magnetic field applied, a screening current Is is induced
and acts in the same direction as one of the split input currents. In turn, the total current is
increased to Ii/2 + Is for this particular branch. This is in contrast to the other branch, of
which the total current drops to Ii/2 − Is. If the current of the former branch goes above the
critical current of the Josephson junction, a voltage is generated across the Josephson
junction. However, in such a configuration, the flux is quantized. If the magnetic flux
exceeds the Φ0/2, where Φ0 denotes the magnetic flux quantum, the SQUID has to increase
the flux to Φ0 and so the direction of Is becomes reversed. The direction of Is is flipped
every time the magnetic flux is raised by Φ0/2; hence, the current oscillates with the
magnetic flux. The SQUID magnetometer operates in resistive mode whenever the input
current exceeds the critical current. The voltage changes against the magnetic field with its
period ~ Φ0. The relationship between the voltage and magnetic flux reads:

ΔV = R ΔΦ /L, (1-4)

where R is the shunt resistance acting to alleviate hysteresis and L is the inherent inductance
of the ring superconductor. In terms of the RF type, the SQUID is inductively coupled to a
tank circuit. The effective inductance of the circuit and the resultant resonant frequency
varies with the applied magnetic field. By measuring the resonant frequency, the magnetic
flux that changes the loss of the circuit can be found.
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Fig. 1.4 Schematic of SQUID[14].

SQUID is extremely useful for biomagnetic liver susceptometry (BLS). However,
SQUID-based BLS are costly, e.g., ~ 1 million USD for one susceptometer. In addition, the
SQUID has to operate at superconducting temperature, which is as low as ~ 4 K, so a bulky
cooling system is required.

1.2.6

Atomic Magnetic Sensors

An atomic magnetometer works by measuring the change in the energy states of atoms,
usually the orientation of spin or an energy state. To do so, the atoms have to be situated in
a well-defined state in the first place. After the atoms are excited with a magnetic field, the
state changes and is subsequently measured.
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Relaxation mechanisms are major issues for most atomic magnetometers. Recently, a
Spin-Exchange Relaxation Free (SERF) magnetometer has emerged as a rising star to this
field. The SERF sensors circumvent the spin-exchange relaxation by utilizing an extremely
low magnetic field and a high potassium density. Specifically, coherence is preserved by
rapid spin exchanges among atoms with respect to the magnetic precession frequency. The
sensitivity of SERF sensors is the highest of all, reached by restraining the intra-atomic
collision-induced broadening effect. So far, 1 fT/Hz½ has been reported using a 1 cm3 cell of
potassium vapor. The sensitivity can, in theory, be pushed further using a large cell.

1.2.7

Magnetic Sensors Overview

To date, there has been widespread use of magnetometers, ranging from electronics and
geophysics through data storage to biomedical diagnosis. Over a billion USD have been put
into the market, which increases at a rate of ~ 8.7 % per year (cf. Fig. 1.5). Hall Effect
sensors share more than 70% of the market, while magnetoresistive sensors (including
GMR and AMR) and SQUID magnetometers share one fifth of the market (cf. Fig. 1.6).
Note that, to my knowledge, atomic magnetometers have not yet been brought to the market.
The development of new magnetic sensing technology has been an increasingly hot topic in
this field, aiming to overcome the shortcomings of the existing commercial sensors.
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Fig. 1.5 Magnetic Sensor Market 2012 [15].

Fig. 1.6 Worldwide magnetic sensors revenue forecast (HIS iSuppli Research, 2014) [16]

Fig. 1.7 and 1.8 compare the sensitivities and costs of the main magnetometers in the
market. Hall Effect and magnetoresistive sensors are low-power, low-cost, and compact, but
the noise level is relatively high. The magnetoresistor, inductive coil, and Hall Effect
sensors are generally limited by their sensitivity to at best sub-nT. Among them, GMR has
the widest operating range (in field magnitude) from T to sub-nT. Fluxgate magnetometers
encompass the range from 10−4 T to 10−11 T, yet their bulkiness and slow response limit
their use to astronautics and navigation only. For an atomic magnetic sensor, strong
sensitivity makes it a promising candidate for the application, but it will not be able to
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operate under high dc bias for biomedical imaging. At low operating frequency (say 1 Hz),
SQUID is the most sensitive sensor of all and very useful in biomedical imaging; however,
the high cost of equipment and requirement of cryogenic conditions and bulky cooling
systems have hindered its applications. With the increasing need for magnetic sensors
applicable for biomedical use, it is therefore vital to develop a highly sensitive,
cost-efficient, room temperature, and compact magnetometer. Fig. 1.9 shows biomagnetic
signals produced by various sources. ME sensor with low-cost, compact-size, competitive
sensitive and room-temperature operation could be a promising candidate for the purpose.

Fig. 1.7 Magnetic sensitivity benchmarked with current magnetic sensing technologies.

Fig. 1.8 Comparison of several low-field magnetic sensor technologies. Sensitivity and cost
indicated for each sensor[15].
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BLS

Fig. 1.9 Biomagnetic signal produced by various sources[18].

1.3 Biomagnetic Liver Iron Concentration Detection
In the presence of an external magnetic field, most materials can be grouped into the
categories of diamagnetic, paramagnetic, and ferromagnetic [17]. Healthy human tissues are
diamagnetic and could generate a response near 10-8 to the external field. Their magnetic
susceptibility is on the same order as water. The iron ion in liver is paramagnetic, and could
generate a response larger than 10-6 to the external field but varies with the liver ion
concentration (LIC).

Iron plays a vital role in human body; however, absorbing and storing too much iron in the
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body organs can cause damage to or even destroy an organ [19][20][21][22][23].
Biomagnetic liver susceptometry (BLS) is developed to measure/map the iron levels (i.e.,
LIC) and magnetic properties of a liver [11][24][25][26][27]. Hemochromatosis, i.e., iron
overload, in liver can therefore be detected. Diseases such as genetic disorders,
transfusion-induced iron overload, and hereditary haemochromatosis (HHC) can be
diagnosed by monitoring the LIC because liver iron closely correlates with total body iron.
Around 0.5 % of the population in the US suffers from HHC alone, as reported by the
Centers for Disease Control and Prevention (CDC)[28]. Early detection of the iron level in
the liver is thus of great importance. Common and comprehensive liver diagnosis is done by
biopsy. However, there are some downsides of invasive measurement, as will be explained
in section 1.3.1, so noninvasive diagnosis is preferred. Thus far, the noninvasive BLS is
based on SQUID (cf. section 1.3.2), which is bulky and extremely expensive (~ 1 million
USD). An emerging, promising candidate for noninvasive BLS is the ME laminate
sensor-based BLS, which is the main theme of this dissertation and will be explained in
detail in the following chapters.

1.3.1

Basic Operation Principle

Liver iron correlates closely with total body iron and liver biopsy provides a quantitative
direct measure of iron status. A liver biopsy is conducted by inserting a needle into a liver to
collect a sample of tissue. The sample is then analyzed in a lab. Preparation work, e.g.,
stopping taking anti-inflammatory drugs and aspirin products, is needed starting from a
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week prior to the biopsy. Some health risks may originate from having bleeding problems or
heart/lung conditions, being pregnant, or being allergic to some medications. In addition, the
distribution of the targeted cell or element (e.g., iron level) may be inhomogeneous over the
entire liver. Inadequate sample size (< 0.5 mg dry weight) and non-uniform liver iron
distribution may generate misleading results [29]. Thus, the results obtained from the biopsy
may not be representative of the condition of the whole liver. These concerns explain why,
over the past few years, much effort has gone into developing noninvasive, less
time-consuming, and less risky techniques for liver diagnosis. Liver biopsy can not be used
as a routine method due to its invasiveness, discomfort, and significant risk to the patient.

Among various noninvasive methods, BLS provides a direct means of determining hepatic
iron stores that has been calibrated and used extensively in studies of patients with iron
overload [23][27][30][31]. In BLS, 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. The response
from most human tissues, in which molecules do not contain net magnetic dipoles, is
diamagnetic, i.e., opposing to the applied field, and very weak (~ 10-8 of the applied field).
In contrast, iron atoms possess a net magnetic moment that will align with the applied field
and generate a paramagnetic response. In human tissues, this response is directly
proportional to the iron atoms present, and its strength is about 10-6 or greater, which is
much larger than the diamagnetic response.
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Presently, a SQUID susceptometer is used to meet the required sensitivity of detecting the
weak magnetic response from the iron in human tissues induced by a strong bias magnetic
field. The bias magnetic field is 106 times stronger than the biomagnetic signal. There is no
other commercial magnetic sensor that possesses a large enough dynamic range, i.e.,
measuring weak biomagnetic responses in the presence of a strong magnetic field of 106
times larger [29][32][33][34]. However, the high cost ($ 1 million per instrument) and
complexity of the SQUID magnetometer limit the clinical adoption of the method [33].

In a typical biomagnetic susceptometer, a high magnetic field applied in the tissue generates
a magnetization,

!
! ! !
µ0 M ( r ' ) = χ ( r ' ) B( r ' )

(1-5)

!
where χ (r ' ) is the magnetic susceptibility of the tissue at r ' , and µ0 is the magnetic

permeability of the free space. Since the induced magnetic field due to tissues is
significantly weaker in magnitude (~ 10-6) compared with the applied field, the applied
!
!
magnetic field B(r ' ) is used in Eq. (1-5). The biomagnetic field at the sensor location r ,
!
due to magnetization M (r ' ) of the tissue in volume element dτ at r’, is then

!" " µ
! ! ! !
! !
d B(r ) = 0 {3[ M (r ')⋅ R]R / R 5 − M (r ') / R 3 }dτ
4π

(1-6)
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! !
where R = r − r ' . Substituting Eq. (1-5) into Eq. (1-6), and integrating over the whole liver
volume t, the induced biomagnetic field from the liver (or tissue) at the sensor location,

! !
ΔB(r ) , can be obtained as
! ! ! ! 5 ! !
!
!
1
Δ B( r ) =
χ
(
r
'
)
{
3
[
B
( r ' ) ⋅ R ]R / R − B( r ' ) / R 3 }dτ
4π ∫τ

(1-7)

!!

!
From the measured ΔB(r ) , it is an inverse problem to deduce χ (r ' ) in the liver (eq. (1-7)).

In the SQUID BLS, to solve this inverse problem from the one voltage signal (as a
single-element BLS), it was assumed that

!
χ (r ' ) does not depend on

!
r ' , i.e., the iron

distribution in the liver is uniform and χ , hence, is a constant, which simplifies the
integration eq. (1-7) when the liver’s location and size in the patient’s body are known.
Hence, prior to the SQUID BLS scan, an ultrasonic image was taken to locate the liver
position and determine its size, which was approximated as an ellipsoid with three major
axes of a, b, and c (see illustration in Fig. 1.9) in a patient. The extensive clinical study of
SQUID BLS has established that the liver’s shape can be approximated as an ellipsoid
[11].To cancel the subject’s irregular thorax shape and the diamagnetic background, a water
bag was used to cover the subject since the magnetic susceptibility of overlay tissue is very
close to that of water [11]. In the SQUID BLS scan, the subject was moved in the vertical
direction over a distance up to 10 cm, generating a change of the biomagnetic signal as seen
by the SQUID sensor (see Fig. 1.10 for the change of the biomagnetic signal from the liver
with changing distance between the sensor and liver).
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Fig. 1.10 Simulation result of distance dependence of the biomagnetic signal from a liver
phantom (in ellipsoid shape, with a=6 cm, b=7cm, and c=3.5cm) [11]. In the discussion of
the proposal, a and b are along the x- and y- directions, and c is along the z-direction.

1.3.2

Current Status of SQUID BLS

For noninvasive diagnosis, SQUID magnetometers have been proven effective in measuring
magnetic susceptibility and the resulting iron level in a liver from less than sub-milligram
Fe/gliver (normal) up to 5 mg Fe/gliver (100 X overloaded). Back in the 80s, such detection in
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humans was successfully conducted using a SQUID with a low Tc superconductor (LTS).
The LTS-based SQUID requires liquid helium (He) to cool the device down to ~ 4 K. To
reduce the cost and system size, high Tc superconductor (HTS)-based SQUIDs were
developed. The cooling of HTS SQUIDs is usually done with liquid nitrogen (N).

As has been shown by many human-subject studies, the LTS SQUID signals were in
excellent correlation with the liver iron concentration as measured by biopsy, the gold
standard in the LIC [35][36][37][38][39][40][41]. Over the last decade, the SQUID BLS at
UCSF Benioff Children's Hospital Oakland (UBCHO) has performed over 2,000
measurements on patients at risk for iron overload [42].

In 2007, making use of high-temperature superconducting (HTS) materials, which enable
the SQUID to be cooled by liquid nitrogen (77 K), Farrell et al. demonstrated a HTS
SQUID using liver phantoms. Besides reduced cost, the 77 K operating temperature also
reduced the thermal insulation requirement [43][44]. As a result, the sensor-patient distance
of their HTS SQUID was 8 mm, compared with > 25 mm for LTS SQUID. In addition, the
operating temperature also allowed the use of a rare-earth magnet, which generated a much
higher magnetic field.

Consequently, the liver biomagentic signal was increased by about

50 times, compared with LTS SQUID. The improved SNR and closer sensor-tissue
separation allowed Farrell et al. to carry out susceptibility mapping of the tissues using a
sensor system consisting of two sensors, a large coil sensor and a small coil sensor. In their
study, a phantom made of a liver and overlay tissue phantoms generated signals fL and fS,
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in the two coils, which are related to the susceptibilities 𝑋!!" and 𝑋!!"# of the overlay tissue
and liver phantom, respectively,
Ov Ov
Liv Liv
Ov
Ov
Liv Liv
Φ! = χ w φL + χ w φ L and Φ! = χ w φS + χ w φ S

(1-8)

Ov
Ov
Liv
where the quantities φL and φS are the flux integrals of the overlay tissue, and φ L and

φ SLiv are the liver phantom in each of the two sensors. By knowing the sizes and locations of
the liver phantom and the overlay tissue, the 𝑋!!" and 𝑋!!"# can be obtained. In addition,
using the lateral scan, Farrell et al. also showed by using liver phantoms of different size
that the HTS SQUID system has the potential to determine the lateral size of the liver (a and
b in Fig. 1.9).

Alternatively, a great deal of effort has been invested to develop MRI methods such as
FerriScan@, which has been approved by the FDA, for quantifying tissue iron. However,
the MRI method still suffers high cost and limited access in many parts of the country and
the world. In addition, the patient data have to be transmitted to and analyzed at Resonance
Health’s central image analysis facility in Australia, causing extra delay in diagnosis.

The maturing of HTS opens up the opportunity to develop a HTS BLS that has lower cost
with reduced size [43][44]. However, due to the cooling system required, SQUID-based
sensors are still cumbersome and costly. On the other hand, the development of the HTS
BLS was still at the in vitro stage using phantoms, and no clinical studies have been reported
[43][44]. Although LTS SQUID-based BLSs have been employed for practical clinical use,
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the diagnostics are expected to have a quantum jump in improvement if a portable,
cost-efficient, and room-temperature magnetometer with sufficient sensitivity can be
developed. For instance, more and more people can have access to such a diagnosis, and the
process can be simplified.

1.4 Research Objectives
This thesis consists of three objectives. In objective 1, we will develop and test ME laminate
sensors with enhanced sensitivity by shear mode effect, resonance effect, and thickness ratio
effect. In objective 2, we will develop a single ME sensor-based BLS system similar to a
SQUID-based system. Our main focus is to resolve all the engineering, logistical, and
operational design issues and construct a BLS system. This system requires an ultrasound
system to determine the liver location relative to the sensor. Taking advantage of the
compact size of ME sensors, in objective 3, we will develop a prototype multi ME senor
array BLS system. Our design is synergistic and efficient. Objective 2 will use the ME
sensor designed in objective 1, and objective 3 will use the same BLS design developed in
objective 2. At the end of our research, we will have a calibrated design of an ME-sensor
BLS system for clinical trial.
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Chapter 2 Shear mode Magnetic Sensors Based on ME
Laminates
The sensitivity of an ME sensor can be further improved by a different operation mode.
As shown in Table 2.1, in most piezoelectric materials, the shear mode piezoelectric
constant d15 and coupling factor k15 are often the largest of all the coefficients. In this
chapter, we investigate (i) non-resonance shear mode ME sensor in section 2.2 and (ii) a
resonance mode high Q factor shear resonator in section 2.3.

Table 2.1 Comparison of piezoelectric constant and coupling factor in different modes

PZT-2

PZT-5

BaTiO3

PbTiO3

PVDF

d33 (10-12C/N) 152

593

191

51

-25.19

d31 (10-12C/N) -60.2

-274

-79

-4.4
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d15 (10-12C/N) 440

741

270

53

-30.7

k33

0.63

0.75

0.493

0.46

0.14

k31

0.28

0.39

0.208

0.04

0.11

k15

0.7

0.675

0.467

0.28

0.3

2.1 Introduction of ME Effect
Recent developments in multiferroic materials, especially magnetoelectric (ME) laminate
composites, create a unique opportunity for developing piezoelectric sensors for magnetic
sensing. The magnetoelectric effect is a material phenomenon featuring an energy
interchange between magnetic and electrical phases. ME effects have been reported in
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single-phase materials (Mercier 1975, Rado 1975) and in piezoelectric-magnetostrictive
composites (van Run et al. 1974, van den Boomgaard et al. 1976) since the 1970s
[45][46][47][48][49]. Compared with single-phase materials, a larger coefficient has been
discovered in ME composites, and investigations of ME composites in the past 30 years
have been focused on various laminated materials and structures [50][51][52][53].

Strong magnetic sensors operating at room temperature can be realized based on the
magneto-electric coupling principles. As Fig. 2.1 shows, the magnetostrictive/piezoelectric
phases are bonded together and coupled via the strain generated. In such a two-phase
heterostructures configuration, strain will be generated by the magnetostrictive layer
(NiFe2O4, Metglas, Terfenol-D, etc.) via magnetostriction and then transferred to the
piezoelectric layer (Pb(Zr,Ti)O3 (PZT), lead magnesium niobate-lead titanate (PMNPT),
polyvinylidene fluoride (PVDF), etc.). A strong electric charge (or voltage) response could
then be detected and described as the ME charge (or voltage) coefficient. Strain coupling is
the basic principle, and it requires a suitable combination of magnetostrictive and
piezoelectric phases for efficient displacement transfer. As illustrated in Fig. 2.1, the ME
coupling sensor could work in the linear or cut off regions.

Laminated composites consisting of ferromagnetic and ferroelectric phases have shown a
strong electromagnetic coupling effect, which derives large ME coupling coefficients at
room temperature and demonstrates the potential of these composites to be used as high
sensitivity magnetic sensors. A schematic of an ME composite sensor system is illustrated
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in Fig. 2.2, in which an external magnetic field generates an electric response in the
piezoelectric layer by cross-coupling interactions in multi-ferroic composites. The electrical
signal could be read out by a charge-mode or voltage-mode low-noise amplifier that is
connected with a lock-in amplifier [54]. The amplitude and phase information from the
lock-in amplifier could be displayed and stored in an upper computer with programmed
labview code. The compact device footprint (for example, typical dimensions of the ME
laminates in Fig. 2.1 are ~12mm x 8mm x 3mm) makes them easy to integrate into various
device configurations such as a gradiometer structure.

Fig. 2.1 Schematic representation of the ME effect in the composites
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Fig. 2.2 Schematic of an ME sensor system consisting of ME laminates and readout
electronics

2.2 Improving the ME Sensitivity by Shear Mode Operation
(Non-resonance Mode)
ME laminates of Tb0.3Dy0.7Fe1.92 (Terfenol-D)/polyvinylidene fluoride (PVDF) were
experimentally studied, and their performance is compared with predictions from the
theoretical analysis. The results indicate that shear-mode effect can enhance field sensitivity
remarkably. The results provide a general approach to improve the field sensitivity of such
laminates and show the potential of ME composite laminates as very high sensitivity
magnetic sensors by exploiting the shear-mode effect. A strong ME coefficient of 7.93
V/(cm．Oe) (an increase of 5.54 times the d33 mode) at low frequencies under an optimal dc
magnetic bias of ~2300 Oe was found.
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2.2.1

Operation Modes of Piezoelectric Elements

For ME laminate sensors, one way to increase the sensitivity is to enhance the
magnetostrictive

/piezoelectric

phases

by

adopting

different

modes

with

high

piezomagnetic/piezoelectric coefficients. Investigations in the past decade have been
focused on various laminated materials and structures to increase the ME coefficient and
reduce the equivalent magnetic noise level.

A slab of a piezoelectric material can be used as a resonator. Taking a rectangular slab as an
example, longitudinal, transverse, and shear modes are the three common vibrational modes
(cf. Fig. 2.3). Vibrating in the longitudinal mode, strain/stress is exerted along the
polarization, and so the coefficient d33 of a material is responsible for its performance in this
mode. In the transverse mode, the strain/stress is exerted in a direction perpendicular to the
polarization; the corresponding coefficient is d31. The shear mode corresponds to the
piezoelectric coefficient d15. In a piezoceramic like PZT, the shear mode performs better
than the transverse mode and longitudinal mode because the piezoelectric constant is higher.
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Fig. 2.3 Schematic of vibration modes of piezoelectric structure: (a) transverse mode; (b)
longitudinal mode; (c) shear mode.

Previous papers have reported equivalent circuits of long-type ME composites in which a
piezoelectric layer is poled in the thickness direction and 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) -mode ME laminates. 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 couple to the piezoelectric layer via surface
bonding [55]. A longitudinal (33 mode) strain/stress (or a transverse (31 mode) strain/stress)
is excited if the magnetic field H is applied parallel to the longitudinal axis (or the thickness)
of the laminate. The strain/stress could then be transferred to the piezoelectric layer if we
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assume the surface bonding is perfect and there is no sliding, in which case the surface the
strain/stress could be treated as the boundary condition for the piezoelectric layer. If the
piezoelectric layer is poled in the thickness direction, a d31 mode vibration is excited, and a
charge (or voltage) signal is generated at the surface, which is called the charge mode (or
voltage mode) piezoelectric model, as Fig. 2.4 shows. The shear mode corresponds to the
piezoelectric coefficient d15. As shown in Table 2.1, in most piezoelectric and
magnetostrictive materials, the shear mode piezoelectric constant d15 and coupling factor k15
are often the largest of all the coefficients, but it’s not easy to design a structure to operate
the sensor in shear mode. Therefore, we could acquire high mechanoelectric or
electromechanical output if the ME devices are designed to operate in shear mode.

Fig. 2.4 Schematic of L-T and T-T mode magnetostrictive /piezoelectric laminates.

2.2.2

Shear-Mode ME system experiment setup

Here we investigate a ME laminate sensor operated at shear magnetostrictive and shear
piezoelectric modes (S-S mode) and demonstrate that the S-S mode ME sensors exhibit an
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improved ME response compared with those operated in tensile modes. A 1 mm-thick
iron-based magnetic alloy Terfenol-D (Metglas, Inc., SC) was used as the magnetostrictive
layer, and the piezoelectric polymer PVDF (Ktech Corp., NM) with 10mm length, 2mm
width, and 1 mm thickness was used as the piezoelectric layer. These materials can be easily
fabricated into multilayer configuration. The ME laminates (Terfenol-D and PVDF) were
bonded by a nonconductive epoxy resin (5 min Epoxy, ITW Devcon, MA). Fig. 2.5(a)
shows the schematic design of S-S mode ME sensors (both the magnetostrictive and
piezoelectric layers are in shear mode). A holder and a low noise amplifier were built into
the ME system. The holder is made with alumina, which has large stiffness but is not
conductive. The polling direction of the piezo layer (PVDF) is in the -x direction, and the
magnetization of the magnetostrictive layer (Terfenol-D) is in the same direction, as
illustrated in Fig. 2.5(b). A dc bias field is applied perpendicular to a 1.015 Oe ac magnetic
signal; the ac signal will incur strain via a shear-mode magnetostriction (d15 mode), and then
this shear strain will be coupled to the piezoelectric layer via piezoelectricity and generate
charge at the top and the bottom surfaces. Since the top and the bottom Terfenol-D will
move in the symmetrically reverse direction, and the polling direction of PVDF is also in -x
direction, from the definition of the piezocharge constant matrix, we can define that the
PVDF is also working at shear mode. Fig. 2.6 shows the equivalent circuit we used to derive
the ME coefficient for the simulation results of the sensor system.

For the measurement setup, two parallel electromagnets (Model HF-7H, Walker Magnetics
Group, Inc.) were deployed to provide both ac (at frequencies >1 kHz) and dc magnetic
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fields. A function generator (Model DS360, Stanford Research Systems, Inc., CA), which
generates a sinusoid wave superimposed with an offset voltage, was used to drive the
electromagnet and generate the ac and dc magnetic fields. The electrical signal from the
charge amplifier connecting the PVDF was measured using a lock-in amplifier (Model
SR830 DSP, Stanford Research Systems, Inc.) as well as an oscilloscope. The capacitance
and loss tangent of the PVDF layer were measured using a precision LCR meter (HP4284A,
Agilent Technologies, Inc.). A charge-sensitive readout amplifier with a feedback capacitor
of 1 nF was fabricated, and the ME laminate was directly integrated with the readout circuit.
A Faraday cage was designed and constructed to attenuate the environmental magnetic
fields and electrical noise, and the whole magnetic characterization setup was placed inside
this shielding cage.
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3cm
(a)

3mm

(b)
Fig. 2.5 (a) Schematic design of the "double" shear-mode ME sensor system (b) Direction
of magnetic field, polarization, magnetization, and deformation.

Fig. 2.6 Equivalent circuit for the sensor system

2.2.3

Enhancing the ME Response of Terfenol-D/PVDF

Laminates by Exploiting Shear-Mode Effect
To compare the ME laminate S-S mode sensor response with that of a sensor operated at the
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d31 and d33 mode, we derive the ME coefficient formulas to estimate the theoretical ME
coefficient of sensors at the longitudinal mode and the S-S mode. The field sensitivity of the
shear-mode sensor system is Vout/ΔHa, where ΔHa is the change in the external magnetic
field to be measured, can be derived from the piezoelectric constitutive equation and the
elastic coupling between the Terfenol-D and PVDF layers (non-slippery contact between
the two layers). The shear-mode piezoelectric constitutive equations of the piezolayer,
which relate the elastic stress T and the strain S to the electric field E and the electric
displacement D, are

!
𝑆!! = 𝑆!!
𝑇!! + 𝑑!!" 𝐸!
!
𝐷!! = 𝑑!!" 𝑇!! + 𝜀!!
𝐸!

(2-1)

The shear-mode constitutive equations of the magnetostrictive layer are

!
𝑆!! = 𝑆!!
𝑇!! + 𝑑!!" 𝐻!!
!
𝐵!! = 𝑑!!" 𝑇!! + 𝜇!!
𝐻!!

(2-2)

where the coefficients derive the sensitivity of a piezoelectric or magnetic material as a
result of signal transformation between the electric and elastic or magnetic forms. (dp15 is
the shear-mode piezoelectric coefficient, dm15 is the shear-mode magnetostrictive coefficient
!
!
of the magnetostrictive layer, 𝑆!!
is the elastic compliance coefficient, 𝜀!!
is the dielectric
!
constant, and 𝜇!!
is the permeability.) The subscripts p and m denote the parameters of the

piezoelectric and magnetostrictive layers. For the sensor system in Fig. 2.6 in which the
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PVDF piezolayer is in short-circuit condition, i.e., E=0, the constitutive equations (2-1)

can be simplified to,

𝑇!! =
𝐷!! =

!!!

− − − − − −(2 − 3)

!
!!!
!!!" !!!
!
!!!

− − − − − −(2 − 4)

From (2-4), the charge, which is generated in the piezopolymer PVDF from the strain Sm5 of
the Terfenol-D, is the strain generated from external magnetic field Ha1 in (2-2). When
Tm5=0, the charge can be found in

𝑞! =

𝑑!!" 𝑆!!
𝐴! =
!
𝑆!!

𝑑!!"
!
𝑆!!

𝑑!!" 𝐻!!
𝐴! − − − − − −(2 − 5)
!
𝑆!!
1 𝑡!
!
2 𝑡! + 𝑆!!

where Ap is the total area of the PVDF piezopolymer layer. Here, a perfect elastic coupling
between the piezolayer and magnetostrictive layers is assumed. The field sensitivity
Vout/ΔHa of the shear-mode sensor system is,

𝑉!"#
=
𝐻!!

𝑞!
𝐶!

1
=
𝐻!!

𝑑!!" 𝑑!!" 𝐴!
! − − − − − −(2 − 6)
𝑡
𝑆!!
! 1 !
𝐶! 𝑆!! 2 𝑡 + !
𝑆!!
!

where dm15 is the magnetostrictive coefficient of the Metglas in the dc field-biased state.
The elastic modulus of the PVDF layer Equation (2-6) shows the dependence of the field
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sensitivity of the ME sensor on the material parameters such as the piezo-coefficient dp15,
!
the magnetostrictive coefficient ΔSm/ΔHa, and the elastic compliance 𝑆!!
of the piezolayer.

With a similar method, we can derive that the formula of field sensitivity Vout/ΔHa of the d33
-mode sensor system is,

→

𝑉!"#
=
𝐻!!

𝑑!!! 𝑑!!! 𝐴!
− − − − − (2 − 7)
!
𝑆!!
𝑡!
!
𝐶! 𝑆!! 1 + !
𝑆!! 𝑡!

After putting all the parameters into equations, Table 2.2 shows a summary of the
comparison of theoretical and experimental results. According to previous literature [56],
the experimental ME coefficient of a Terfenol-D/PVDF d33 mode ME sensor is 1.43
V/cm*Oe, while the formula we derived presents 3.56 V/cm*Oe for the simulation result,
which is a reasonable value since there are some losses in a realistic case. The theoretical
and experimental results for d15 mode are 19.41 and 7.93 V/cm*Oe, as Fig. 2.7 shows,
which improve the ME coefficient 5.20 and 5.54 times, respectively.
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Table 2.2 Comparison of the simulation and experimental results

Theoretical (V/cm*Oe)

d33 mode

d15 mode

Performance(Ratio)

3.73

19.41

Increase 5.20 times

7.93

Increase 5.54 times

Experimental (V/cm*Oe) 1.43

Fig. 2.7 Experimental results of the shear-mode Terfonol-D/PVDF sensor
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Table 2.3 Piezocharge/piezomagnetic const of Terfonol-D/PVDF
Piezo-magnetic const (10-9 mA-1)Piezo-charge const (pC/N) of
of Terfenol-D

PVDF

d31

d33

d15

d31

d33

d15

-5.3

11

28

21

-25.19

-30.7

In summary, the ME laminates of Terfenol-D/PVDF/Terfenol-D were experimentally
studied and the performance are compared with the prediction from the theoretical analysis.
The main reason why S-S mode ME sensors can possess a high ME coefficient is shown in
Table 2.3, which lists the value of the piezocharge and piezomagnetic constants in different
modes. As has been proved, d15 mode possesses the highest value in both materials, which
leads to the high electromechanical/magnetomechanical coupling factor, high ME
coefficient and high signal to noise ratio (SNR) in S-S mode ME sensors. The results
provide a general approach to improve the field and show the potential of the ME composite
laminates as very high sensitivity magnetic sensors by exploiting the S-S mode effect and
indicate that shear mode effect can enhance the field sensitivity remarkably.
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2.3 Shear Resonance ME Sensor (Resonance Mode)
The sensitivity of ME sensors can be further improved by resonance. Here we investigate
possible shear ME sensors based on resonance operation to further enhance ME sensitivity.
The resonance of a physical system occurs when a driving field operates in a particular
frequency such that the energy can be significantly absorbed by the system via
oscillation/vibration. The strain in response to the external magnetic field can be enhanced
and accumulated over time. A shear resonator of lithium niobate and quartz of a high Q
factor could be a promising candidate for high Q factor ME sensors. For this purpose, I have
developed a shear resonance ME equivalent circuit model to study the response of high Q
factor ME sensors.

2.3.1

Introduction

Piezoelectric single-crystal material (e.g., quartz, lithium niobate) has been used as a
resonator material due to its simplicity, stability, and low cost. Resonances in quartz can be
achieved in two fundamental modes, surface acoustic resonance and bulk acoustic
resonance. The resonance of a physical system occurs when a driving field operates in a
particular frequency such that the energy can be significantly absorbed by the system via
oscillation/vibration. The strain in response can be enhanced and accumulated over time.
High-frequency quartz crystal resonators such as 250 MHz are commercially available for
smart phones, wireless LAN, or Bluetooth applications. Thickness-shear mode (TSM)
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resonators are normally used for quartz crystal microbalances (QCM) because of their good
response under heavy damping conditions such as liquid loading. In order to have a high
quality (Q) factor, a shear-mode QCM typically consists of a slab of thin, single-crystal
quartz with two metal electrodes with large lateral dimensions, as shown in Fig.2.8.

Fig. 2.8 Schematic of a circular-shaped quartz crystal. The yellow area is the
electrodes [57].
For an ideal resonator design, the amplitude of the shear displacements is zero at the
electrode edges, while it is at a maximum at the r=0 and exhibits a node at z=0. The wave
equation solution yields a general form of eigenfrequencies as given in Eq. (2.8)[58].

𝑓!"# =

𝑣! 𝑛! 𝜋 ! 𝜆!!"
𝑣! 𝑛! 𝜋 !
𝑣! 𝑛
𝑛𝐾!
+
≈
=
=
!
2𝜋 𝑡!
𝑅!
2𝜋
𝑡!!
2𝑡!
𝑡!

(2.8)

Where fmnk are the eigenfrequencies of the various normal modes, νp is the wave
propagation velocity, which is equal to the square root of the elastic modulus of quartz
divided by its density, λ is the wavelength of the mn mode, R is the radius of the electrode,
and tq is the thickness of the quartz. KR denotes the frequency constant and is half the
acoustic wave propagation velocity in a particular direction. It is clear that the fundamental
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resonance frequency is inversely proportional to the thickness of the crystal. It is also
deduced that the maximum fundamental frequency occurs while displacement at r=0 and
z=±tq/2 and only odd overtones n can be excited. The study of the thickness direction of the
crystal can be treated one-dimensionally if the lateral sizes of the electrode are greatly larger
than the thickness of the quartz.

2.3.2

Material selection

For ME sensors, to exploit the high Q factor of single crystal piezoelectric material and high
piezo-electric and piezo-magnetic coefficient of shear-mode operation, an optimal coupling
effect and thickness ratio between piezoelectric and magnetostrictive materials must be
achieved. The TSM resonance in single-crystal LiNbO3 allows a very high resonance
frequency (a > 1 MHz TSM LiNbO3 crystal resonator is commercially available with low
cost) with a high Q (> 104) that is possible in the current ME resonators reported. The
high sensitivity of these crystal resonators compared with other piezo-sensors is
owing to the very high Q-factor (Q ~ 104), which accumulates a weak input signal over
many cycles so that the output signal is Q times higher compared with a
non-resonance case.

Quartz has higher quality factor (>106) than LiNbO3. However, LiNbO3 is a more
promising candidate as a piezoelectric layer for the following reasons. First, the
LiNbO3 crystal has a higher shear-mode electromechanical coupling factor (k~0.69)
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than quartz. Second, based on TSM Quartz or LiNbO3 crystal resonators, quartz (Q>106)
does have a higher Q than LiNbO3 (Q>104), but the deposition of a thin Metglas (Q~103)
layer will lower the Q of whole system, which can easily reduce coupling effect
between the two layers if we choose quartz, making LiNbO3 a better choice.

2.3.3

Equivalent Circuit Models

The relationship between mechanical displacement and electrical potential has been
discussed by piezoelectric equations. Therefore, the approach of electrical equivalent
circuits is commonly used for conversion between mechanical and electrical parameters.
This section provides an introduction to the equivalent circuit models (using electrical
circuits to describe mechanical systems) for piezoelectric devices: the Van Dyke model and
Mason’s circuit model. The Van Dyke model is frequently employed to model the
mechanoelectric behavior (characteristics) in the vicinity of a resonance, while the Mason’s
equivalent circuit is a more complicated model commonly used to model piezoelectric
devices.

As depicted in Fig. 2.9, the Van Dyke circuit has two branches: one having just a capacitor
represents the electrostatic capacitance C0 = εrε0A/d between two parallel plates of an
unloaded piezoelectric transducer, while the other, which has a capacitance Ca, inductance
La, and resistance Ra, represents the mass, elastic compliance, and mechanical losses,
respectively. The L1 and C1 can be estimated based on the configuration and material
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properties.

!!
!
𝐿! = (𝜌/8)(𝑙𝑏/𝑤)(𝑠!!
/𝑑!"
)
!
!
𝐶! = (8/𝜋 ! )(𝑙𝑤/𝑏)(𝑑!"
/𝑠!!
)

(2-9)

where l, w, and b denote the length, width, and thickness, respectively.

Fig. 2.9 The Van Dyke model for an unloaded piezoelectric transducer [59].
The series resonance frequency (fs) and parallel resonance frequency (fp) can be calculated
from L1 and C1:

𝑓! =

!

!

!!

!! !!

𝑓! =

!

!! !!!

!!

!! !! !!

(2-10a)

The resonance frequencies can also be correlated with elastic stiffness and other constants:
!!

!

!!

!

!!
𝑓! = [!(!!!!!! )!! ! ]! = [!!!
]!
!
!

𝑓! =

!
!

! !! !!!

𝑘!! 𝑓! 𝑐𝑜𝑡( !

!!

)

(2-10b)

where kt denotes the coupling factor.
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The Mason’s equivalent circuit of a piezoelectric transducer consists of an electrical port
and two mechanical ports (cf. Fig. 2.10). A transformer is used to couple the mechanical
part of the circuit to the electrical part. In the electrical part, the voltage V simply equals the
product of the current I and the impedance Z (i.e., Ohm’s law). In the mechanical part, the
voltages (of the mechanical ports) represent the mechanical forces F at the surfaces, and the
current represents the electron velocity v. Hence, these mechanical parameters can be
correlated by the equivalent Ohm’s law: F = vZ’, where Z’ is the effective mechanical
impedance. By adopting the Mason’s equivalent circuit model to analyze the
electromechanical or mechanoelectric behavior of a piezoelectric device, one can acquire
analytical solutions of the acoustic wave equation in such a device.

Fig. 2.10 Mason equivalent circuit [60].
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2.3.4

Analysis

In 2003, Dong et al. developed a Mason’s equivalent circuit model to compute the
magnetoelectric response between a piezoelectric layer and magnetostrictive layer in tensile
operation [61]. These studies confirmed the existence of strong ME effects, and theoretical
analysis of the magnetoelectric effect for magnetostrictive/piezoelectric two-phase
composites has also been performed using an equivalent circuit approach [62]. This
approach is useful for modeling the ME behavior of low-dimensional thin film ME
composites. Originally, a Mason’s equivalent circuit was only used for analyzing the
response of piezoelectric physics. Dr. Dong’s group exploited the similarity between the
magnetostrictive constitutive equation and piezoelectric constitutive equation to establish a
new Mason’s equivalent circuit to simulate the response of a ME laminate sensor. A
Mason’s equivalent circuit could also be used to simulate the magnetostrictive layer by the
reciprocity replacement of magnetic flux density B, magnetic field H, magnetomotive force
F, magnetic permeability µ, and induced voltage V, and the simulation of an ME sensor can
be accomplished. As shown in Table 2.4, the following reciprocity replacement between the
two constitutive equations could be established:
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Table 2.4 The magnetostrictive layer reciprocity replacement

Magnetostrictive

Piezoelectric

Magnetic field B

Electric displacement field D

Magnetic flux density H

Electric field E

Magnetic permeability µ

Electric permittivity ε

Piezomagnetic constant d!

Piezoelectric constant d!

Magnetomotive force F= 𝐻 𝑑𝑙

Voltage V= E dl

Induced voltage v=jωΦ = jωSB

Induced current I= jωAD

Based on their approach, we decided to derive a Mason’s equivalent circuit for S-S mode
ME sensor. Let's consider a shear model represented in Fig. 2.11. The piezoelectric layer is
polled in the z direction, the charge generated is collected at the top and bottom surfaces in
x direction, shear forces F1 and F2 are applied along z direction(T5), and the velocities at
x=0 and x=l are v! and v! .

x

z
v2
F2

y
F1
v1

Fig. 2.11 Piezoelectric shear mode model
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Since the electrodes are only applied at the top and bottom surfaces, we have D1≠0,
D2=D3=0, and we also have S! ≠0, S! = S! = S! = S! = S! =0. From the dynamic piezoelectric
equation, we have:
!
T! = c!!
S! − h!" D! --------(2-11)
!
E! = −h!" S! + β!!
D! --------(2-12)

!
where c!!
is the stiffened shear elastic constant, h!" is the shear transmitting constant,
!

!
! !!
defined as h!" = !!!" , β!!
is equal to (ε!!
) , and the boundary conditions at the acoustic
!!

ports are:
F! = AT! x = 0 = wlT! x = 0
F! = −AT! x = t = −wlT! x = t
v! = v(x = 0)
v! = −v(x = t)
!

From (2-12), we have D! = !!! +
!!

since

! !!
!!

!!" !!
!!
!!

-----------(2-13)
! !!

= 0 no electron movement in the x direction S! = !! !! , we have
!!!
!!

!

= − !! h!"

!! !
!!!

----------(2-14)

after integration:
!

E! = − !! h!"

!!
!!

+ a---------(2-15)

a is an integration constant, and we have V =

!
E
! !

dx, since v! and v! are the particle

velocity at x=0 and x=l;
!

! !!"

a = ! − !!

!

(v! + v! ) ----------(2-16)
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!!

!

! !!"

then we have E! = −h!" !! + ! − !!
!

!

v! + v! -----------(2-17)

! !

From (2-17) and (2-13), we haveD! = !! ! − !! !!!"! v! + v! ----------(2-18)
!!

!!

Then we have I = jωwlD! = jωC! V − φ(v! + v! )----------(2-19)
!"

where C! = !!! , φ =
!!

!"!!"
!!!
!!

=h!" C!

The relationship between T and v within the piezoelectric material is
!!!
!!

= jωρv ------------(2-20)

If we eliminate T and S from (2-11), (2-19), (2-20), we have the wave propagation equation
as
!! !
!!!

+

!!!
!!
!!

v = 0 -------------(2-21)

The solution is
v = v! e!!!! + v! e!!! --------------(2-22)
and T! = T! e!!!! + T! e!!! − h!" D! ---------------(2-23)
where
k=ω

!
!!
!!

! !/!
! !/!
, T! = −(ρc!!
) v! , T! = (ρc!!
) v!

With the boundary conditions at x=0 and x=t, we can solve the v! and v! , and finally we
have the following relations between F! F! and v! v!

v
Z wl cot kt
Z wl csc kt h!" ω !
F!
v
= −j
! ----------------(2-24)
F!
Z wl csc kt Z wl cot kt h!" ω I!

Meanwhile, we also have the relationship between V! and v! v! I! from (2-19)
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V! =-j h!" ω h!" ω 1 ωC!

v!
v! ----------------(2-25)
I!

Based on the matrix formula, we have a three-port Mason equivalent circuit 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. A transformer with a
coupling factor of φ is used to describe the conversion between the electrical and acoustical
variables.
For the shear mode model, we have:
!!

!!"#

Z! = jAZ tan( ! ) = jAZ(csc(kt) − cot(kt)) , Z! = !"#(!!) = −jAZcsc(kt)
!

! !/!
Z = (ρc!!
)
, φ! = hC! = !!!" C! = !
!!

!

!!"

!
!" !!!

C! , k = ω

!
!!
!!

We also have the following for the magnetostrictive layer,

!!

!!"#

Z! = jAZ tan( ! ) = jAZ(csc(kd) − cot(kd)) , Z! = !"#(!!) = −jAZcsc(kd)
!!

! !/!
Z = (ρc!!
)
, φ! = hC! = !! !"
C! , k = ω
!!
!! !!

!
!!
!!

Since the top surface of LiNbO3 and bottom surface of the magnetostrictive layer are free,
we can simplify the three-port Mason circuit into a two-port Mason circuit as shown in Fig.
2.12 and combine the Mason circuits of the magnetostrictive layer and piezoelectric layer
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together.

Fig. 2.12 Three-port Mason equivalent circuit of the magnetoelectric sensor

The equivalent circuit could be simplified, and the left side of the transformer could be
translated to the right side as shown in Fig. 2.12. Now we can employ a circuit impedance
analogy to find the magnetoelectric coefficient of the shear-mode ME laminate. The
magnetomotive force F is the integration of the applied magnetic flux density H and is
analogous to the electromotive force V. The induced voltage v is the derivation of the
magnetic field B and analogous to the induced current I. The equivalent circuit also has
mechanical impedances Z1 Z2 and Z'1Z'2 to resistance R, coupling factors φp and φm to a
transformer with coil turn ratio N, etc., as shown in Fig. 2.14. In this diagram, 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
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excite the electric response via the piezomagnetic coupling factor φm and piezoelectric
coupling factor φp, and φm could translate the magnetic input properties into mechanical
stress/strain (magneto-elastic effect) and then be further translated to an electrical charge
and voltage output via φp (piezo-electric effect). Also, 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 an electrical voltage V across the piezoelectric layer, due to
magneto-mechanical-piezo coupling. A resistor network with transformers with a turn-ratio
of φm and φp can be used to represent the whole coupling in the laminated system. Eq.(2.26)
shows the final output:

(2-26)

The SNR is another ultimate limiting characteristic about the detection level of the ME
sensor system. Usually, the noise comes from (1) dielectric loss of the piezo layer, (2)
RF op-amp noise, or (3) magnetostrictive noise. However, the related results have
been published in previous literature. It's found that compared with the dielectric loss
noise and the readout circuit's noise, magnetostrictive noise is relatively much smaller.
For example, at 1 Hz the dielectric loss noise density is 1.07×10-4 Oe/√Hz, while the
magnetostrictive noise density is less than 10-6 Oe/√Hz .
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Rp represents the dielectric loss of the piezolayer (Rp = 1/ωCptanδ), which is one of
the primary noise sources of the ME sensor and has a spectral current density as
i!,! =

4kTωC! tan δ -------------(2-27)

where Cp is the piezoelectric layer's capacitance and tanδ is the dielectric loss
tangent. The total output spectral noise voltage density, including that from the
charge sensitivity readout, is

!
v!,!"!#$

=

i!!,!

+

i!!

+

i!!,!!

1
ωC!

!

+

e!!

C!
1+
C!

!

− − − − − −(2 − 28)

At high frequency (>1 kHz), the noise is dominated by the op-amp noise en and in
for the sensor system here,

v!,!"!#$ =

i!!

1
ωC!

+ e!! 1 +
!

C!
C!

!

− − − − − −(2 − 29)

Equation (2-29) indicates that at high frequencies the SNR depends mainly on the
noise level of the op-amp (en = 7nV√Hz and in=10fA√Hz).

Assume the laminate composite to be a λ/2-resonator operating in a S-S shear mode
The thickness of LiNbO3 of Metglas/LiNbO3 laminate is fixed, and the thickness ratio of
Metglas/LiNbO3 is adjusted. With ω = 2πf. Under resonant conditions, the mechanical
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impedance Z in the equivalent circuit reaches its minimum value, and thus the ME
output will have a peak at the resonance.

Fig. 2.13 Simulated ME Coefficient and Signal to Noise Ratio (SNR) for 1MHz,
2.5MHz, 5 MHz, 10 MHz, and 20 MHz LiNbO3/Metglas laminates (0-30%)

The ME Coefficient is simulated for 1MHz, 2.5MHz, 5MHz, 10MHz, and 20MHz when
the thickness percentage of Metglas changes from 0-20%. From Fig. 2.13, peaks near
10% for both sensitivity and SNR are demonstrated. There’s a peak sensitivity of
177,620 V/Oe∙cm for the 1MHz sample and peak SNR 4.49×1012 √Hz/Oe for the 1MHz
sample. For higher percentage Metglas thickness ratios, both sensitivity and SNR
decrease dramatically because the synthetic Q-factor decreases with the increasing
Metglas thickness percentage.
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2.4 Conclusion on the Shear ME Sensors
In

this

chapter,

we

successfully

developed

an

ME

laminate

heterostructure

Terfenol-D/PVDF S-S mode ME sensor, which exhibits a markedly improved ME effect
compared with ME composites operated in longitudinal and transverse mode by exploiting
the shear mode effect experimentally and theoretically. The theoretical equations we derive
for the Terfenol-D/PVDF S-S Mode ME sensor can be used to analyze the thickness ratio
and ME response of the sensor, but parameters like resonance effect or damping loss are not
included in the equation. Therefore, we derive a more comprehensive equivalent circuit by
Mason’s circuit model to show the resonance effect for high Q-factor single-crystal
piezoelectric materials. We believe that due to the strong shear piezoelectric and shear
piezomagnetic coefficient, shear mode could be exploited to enhance the ME response by
proper structure and operation design. For Metglas/lithium niobate S-S mode sensor
simulation, the ME response increases with a larger thickness ratio because of the stronger
driving force. There is an optimal 11% point at which the synthetic Q factor will decrease
with greater Metglas thickness. Besides, the ME response seems to keep increasing when
the resonance frequency becomes lower. However, in real devices, a lower frequency means
greater thickness, which will generate more defects during fabrication and results in a lower
quality factor. Also, as mentioned in the previous paragraph, dielectric noise will increase in
the low-frequency range to levels much higher than the OP Amp noise in the high frequency
range. More importantly, a lower operation frequency means a longer sampling time. A
high-Q resonator will not be stable in the low-frequency range because of the short
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relaxation time of high Q factor materials. Therefore, 1MHz with an 11% thickness ratio
might be an optimal operation frequency for this device.
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Chapter 3 ME Sensor-Based BLS System
3.1 Background of Biomagnetic Liver Susceptometry

In the course of recent decades, noticeable breakthroughs have been made regarding the
iron absorption mechanism [63][64][65]. It is inferred that accumulating and absorbing
redundant iron in body organs (iron overload) can damage and destroy an organ, for
example, the liver [7][66][67][68]. The total amounts of iron concentration in different
tissues are critical parameters that determine the clinical outcomes in all forms of iron
overload that can be caused by thalassemia intermedia, hereditary hemochromatosis, iron
loading anemia, sickle cell disease, thalassemia major, aplastic anemia, and other genetic
mutations or pathological disorders [69][70][71][72][73][74]. As indicated by the CDC in
the U.S, a disease-like hereditary hemochromatosis affects as many as 1 in every 200 U.S.
citizens. For this reason, it is urgent to develop and refine compelling techniques for early
and quantitative iron overload detection [75].

Liver iron concentration correlates closely with total body iron status. The liver is the only
iron storage site in the human body whose iron content steadily increases with increased
body iron stores. Measurement of the LIC is the reference method for evaluating the extent
of body iron excess. Liver biopsy provides a quantitative direct measure of iron
concentration. However, liver biopsy cannot be used as a routine method because of its
discomfort, invasiveness, and serious risk to the patient. Besides, non-uniform liver iron
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distribution and inadequate sample size may lead to misleading clinical outcomes.

BLS provides a direct means of determining hepatic iron stores and has been calibrated and
used extensively in studies of patients with iron overload among various noninvasive iron
detection methods. A tissue with a certain magnetic susceptibility induces a subtle magnetic
disturbance in an external magnetic field in BLS. This response may be exploited for
diagnostic purposes because both the direction and magnitude of the induced magnetic field
vary greatly in different materials. The response from iron atoms possesses a net magnetic
moment that will align with the applied field and generate a paramagnetic response. In
human tissues, this response is directly proportional to the iron atoms present, and its
strength is about 10-6 or greater. On the contrary, most human tissues in which molecules do
not contain net magnetic dipoles are diamagnetic—i.e., opposing to the applied field—and
very weakly magnetic (~ 10-8 of the applied field, which is much smaller than the iron atom
response).

Using the magnetic properties of iron to allow noninvasive measurements of iron
concentration in tissue was originally proposed 40 years ago [76]. The practicality of
determinations of the magnetic susceptibility of the liver in vivo was initially demonstrated
in small animals using conventional electronics. The first human measurements were
reported in IEEE Transactions on Magnetics in 1980 [77], using liquid-helium-cooled LTS
as the noninvasive detection sensor. BLS was subsequently developed as a clinical method
for the measurement of iron concentration in the liver for patients with iron overload issues
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[78][79]. A general LTS system is shown in Fig. 3.1 The liquid helium dewar is mounted in
the large box supported above the patient by a gantry. The dewar contains a magnetic coil, a
flux transformer detector coil [11], and SQUIDs [33]. The magnetic response induced in the
patient’s liver generates a magnetic field that induces a current in the flux detector coil. A
computer-controlled bed is used to raise and lower the patient to produce the ac magnetic
signal. The current induced in the coil is measured by the SQUID sensor and is proportional
to the hepatic iron status. Information about the depth of the liver and its size and shape is
obtained using ultrasonography. However, the cost (about $1 million per instrument) and
complexity of the LTS instrumentation has restricted clinical adoption of the method (Fig.
3.1).

Fig. 3.1. An in vivo magnetic susceptometer for liver-iron measurement based on low-Tc
superconductivity [43].

Fig. 3.2 shows a typical view of the HTS instrument. A comparison with the LTS system
(Fig. 3.1) indicates that the size has been considerably reduced, a change that in turn permits
an important modification of the measurement strategy. Instead of lowering the patient to
induce a current in the detection coil, the susceptometer itself is driven back and forth in a
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horizontal plane along low-friction rails. The use of a periodic lateral scan confers a number
of advantages and is only possible because the use of HTS permits a significant reduction in
the size and weight of the cryogenic components. However, the development of the HTS
BLS was still at the in vitro stage using phantoms, and no clinical studies have been
reported [43][44].

Fig. 3.2 The new HTS susceptometer, set up to measure the susceptibility of a solid
polyethylene cylinder with respect to water. Principal components are the support bed
(front), data acquisition electronics (left rear), susceptometermodule, polyethylene cylinder
and water bellows (center), and support gantry (center, rear) [43].
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3.2

General Design Consideration

Piezoelectric sensors are among the most sensitive sensors, which, for example, have been
used for ultrasonic biomedical imaging and quartz crystal resonator biosensors. However,
an inability to couple piezoelectric sensors to magnetic signals has prevented them from
being used for magnetic sensing. Recent advances in ME composites create a unique
opportunity for the use of piezoelectric sensors for biomagnetic applications[80][81]. A
room-temperature biomagnetic susceptometer has been developed for quantitative tissue
iron detection. A rare-earth permanent magnet (5 cm x 2.5 cm x 2.5 cm) was used to
generate the dc magnetic field bias for the ME sensor and for liver (liver phantom here).
Our device takes advantage of the biomagnetic field gradient to eliminate background
signals and noises. In addition, the SNR could be further improved if baseline optimization
for the gradiometer and second-order gradiometer configuration is studied. A unique feature
of the ME composite sensor is that in order to achieve a high piezomagnetic sensitivity, a dc
magnetic bias field is required, which is an undesirable feature for many magnetic sensor
applications. It was found that by selecting magnetostrictive Terfonel-D alloy for the ME
sensor, the dc magnetic field for inducing a large piezomagnetic response is suitable for the
dc bias in the ME-based BLS. The biomagnetic susceptometer exploits ME composite
sensors that demonstrate high ac magnetic sensitivity under the presence of a strong dc
magnetic field. Experimental studies showed that the ME sensors can easily detect the weak
AC biomagnetic signals from liver phantoms in the presence of strong DC biased magnetic
field which is at least 6 orders of magnitude higher. Moreover, as shown in Fig. 3.3, the
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compact size of the ME sensor (16 mm x 6 mm x 3 mm size) means ME sensors can easily
be packed into sensor arrays with different array architectures. The BLS technology
developed in this thesis is both “conventional” and “innovative”. It is conventional in the
sense that this technology follows the well-developed methodology of the SQUID-based
BLS, which has been proven to be effective in quantifying LIC over a broad range of iron
contents. It is innovative, on the other hand, because the technology can result in
breakthroughs in size, cost and, most importantly, clinical applicability. The
ME-sensor-based BLS eliminates most of the limitations in clinical applications associated
with SQUID-based sensors, without adding any new problems. The room temperature
operation of the ME BLS enables higher dc bias and shortened liver-detector distance,
resulting in a more than 50X increase in the biomagnetic signal, compared with the LTS
SQUID BLS, which is consistent with the earlier study of HTS SQUID [43].
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Fig. 3.3 Comparison of the ME BLS with the LTS SQUID BLS, which is in clinical use, as
well as a HTS BLS, which is under development. LTS BLS scans vertically and moves the
patient (see the arrow in the figure). The HTS BLS scans horizontally (BLS can scan either
vertically or horizontally to vary the liver-detector).

3.3

ME Sensor BLS System Setup

The system was installed with four major compartments: the sensing unit, the signal
conditioning circuitry, the moving translation stage, and the final readout analyzer (as
shown in Fig. 3.4). The sensing unit, a core component of the entire system, consists of one
N54 Neodymium Magnet and two ME sensors with the same dimensions (13 mm long by 6
mm wide by 3 mm thick), as shown in Fig. 3.5 (a). Each sensor was made of two PZT plates
(APC International, Ltd., Mackeyville, PA) with one Terfenol-D plate (ETREMA Products,
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Inc., Ames, IA) sandwiched in the middle. This specific structure allows an excellent
rejection in vibration noise by cancelling charges induced from strains/stress of the opposite
sign due to the top and bottom piezoelectric layers bending simultaneously (as shown in Fig.
3.5 (a)). Each sensor is at a distance of 6 mm from the permanent magnet, resulting in a dc
magnetic bias field of 950 Oe. And the two sensors are arranged along the central line of the
sensing unit’s cross-sectional view with each one’s magnetostrictive direction being the
same as the magnetization of the permanent magnet, or in other words, in a first order
gradiometer configuration. The signal conditioning circuitry, as a basic necessity for almost
every sensing system, contains a charge amplifier that coverts charges produced by the ME
sensors to voltage signals, and a differential amplifier (Stanford Research SR560) that
realizes subtraction of signals from two channels and supplies further filtering and
amplification. Besides, since the ME sensors are responsive to the ac magnetic field, the
object being measured needs to be put in motion. The motion is provided in our experiment
by a carefully designed moving translation stage (See Fig. 3.7). The stage has a dc motor,
plastic rails, wooden frame and other necessary holding pieces. Finally, the readout analyzer
could be a lock-in amplifier (Stanford Research SR830), a digital oscilloscope (Tekronix
TDS 3014c), or a dynamic FFT signal analyzer (Agilent 35670a).

One of the core principles for the first order gradiometer is that under the same
circumstances, signals from two channels are expected to be identical so that excellent
common mode noise rejection ability will be achieved. Therefore, a meticulous tuning
process for both sensors is required. More specifically, first of all, two ME sensors with a
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difference in peak ME coefficient less than 5% are selected for further tuning (as shown in
Fig. 3.8). Next, after installing the selected sensors to be used with the proper dc magnetic
bias field (distance with respect to the permanent magnet of 6 mm for 950 Oe, as previously
stated), they are put into a set of Helmholtz coils, which is driven by a sinusoidal signal
(Vrms = 1V, f

= 100 Hz, DS360 Function Generator, Stanford Research). Within the

uniform magnetic field provided by the Helmholtz coil, via adjusting the feedback
capacitance on the charge amplifier as well as the output resistance, the signals from the two
channels are tuned to be within less than 0.1% difference (readout analyzer being a SR830
lock-in amplifier, Stanford Research). The tuning setup is depicted in Fig. 3.5 (b). After the
sensing unit is ready, it will be electrically shielded by a copper shim (Fig. 3.6 (d)). Next,
low noise BNC/SMA cables were used to connect the device outputs from sensors 1 and 2,
respectively, to channels A and B of the differential amplifier (Stanford Research SR560).
The amplifier is set to do subtraction between the two channels, that is A-B, and its gain is
chosen as 200 times amplification, and its filter function is enabled to eliminate signals
above 3 Hz. Finally, the output of the differential amplifier (Stanford Research SR560) is
forwarded to a dynamic FFT signal analyzer (Agilent 35670a) driven by LABVIEW code
for post processing. The samples being measured are named as phantoms. When doing
measures, phantoms are put on the moving translation stage where they will be moved back
and forth with a frequency of 0.5 Hz.
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Fig. 3.4 System Schematic
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(a)

(b)

Fig. 3.5 Sensing Unit Configuration. (a). Two laminated magnetoelectric sensors with dc
magnetic bias field lining up as a first order gradiometer so as to achieve significant
common mode noise rejection ability. (b). Tuning setup for both ME sensors within a
uniform magnetic field provided by a set of Helmholtz Coils.
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Fig. 3.6 The Sensing Unit. (a). ME sensors are fixed at the side walls of the unit, whose
thicknesses were intentionally made 6 mm so the sensors will be placed in a dc magnetic
bias field of 950 Oe. (b). Two sensors are arranged along the central line of the sensing
unit’s cross-sectional view, leading to a first order gradiometer configuration. (c). A copper
box is soldered and sealed with a battery box outside on its top. (d). The whole device is
covered with copper shim for better electrical shielding. Two channels with SMA cables are
responsible for communication to the preamp SR 560.
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Fig. 3.7 Motorized Translation Stage. (a) Side view of the motorized translation stage
design with phantoms being measured at different positions. (b) Photo of the actual stage in
use. The frame and rail lengths are prolonged so that noises due to motor rotating could be
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Fig. 3.8 Magnetoelectric Coefficient, αME, for both sensors picked.
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3.4

Scan Perpendicular to Patient

The environmental noise of a different location was studied. First of all, the noise level of
the differential amplifier (Stanford Research SR560) is measured. As shown in Fig. 3.9, at
0.5Hz, the noise level is 0.087 µV for 1X amplification, 0.43 µV for 5X amplification, and
38 µV for 400X amplification, which shows good linear variation and proves that the output
of the sensor system is stable. A remarkable feature of the magnetoelectric susceptometer is
that it is operated in a magnetically unshielded environment. This is possible because of the
gradiometer setup. Fig. 3.10 shows the experimental environment. Due to space constraints,
this is the best experimental environment we could have right now. As can be seen, there
are steel frames and a magnetic shielding box, etc., in the surroundings. All of these
generate high levels of background magnetic noise, which may not be uniform in the space.
As shown in Fig. 3.11 and Fig. 3.12, the noise level varies at different time frames (e.g.,
afternoon, evening) and locations in our lab (e.g., near the front or back door). The noise
level in the evening reaches a lower level due to less running equipment and less random
noise from pedestrians. We had moved the setup to a less noisy environment (the Electrical
Engineering West (EEW) building student lobby), and the magnetic background noises
were reduced by 4X in the EEW lobby, as shown in Fig. 3.13. Dr. Zhang had also visited
the SQUID BLS at UCSF Benioff Children’s Hospital Oakland, which is operated in a large
room and does not have metal beams in the structure to minimize background magnetic
noises. If operated in such an environment, the signal to noise ratio of the room-temperature
ME sensor system can be improved further.

68

Fig. 3.9 The noise level of the differential amplifier (Stanford Research SR560). At 0.5Hz,
the noise level is 0.087 µV for 1X amplification, 0.43 µV for 5X amplification, and 38 µV
for 400X amplification.
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Fig. 3.10 The experimental environment. The magnetoelectric susceptometer is operated in
a magnetically unshielded environment
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Fig. 3.11 The noise level varies at different time frames. The noise level in the evening
reaches a lower level due to less running equipment and less random noise from pedestrians

Fig. 3.12 The noise level varies at different locations in our lab (e.g., near the front or back
door)
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Fig. 3.13 The noise level in Electrical Engineering West (EEW) building student lobby; the
magnetic background noises were reduced by 4X.

The equivalent magnetic noise level measurement is performed. Due to the non-uniform
background noise, the first-order gradiometer shows a 3-times improvement in the noise
spectra compared with a single sensor. The conversion of the equivalent magnetic noise was
derived from the voltage noise and the magnetoelectric coefficient of the ME sensor. As
shown in Fig. 3.14, after 400X amplification, at 0.5 Hz, the noise level in Channel A is
147.4 µV and 78.3 µV for Channel B, and their equivalent magnetic noise are, respectively,
0.73 nT and 0.39 nT. After signal subtraction (Channel A - Channel B), the system noise
level is reduced to 50.8 µV at 0.5 Hz, or an equivalent magnetic noise of 0.25 nT at 0.5 Hz.
Note that for the separate noise measurement of each channel, a low frequency noise at
approximately 0.9 Hz is observed. As expected, due to the excellent common mode noise
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rejection ability of the first order gradiometer configuration, the noise is eliminated after
signal subtraction. Liver tissue mimicking samples, known as liver phantoms, with iron
concentrations of 0 mgFe/gwater (water reference), 0.02 mgFe/gwater, 0.05 mgFe/gwater, 1.0
mgFe/gwater, 2.0 mgFe/gwater, 5.0 mgFe/gwater, 10 mgFe/gwater, and 20 mgFe/gwater are investigated
individually. Under an operating frequency of around 0.5 Hz, provided by the motorized
translation stage, the phantom being measured is moved back and forth under a strong dc
bias magnetic field by the permanent magnet in the sensing unit. Because of the change in
spatial distribution of the dc magnetic field, magnetic polarization inside the moving
phantom, which exhibits paramagnetism, will be therefore alternate while it travels. It is this
induced ac magnetic field (generally speaking, 106 times smaller than the applied field at a
particular location) that has its magnitude proportional to the iron level and is picked up by
the ME sensors. Fig. 3.15 shows the averaged line spectrum density (averaging 30
measurements for each investigation) from 0.4 Hz to 0.8 Hz. It is clear that the peak
magnitude of each case is proportional to the iron concentration level. Further data
processing shows the results in Fig. 3.16, where a good linearity is observed. Each data
block in Fig. 3.16 is from averaging 10 consecutive measurements, and for each case
investigated there will then be 3 data blocks. As we can see, the experimental data are stably
repeatable with a maximum standard deviation of 0.3175. Since water (reference) is a major
component in the phantoms and is diamagnetic, with increasing iron (paramagnetic) level,
the overall susceptibility of the liver phantoms is expected to decrease, up to a turning point
at which the contributions of both parties are equal, resulting an effective susceptibility of
zero. A simple calculation leads the theoretical turning point to be 5.6 mgFe/gwater, compared
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to the experimental value 6.8 mgFe/gwater. The difference may be caused by aging of the
phantoms. Besides, the subplot in Fig. 3.16 also demonstrates that the system is able to
distinguish as small an iron concentration as 0.02 mgFe/gwater, which means that it has
enough sensitivity for iron deficiency cases.

Fig. 3.14 Noise Level of the System. The noise level after signal substraction (Channel A Channel B) is 50.8 µV at 0.5 Hz, or an equivalent magnetic noise of 0.25 nT at 0.5 Hz. Note
that for the separate noise meanturment of each channel, a low frequency noise at
approximately 0.9 Hz is observed. However, due to the excellent common mode rejection
ability of the first order gradiometer configuration, this noise is eliminated after signal
substraction.
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Fig. 3.15 Line spectrum density from 0.4 Hz to 0.8 Hz for cases investigated where iron
concentrations are 0 mgFe/gwater (water reference), 0.02 mgFe/gwater, 0.05 mgFe/gwater, 1.0
mgFe/gwater, 2.0 mgFe/gwater, 5.0 mgFe/gwater, 10 mgFe/gwater and 20 mgFe/gwater. The peak
magnitude is proportional to the iron concentration level.
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Fig. 3.16 Relationship between the output signal and iron concentration level. Since water
(reference) is a major component in the phantoms and is diamagnetic, with increasing iron
(paramagnetic) level, the overall suscepibility of liver phantom is expected to decrease, up
to a turning point at which the contributions of both parties are equal, resulting an effective
susceptibility of zero. A simple calculation leads the therotical turning point to be 5.6
mgFe/gwater, compared to the experimental value 6.8 mgFe/gwater.
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3.5

Analysis and Discussion

After conducting the single first-order gradiometer ME sensor BLS experiment, some issues
came to our attention: (i) Large data scattering in Fig. 3.16, especially at low iron
concentration region. This may be caused by the aging (iron (III) chloride (FeCl2) solution
oxidizing during the phantom heating process) of the liver phantom and the precision of the
iron mass in the liver phantom. For example, it is not easy to fabricate a precise 0.05mg/g
liver phantom in a one-liter container. The total amount of Fe mass would be too small to
control, and the phantom is not realistic if we change the container a 10 liter one. Therefore,
copper (II) sulfate pentahydrate (CuSO4 ∙ 5H2O) was used to replace iron (III) chloride
(FeCl2) for the following experiment. The magnetic susceptibility of human liver ferritin
iron is χFtn = 1600 × 10-6 [SI], and the magnetic susceptibility of copper is χCu = -9.63 × 10-6
[SI]. Therefore, a greater mass of copper (II) sulfate pentahydrate (CuSO4 ∙ 5H2O) should
be provided to fabricate the same concentration of liver phantom. In our case, for 5.88
milligrams of ferritin iron dissolved in one gram of water, the corresponding copper sulfate
concentration is measured to be 120 milligrams per gram. The liver phantom concentration
could also be more precise by using copper sulfate. Additionally, solutions of cupric sulfate
in distilled water have less aging effect than solutions of iron chloride. (ii) The setting of
400 resolution of the dynamic FFT signal analyzer (Agilent 35670a) was chosen to measure
the previous experiments in Fig. 3.16. Fig. 3.18 shows a sharper peak in the 800 and 1600
resolution settings, which deliver better results. However, the scanning time might not be
efficient (near 1200s per curve) for the 1600-resolution measurement. Also, we notice that
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for the peak value difference between 800 and 1600, the resolution scan is negligible. The
linearity of the curve in Fig. 3.16 could be remarkably improved after we change the
resolution setting to 800 for further measurement, as shown in Fig. 4.8.

Moreover, the gap between the liver and the sensor should be a layer of human tissue
(normally 1.5cm to 2.5cm) with magnetic susceptibility near that of water χwater = -9.032 ×
10-6 [SI]. For our measurement, air with a magnetic susceptibility of χAir = 3.6 × 10-7 [SI] is
the only media that filled the gap. Therefore, a new liver phantom with lying tissue (water)
between the liver phantom and sensor must be designed to move a step forward to fulfill the
goal of mimicking an in vivo test.

Fig. 3.17 Iron(III) chloride (FeCl2) solution liver phantom (left) and copper (II) sulfate
pentahydrate (CuSO4 ∙ 5H2O) solution liver phantom. The color of the iron chloride liver
phantom will become darker after several hours from the aging effect (oxidization), while
the copper sulfate liver phantom will be stable.
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Fig. 3.18 Peak value differences of 400, 800, and 1600 resolution settings of the dynamic
FFT signal analyzer (Agilent 35670a).
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Chapter 4 ME Sensor System for Iron Mapping Analysis
4.1 Introduction
A sensor array enables more opportunities in terms of biomedical signal detection, mapping,
and image reconstruction. The combinations of signals from multiple channels make it
feasible to reconstruct the tissue boundaries and field distributions and ultimately perform
medical mapping and imaging without the aid of ultrasonic localization. Moreover, the
biomagnetic signals of the liver as detected from multi-channels are correlated and thus
further improve the sensitivity and SNR.

Fig. 4.1 presents a ME-sensor array BLS schematically, showing the arrangement of the
sensor elements in the array in the x-y plane (lateral position). As will be presented in the
following, by properly designing the ME array BLS, which is one major objective of this
research, the ME-sensor array BLS will have the promise of mapping the liver iron profile,
as well as providing auto-calibration of the liver location in the body and size.
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Fig. 4.1 Schematic of examples of ME-sensor array BLS, illustrating the lateral positions.

4.2 Dual 1st-Order Gradiometer ME Sensor BLS System

4.2.1

Dual 1st-Order Gradiometer ME System setup

First of all, to test the sensitivity of the ME sensor location along the vertical direction
(z-direction) to the changes of liver-skin distance d (see Fig. 4.2), a two-ME sensor array in
which two first-order ME sensor gradiometers were arranged along the z-direction 1 cm
apart (see illustration in Fig. 4.2) was designed and tested. The dimensions of the two-ME
sensor array system are shown in Fig. 4.3. However, after running several tests, we noticed

81

that there was a major defect in our design: the volume of the water bag was not large
enough to act as a water environment to cancel the signals from water. On the other hand, it
generated extra signals from the overlying tissue (water), which could still be useful for us
to study and analyze the effect of the overlying tissue. Therefore, as shown in Fig. 4.4, we
designed and built another system with a larger water bag (65cm x 45cm x 13cm) for better
cancellation of water signals.

Fig. 4.2 Schematic of the two-sensor unit—two first-order gradiometers, Sensor 1 and
Sensor 2, arranged along the z-directions, 1 cm apart—that was used to test the sensitivity
of the sensor vertical position to the liver-skin distance d and water bag.
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Fig. 4.3 Dimensions of the two-ME sensor array

Fig. 4.4 Schematic of the new system with a larger water bag (65cm x 45cm x 13cm).
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4.2.2

Biomagnetic Signals from Iron Profiles

The tissue lying between the liver and the ME sensor can make a contribution to the output
signal. The sensitivity of the ME sensor system drops rapidly with depth; therefore, the
tissue lying between the liver and the detection system can lead to substantial errors. The
core purpose of the dual sensor system design is that under the measurement of the two
sensors from two different distances, the signal can be expressed as the superposition of the
signals generated from the two regions.

4.2.3

Scan Parallel to Patient

Four different water bellows were investigated, with liver depths d = 1.0 cm, 1.5 cm, 2.0 cm,
and 2.5 cm (normal human tissue d = 1.5 cm to 2.5 cm). Fig. 4.5 shows the signal of ferritin
concentration from 0 mg/g (water) to 3.92 mg/g. From the error bar over lapping between
the two different concentrations, it shows that the sensitivity of the PZT/Terfenol-D ME
sensor is not sensitive for the 2.5 cm and 2.0 cm depth measurements (see Fig. 4.6).
Therefore, a 1.0 cm depth water bag was chosen for further study.
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Fig. 4.5. Signal of d = 1.0 cm and 1.5 cm from 0mg/g to 3.92mg/g concentration
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Fig. 4.6 Signal of (a) d = 2.0 cm and (b) 2.5 cm from 0mg/g to 3.92mg/g concentration
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A solution of cupric sulfate (CuSO4 5H2O) in DI water was used to explore the response of
the detection system because of the issue of iron oxidation. 5.88 mg/g ferritin iron
concentration was measured to be 120 mg/g cupric sulfate concentration. 0, 20, 40, and
80mg/g cupric sulfate were used for the studies:

18mm
500 Oe

8mm
943 Oe

Fig. 4.7 Corresponding ME Coefficient of the sensors at a distance of 8 mm and 18 mm to
the magnet.

Two sets of large sensors (22mm x 10mm) and small sensors (13mm x 6mm) were placed at
distances of 8mm and 18mm to the surface of the magnet. Fig. 4.7 shows the corresponding
ME coefficient of the two sensors. The two sensors could be operated under two specific dc
magnetic biases, which lead to similar ME response. Fig. 4.8 and Fig.4.9 shows the linear
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fits of d = 1.0 cm for sensor1 and sensor2 curves are 0.9976 and 0.9997, and the linear fits
of d = 1.5 cm for sensor1 and sensor2 curves are 0.9993 and 0.9959. The linearity is
remarkably improved compared to the results in Fig. 3.17 due to the change of phantom
ingredient and the resolution setting.

Fig. 4.8 The biomagnetic signals from sensor1 and sensor2 from 0mg/g to 3.92mg/g
concentration for d = 1.0 cm
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Fig. 4.9 The biomagnetic signals from sensor1 and sensor2 from 0mg/g to 3.92mg/g
concentration for d = 1.5 cm

We also tested, analogous to the HTS SQUID (see Eq. (1-8)), the two ME-sensor system for
determining the iron concentrations in two different regions When the signals represent the
superposition of the liver and overlay tissue contributions, they can be written as:

!" !"
!"# !!"
𝜙! = 𝜒!
𝜙! + 𝜒!
𝜙!
-------------(4.1)
!" !"
!"# !"#
𝜙! = 𝜒! 𝜙! + 𝜒! 𝜙!

𝜙! & 𝜙! represent the total flux measured in the large sensor and small sensor.
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𝜙!!" , 𝜙!!"# , 𝜙!!" , and 𝜙!!"# represent flux integrals for the overlying tissue and liver region.

Table 4.1 Concentration measurement of two sensors
CuSO4% mg/gLiver phantom

CuSO4% mg/gLiver phantom

CuSO4% mg/gLiver phantom

Stored (d = 1.0 cm)

Sensor1

Sensor2

0

0.000437

0.00033

20

20.1

19.5

40

40.2

39.7

60

57.5

60.8

80

81.7

79.7

!"
!"#
Eliminating the unknown quantity △ 𝜒!
from (4-1) provides the following estimate, 𝜒!
,

for the susceptibility of the liver respect to water:

!"#
𝜒!
=

!!

!!!"#

!!
!!

!!"
!
!!"
!
!"
!!"#
!
!
!
!"#
!!"
!!
!
!!
!!

(4-2)

!"#
The unknown magnetic susceptibility 𝜒!
could be defined by the two curves of the

sensor1 and sensor2. Fig. 4.10 shows that the magnetic susceptibility of the measurement
for d = 1.0 cm and 1.5 cm depths are consistent in this model.
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!"#
Fig. 4.10 The biomagnetic susceptibility of the liver phantom 𝜒!
vs. the iron content

derived from the dual-sensor system for d = 1.0 cm and 1.5 cm in the water bag.

The results of the dual sensor system are shown in Table 4.2. The effect of the tissue lying
between the liver and sensor could be used to define the unknown iron concentration after
the two measurements (water background and 80mg/g concentration in our case).
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Table 4.2 The concentration defined by the dual sensor system

CuSO4% mg/gLiver phantom

CuSO4% mg/gLiver phantom

Stored (d = 1.0 cm)

Dual Sensor System Defined

0

0.000347

20

19.6

40

39.8

60

60.3

80

80

Table 4.3 The equivalent ferritin iron concentration and error defined by the dual sensor
system

Equivalent Iron % mg/gLiverIron % mg/gLiver phantom
phantom

Iron % mg/gLiver phantom

Stored (d = 1.0 cm) Dual Sensor System DefinedError

0

1.7003e-05

+1.7003e-05

0.9800

0.9604

-0.0196

1.9600

1.9502

-0.0098

2.9400

2.9547

+0.0147

3.9200

3.92

0

The equivalent ferritin iron concentration and the error are shown in Table 4.3 and Fig. 4.11
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Fig. 4.11 The comparison of the liver iron concentration derived by dual sensor and
theoretical values.

For the test system as illustrated in Fig. 4.4, two cases were studied: water bag with the iron
concentration =0 and = 3.92 mg/gwater bag and the results are presented in Fig. 4.12 and Fig.
4.13. The signals from the two sensors were used to deduce the iron concentrations
(magnetic susceptibility) in the water bag and in the liver phantom.

A good linearity

(0.9958) was observed in sensor1 for different iron content in the water bag (iron
concentration was changed to 3.92mg/g, in the water bag) as shown in Fig. 4.12. Fig. 4.13
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shows that the magnetic susceptibility χ!"#
! was successfully derived by the dual sensor
system in both 0mg/g and 3.92mg/g iron concentration in the water bag measurements. It
proves that the dual sensor system could successfully cancel the effect of overlying tissue
and deliver accurate liver iron concentration for the patients of different body fat.

Fig. 4.12. The biomagnetic signals of 0mg/g and 3.92mg/g iron concentration in the water
bag with the phantom liver concentration from 0 to 3.92 mg/g (d = 1.0 cm)
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!"#
Fig. 4.13 The biomagnetic susceptibility of the liver phantom 𝜒!
vs. iron content derived

from the two sensors, for different iron contents in the water bag.

The signals detected by the two sensors are presented in Fig. 4.8 and Fig. 4.9 for the two
liver-skin distances: d = 1.0 cm and d = 1.5 cm. The ratio of the biomagnetic signals, V(1.0
cm)/V(1.5 cm), for the two sensors is different. For sensor 2, which is closer to the liver
phantom, the ratio = 1.68, while for sensor 1, this ratio is 1.54, indicating that the sensor
location along the z-direction is sensitive to the liver-skin distance change.
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4.3 Introduction to Sensor Array Design
A multi-ME sensor array (see illustration in Fig. 4.1) makes it possible to map the liver iron
profile as well as to auto-calibrate for the liver position and shape. In single-element BLS
such as SQUID BLS, the integral Eq. (1-7) for the biomagnetic signal at the sensor is
performed over the whole liver volume, assuming

!
χ (r ' ) does not change with the position

in the liver. With an n-ME sensor array, there are n integrations for n sensors, corresponding
to Vi, i=1,..n, voltage signals from n sensors, which make it possible to image the iron
profile. Hence, by dividing the liver into n-smaller regions (see illustration in Fig. 4.14) the
integration of Eq. (1-7) is a summation of the integrations over the smaller regions j= 1, ...,n,
and at each small region the susceptibility is a constant cj, i.e.,

!
1
Δ B( ri ) =
4π

∑ χ ∫τ
j

j

! ! ! !
! !
{3[ B( r ' ) ⋅ R ]R / R 5 − B( r ' ) / R 3 }dτ

(4-3)

There are n equations, i = 1,..n, for solving n cj, j = 1,..n. Guided by simulation and
modeling, at each sensor position in the x-y plane, the Dual ME sensor system may be
utilized to enhance the sensitivity along the z-direction. If we could carry out these tasks
step-by-step, it is possible to map the liver iron profile as well as to auto-calibrate for the
liver position and shape.
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Fig. 4.14 Schematic illustration of dividing a liver (liver phantom) into 10 small regions as
method to map the iron profile.

4.4 Experimental Setup for the Lateral Iron Mapping
We performed a test to show how sensitive the biomagnetic signal is to the lateral position
of the ME sensors in a BLS array. In this test, a single ME sensor in Fig. 4.15 was placed
along the x-axis at different initial positions in addition to a position at xini = 0, such as xini =
0, 2, 4, 6, 8, 10 cm (see illustration in Fig. 4.15), and the biomagnetic signal was detected.
In this test, the phantom moves horizontally about x =0 in a sinusoidal motion xliver = x0
sin(2πf0 t), where x0 is the amplitude, f0 is the frequency, and t is time. The current
mechanical scanner (see Fig. 3.7) has a fixed x0 = 5 cm. Fig. 4.16 shows how the dc motor
rotation affects the liver phantom position and biomagnetic signals. At x = 0, the phantom
moved about x = 0, as indicated in the figure (xliver = x0 sin(2πf t)). At this position, due to
symmetric motion of the phantom with respect to the sensor, there was no signal at
frequency = f0, and there was a signal detected at 2f0 frequency (which are the signals
presented in Fig. 4.8-4.13). After the data were taken, the sensor was placed at xini = 2 cm
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and the phantom moved about x = 0 as indicated in the figure (xliver = x0 sin(2πf0 t)). At this
position, there was a signal at frequency = f0 while the signal at 2f0 frequency became
smaller. After that, the sensor was placed at the next position, etc. Besides, we also use a
Dual ME sensor system to perform the same test, as shown in Fig. 4.17. Fig. 4.18 shows the
setup of the mapping measurement.

Fig. 4.15 Illustration of the testing of the change of the biomagnetic signal on the sensor
location along the x-axis for a single ME sensor system
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Fig. 4.16 The schematic shows how the dc motor rotation affects the liver phantom position
and biomagnetic signals

Fig. 4.17 Illustration of the testing of the change of the biomagnetic signal on the sensor
location along the x-axis for the Dual ME sensor system
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Fig. 4.18 The picture shows the setup of the mapping measurement.

4.5 Signal Analysis for Lateral Iron Mapping (X Position)
The biomagnetic signals detected by sensor1 at different sensor locations are presented in
Fig. 4.19. As can be seen, the biomagnetic signals change quite significantly with the sensor
lateral positions. In this test, the phantom has a diameter of 9.5 cm (a radius of 4.75 cm,
corresponding to x=4.75 cm in Fig. 4.21). As shown in Fig. 4.21, the biomagnetic signals at
1f (the fundamental frequency, red curve) and 2f (the harmonic frequency, blue curve)
frequencies were detected by sensors at different locations along the x-axis. When the ME
sensor is at x=0, the 1f0 signal is zero and the 2f0 signal is at maximum. As can be seen, the
2f0 signal at x=4.75 cm becomes quite small, as expected, and the 1f0 signal has a peak
around 5.5 cm, which should be directly related to the liver phantom size and liver-skin
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distance.

Fig. 4.19 The biomagnetic signals detected by sensor1 at different sensor locations

Fig. 4.20 Normalized signal peak of sensor1 at different locations.

101

Fig. 4.21 The biomagnetic signals detected by sensor1 at different sensor locations. The
biomagnetic signals at 1f (red curve) and 2f (blue curve) frequencies detected for sensors at
different locations along the x-axis. When the ME sensor is at x=0, the 1f0 signal is zero and
the 2f0 signal is at maximum. The radius of the liver phantom is 4.75 cm, and the peak of
1f0 signal (at 5.5 cm) is directly related to that. The inset shows the output signal spectrum
with normalized frequency when x = 4 cm, at which point both 1f0 and 2f0 signals are
present.
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Fig. 4.22 The biomagnetic signals detected by the dual ME sensor system at different sensor
locations

Fig. 4.22 shows a similar trend as the single ME sensor measurement. The two 2f harmonic
frequency curves could locate the center of the liver, and the two 1f fundamental frequency
curves show a potential to derive the depth d by observing the two different 1f peak
positions, which will be closely related to the position of the two sensors.
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4.6 Signal Analysis for Lateral Mapping (Y Position)
We also performed a test to show how sensitive the biomagnetic signal is to the longitudinal
position of the ME sensors in a BLS array. In this test, a single ME sensor in Fig. 4.15 was
placed along the y-axis at different initial positions in addition to that at yini = 0, such as yini
= 0, 2, 4, 6, 8, 10 cm, and the biomagnetic signal was detected. As shown in Fig. 4.23, two
different phantom sizes were chosen for the test.

Fig. 4.23 The dimensions of the two different phantom sizes

Fig. 4.24 and Fig.4.25 shows the biomagnetic signals at 1f frequencies detected for sensors
at different locations along the y-axis. When the ME sensor is at x=0, the 1f0 signal is at
maximum. Half of the total length of each liver phantom equals 9 cm and 4.25 cm, and the
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sharply decreasing points of the 1f0 signal (at 10 cm and 6 cm) are directly related to that.

Fig. 4.24 The biomagnetic signals detected by the ME sensor system at different sensor
locations (y position)(18cm phantom)
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Fig. 4.25 The biomagnetic signals detected by the ME sensor system at different sensor
locations (y position)(8.5cm phantom)

The results presented in this chapter indicate that the ME sensor configuration in a
ME-sensor array in the x-y plane and along the z-direction can be utilized to auto-calibrate
the liver-skin distance and liver size in addition to detecting the liver iron content and
mapping for patients of different body fat and liver depth.

106

Chapter 5 Summary and Suggested Future Work

5.1 Summary
In the thesis, we have achieved the three objectives we proposed in the research objectives
in chapter 1. We show that the shear-mode ME sensor exhibits a markedly improved ME
effect compared with traditional ME composites operated in longitudinal and transverse
piezoelectric and magnetostrictive modes using the same materials. We develop an ME S-S
mode Terfenol-D/PVDF sensor. We show that the shear mode ME sensor exhibits a
markedly improved ME effect compared with traditional ME composites operated in
longitudinal and transverse piezoelectric and magnetostrictive modes using the same
materials. A strong ME coefficient of 7.93 V/Oe∙cm is obtained under a dc magnetic bias of
2300 Oe. The improved ME coefficient derives from the shear-mode heterostructure design,
which allows both the PVDF and Terfenol-D to both operate in shear mode, which results in
the maximum magneto electrical coupling coefficient. We also show that a single crystal
lithium niobate/Metglas thickness shear-mode ME sensor demonstrates the simulation
results of a sensitivity of 177,620 V/Oe∙cm and a peak signal to noise ratio (SNR) of
4.49×1012 √Hz/Oe for the 1MHz resonance frequency sample with optimal thickness ration
11%. Fig. 5.1 shows the sensitivity improvement by exploiting shear-mode effect.
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Non-Resonance
S-S Mode ME

Resonance
S-S Mode ME (Simulation)

Fig. 5.1 The sensitivity improvement by exploiting shear-mode effect

We developed a ME-sensor that provides comparable sensitivity to that of SQUID and a
prototype BLS mapping system. A prototype biomagnetoelectric liver susceptometry was
demonstrated with liver phantoms. The results indicates its output signals to be linearly
responsive to iron concentrations from normal iron dose (0.05 mg
Fe/g liver phantom

Fe/g liver phantom)

to 5 mg

iron overload (100X overdose). Moreover, a preliminary study was conducted

which showed the potential of ME array BLS for mapping the iron profile and for
auto-calibration with respect to liver size and location in the human body without the aid of
ultrasound. The BLS technology developed in this thesis is both “conventional” and
“innovative”. It is conventional in the sense that this technology will follow the
well-developed methodology of the SQUID-based BLS, which has been proven to be
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effective in quantifying LIC over a broad range of iron contents. It is innovative, on the
contrary, because the technology can give rise to breakthroughs in size, cost and, most
importantly, clinical applicability. The ME-sensor-based BLS eliminates most of the
limitations in clinical applications associated with the SQUID-based ones, without adding
any new problems. Specifically (i) The room temperature operation of the ME BLS enables
higher DC bias and shortened liver-detector distance, resulting in a more than 50X increase
in the biomagnetic signal, compared with the LTS SQUID BLS, which is consistent with
the earlier study of HTS SQUID. This enables the ME BLS to be operated in a clinic
environment without magnetic shielding and vibration isolation. (ii) the prototype of the ME
array BLS, creating new capabilities of mapping the LIC distribution and detecting liver
iron concentration for different patients of different body fat and liver depth, and (iii)
Auto-calibration with respect to liver size and location in the human body without the aid of
ultrasound. (iv) Very low cost and easy operation. Analogous to the ultrasonic imaging
where the evolution from a single element transducer, to array system has brought about a
revolution in the ultrasonic imaging, the ME-sensor array BLS developed will greatly
improve the clinical practice in managing the diseases associated with iron deficiency and
overload.

Our ME-sensor BLS will achieve sensitivity close to the SQUID-based BLS with only a
fraction of its cost. Thus, our research could broadly impact the clinical practice in iron
overload treatment and significantly reduce the cost of care for those patients. Our primary
results provide compelling evidence for the feasibility and have equipped us with necessary
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experience for development of a ME sensor-based BLS array system.

5.2 Suggested Future Work
The signal-to-noise ratio (SNR) is a key parameter for sensor design and development. Both
the sensitivity and SNR of ME sensors will be improved by utilizing piezoelectric single
crystals. Piezo-single crystals will lead to an order of magnitude improvement in sensitivity
and SNR. More recently, we have obtained piezo-single crystals. As shown in Fig. 5.2 and
Table 5.1, the ME sensor with piezo-single crystals (PMN-PT and PZN-PT) exhibits a 10X
improvement in sensitivity and hence SNR compared with PZT. In the next step,
piezoelectric signal crystals will be used in all ME sensors. Moreover, the SNR could be
further improved if baseline optimization for the 1st order gradiometer and 2nd order
gradiometer configuration is studied.

Fig. 5.2 A comparison of ME sensor performance, showing 10X improvement of the
single crystal sensor compared with a PZT piezoceramic ME sensor.
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Table 5.1 Comparison of piezoelectric constant in different materials

dp (pC/N)

1/SEp(GPa)

εpr

tanδ%

PZT

274

59

3400

1.9

PMN-PT

2740

25

5000

0.5

PZN-PT

2800

15

5500

<1

After developing a prototype of ME-sensor-based BLS mapping systems, the next step for
the group is to design, construct, and optimize a multi ME-sensor array BLS system with
adaptive auto-calibration capability to measure the LIC profile and increase data accuracy.
Doing so will require computer modeling to determine the optimal configurations for the
multiple ME-sensor array. First of all, a three-ME-sensor system will be investigated to
determine the sensitivity enhancement and auto-calibration. Subsequently, 10 and 16
ME-sensor systems will be investigated to determine the optimal geometric layout,
operation logistics, and data processing and iron profile construction. Algorism and
software for adaptive auto-calibration with respect to liver size and location in the human
body, as well as liver iron profile in the human subject study will be developed.

In addition, the validation of ME sensor based LIC should be carried out with liver biopsies
and be compared with the results to SQUID BLS and MRI measurements. These datasets
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and normative data collected will provide critical data for future clinical trial designs.
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