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ABSTRACT

Planar type electromagnetic sensors have simple structurcs and are very useful for the
inspection of material properties, in a non-destructive and non-invasive way. The operating
principle of the sensing technique is based on the interaction of electromagnetic fields with the
materials under test. Three types of planar sensors: meander, mesh and interdigital
configuration have been analyzed to determine their characteristics. Finite element software has
been used for the analysis of flux distribution for all three types of sensors. The nature of the
impedance characteristics has also been obtained through experiments. It has been reported that
meander and mesh type sensors respond well at moderately high frequencies. To avoid
relatively costly instrumentation systems at high frequencies, interdigital sensors having good
response at low frequencies have been considered. The response of all the sensors, especially
the interdigital types to milk of varying fat content, quality estimation of saxophone reeds and
non-invasive estimation of fat content of pork belly cuts have been determined. The different
types of sensors can be made as a sensor array, to estimate the properties of mixtures of electric,
magnetic and dielectric materials. A microcontroller based low cost sensing system is under

development.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Sensors are widely used in scientific research and as an integral part of commercial
products and automated systems. A sensor is a device which is used to record the presence of
something or changes in something. Sensors gather information from the environment and act
as transducers, converting the energy form associated with the information that is sought into a
form in which it can be easily processed [1]. The energy forms typically involved in sensing

processes include chemical, electrical, magnetic, acoustic, mechanical, optical and thermal.

Table 1.1: Signal domains with examples [1]

Energy Form | Examples

(Bio)Chemical | Composition, Concentration, pH, Reaction rate
Electrical Current, Voltage, Electric field, Conductivity, Permittivity
Magnetic Magnetic field, Magnetic Flux, Permeability

Acoustic Wave velocity, Spectrum, Wave(amplitude, phase)
Mechanical | Acceleration, Force, Stress, Pressure, Torque, Mass, Density
Optical Wave velocity, Refractive Index, Refractivity, Absorption

Thermal Temperature, Flux, Specific Heat, Thermal conductivity

Sensors are classified into passive or active sensors [2]. Passive sensors can only be
used when naturally occurring energy is available. Hence for all reflected energy, this can take
place only when the sun is illuminating the earth. Given that the amount of energy is large
enough to be recorded, naturally emitted energy such as thermal infrared can be detected
anytime of the day.

Active sensors emit their own energy that travels from the instrument to the target to be
investigated. The reflected radiation from the target is detected and measured by the sensor.
Active sensors can obtain measurements anytime, as well as examining wavelengths which are
not sufficiently provided by the sun (e.g. microwaves). They also have better control of the way
a target is illuminated. The disadvantage of active sensors is the large amount of energy that has

to be generated by the system, to adequately illuminate targets.



Sensors are calibrated for certain conditions and are capable of reporting changes at
certain speeds. Many sensors need to be amplified to be useful {1]. Sensors are either direct
indicating (c.g. mercury thermometer) or are paired with an indicator (usually indirectly
through an analog to digital converter, a computer and a display) to make it easier to read
values. In general, most sensors fall into one of two categories: digital and analog sensors.
Digital sensors involve representation of quantities in discrete units. The output signal is a
digital representation of the input signal, and has discrete values of magnitude measured at
discrete times. The logic level output of the digital sensor must be compatible with the digital
recelver. Some standard logic levels include transistor-transistor logic (TTL) and enutter-
coupled logic {ECL). Examples of digital sensors include switches and position encoders. Some
digital sensors are morc complicated. These sensors preduce pulse trains of transitions between
the 0 volt state and the 5 volt state. With these types of sensors, the sensor’'s measurement is
conveyed through the frequency characteristics or shape of this pulse train.

Analog sensors produee an output signal that is directly proportional to the input signal,
and is continuous in both magnitude and in time. The sensors employed by the author for
experimentation measures impedance (magnitude) and phase {time). Physical variables that arc
continuous tn nature such as air flow, temperaturc and speed can be measured by analog
sensors. Examples of analog sensors include resistance tempcrature devices {RTD),
microphones and strain gauges. Disadvantages of analog type sensors are crosstalk or electrical
system noisc as well as performance reductions over transmitting the analog signal over long

distances.

The general properties of a good sensor are:

* optimum measurement accuracy (not as good as possible, but as good and as
accurate as necessary)

e durability

e case of calibration and reconditioning

e sensitivity and good resolution

e selectivity

» provision of reproducible measurements

¢ long term stability



e fast response (important for control)

e continuous operation

e insensitivity to electrical and other environmental interference
e low operation and maintenance cost

e acceptance by users

e meet safety requirements

Sensors play an important part in real-world systems, straddling a variety of applications
such as industrial, medical, robotic, military, consumer and automotive applications. Sensors
are critical to today’s society since they provide the connection between the “real” world and
the world of process control and computers. The overall accuracy and the reliability of the
control system is determined by the sensors accuracy. Environmental concerns along with
health and safety issues have necessitated in an increased use of sensors in the areas discussed
above. Sensor technology has been successful in improving energy efficiency and service and
product quality and reducing emissions [2]. Selecting a sensor depends on many factors such as
availability, cost, power consumption, environmental conditions etc. Sensors are integral when
it comes to controllability, reliability and profitability of a process [1, 2].

Sensor technology follows a pattern of continuous development and many prototypes
will be introduced destined for success on the long run. The feasibility of a sensor technology is
determined by various factors. The main factors that sensor manufactures will keep in mind
when designing sensors are: cost reduction, reliability, system compatibility, safety in
hazardous/hostile environments and non-invasive/non-intrusive design.

Sensing devices have been traditionally developed by employing trial-and-error
techniques rather than following a solid scientific approach. Many of the sensor technologies
that are in use today apply complex mixtures of several different materials, where the principles
of functionality of each component is not known or well understood [3]. Furthermore, the
degeneration methods that lead to aging behavior are not fully understood in most cases. For
the successful implementation of novel sensor technologies it is therefore essential to have a
good grasp of sensing mechanisms and their degradation behavior. This will aid in the
development of advanced, affordable, reliable and novel technologies that will have a major

impact on today’s society. Fundamental understanding of the material characteristics is also



important in selecting the appropriate combination of sensing elements to achieve selectivity in
complex array structures [3]. Hence, important sensor performance parameters such as stability,
sensitivity and selectivity must be improved, cven in the case of commercially available
products [1]. These parameters depend mainly on the physical and chemical characteristics of
the matenals that werc used to build the sensing device.

There is a high demand for novel sensors that are able to cope in extreme
hostile/hazardous environments [4]. Novel technologies which are reliable in extreme
environments are continuously being researched and devcloped. However, the specifications
and the boundaries for sensing systems are becoming more demanding (e.g. example operation
of sensors to detect landmines in harsh environments}. It 1s therefore important to understand
the sensing mechanisms and how they operate in cach case. The miniaturization of such devices
seems to be the next step in sensor teechnology, and the importance of designing materials with

controlled microstructures was clearly shown in the semiconductor industry’s paradigm.

1.2 Sensors and Non-Destructive Sensing

Non-destructive testing (NDT) or Non-destructive evaluation (NDE) has evolved over
the years to hecome one of the critical measurement techniques in industry today. It is a very
broad and an interdisciplinary field that can he used to detect defects and measure physical or
mechanic characteristics of a material or component, independent of orientation. It is a reliable
and a cost effective way to detect and evaluate structural components and systems and seeing if
they are performing to their potential. The popularity and aceceptance of NDT as a measurement
technique is due to the fact that the system or matenal under test is not harmed or damaged
dunng testing, and thus the integrity of the object under test is retained [25]. In an age where
health and safety standards in industry have reached high limits, the impertance of NDT is even
more. NDT has the potential to stop many disasters that are waiting to happen. Typieal
engineering fatlures such as airplane crashes, pipeline explosions, reactor fatlures, machine
fatlure, bridge failure and trains derailing can be successfully avoided with NDT. NDT is used
many areas including automotive, nuclear, aviation, aerospace, construction, petro-chemcal,
electronics, food industry, medical science, power, transportation and the metal industry [24,
25]. There are NDT applications at almost any stage in the production or the lifecycle of a

component,



The demand for highly reliable and high performance inspection techniques during

manufacturing, production and use of a system or structure is increasing daily. Hence the

number of suitable inspection techniques is also on the rise. Shown below are a few of the most

commonly used methods in NDT.

Visual and Optical Testing [5,6]

This is the most basic NDT inspection method. The methods range from visual
examiners checking the object of interest for visible imperfections, to computer
controlled camera systems which automatically recognize and measure features

of the system under test.

Radiography Testing [7]

In radiography testing, penetrating gamma or x-rays are employed to analyze the
defects and internal features of the object under consideration. A source of
radiation is required when an object is being tested with radiography techniques.

Normally an X-ray machine or a radioactive isotope is used for this purpose.

Magnetic Particle Testing [8]

In magnetic particle testing a magnetic field is induced in a ferromagnetic
material. The surface is then dusted with iron particles, which are either dry or
suspended in liquid. Testing is done so that defects in the material under test can
be observed. When a surface or a near surface flaw is detected, magnetic poles
are produced or the magnetic field is distorted so that the iron particles are
attracted and concentrated. This paves the way for visible detection of defects on

the surface of the material.

Ultrasonic Testing [9]
Ultrasound detection involves the transmissions of sound waves with a
frequency higher than 20 kHz into a medium. These sound waves are then

reflected on boundaries between materials with different acoustical properties.



The detection of imperfections or the location of changes in material propertics

are achicved this way.

Penetrant Testing [11]

A solution that contains a visible or fluorescent dye is uscd to coat the object that
is being tested. After excess solution 1s removed from the surface of the object it
is left in surface breaking defects. The penetrant is then removed from the
defccts using a developer. The next step involves detecting the imperfections. In
the case of fluorescent dyes, imperfections are visible when ultraviolet light is
uscd to make the bieed out fluoresce brightly. Visible dyes on the other hand
have vivid color contrasis between the penetrant and the developer, which makes

it easier to see “bleedout™.

Leak Testing [10]

A leak can be flow of a gas or liquid through the wall of a vessel, due te holes or
cracks in the system. There are various techniques that are used to detect and
locate leaks in pressure vessels, pressure containments and structures. Methods
such as gauge measurements, Jiquid and gas penetrant techniques, soap-bubble

tests and clectronic listening devices can be used for detection.

Acoustic Emission Testing [12]

The structural or the material integrity of the object under test is based on the
short encrgy of acoustic energy called “emissions’ that are emitted, when the
object 1s stressed. Special receivers are used to detect these acoustic emissions.
The intensity of the emissions as well as the arrival time to collect information
about the source of the energy, such as their location can be used to evaluate the

status of the objeet under test.



e Electromagnetic Testing [13]
There are several methods such as eddy current inspection, remote field testing,
flux leakage and Barkhausen noise that use the electromagnetism as the principle
of operation. Eddy current testing (ECT) is the most commonly used method of
inspection. The principles of ECT is used for the mesh and meander type sensors

that have been used by the author.

Electromagnetic induction is the root of ECT. The English scientist Michael Faraday
discovered electromagnetic induction in 1831. The brilliance of Faraday was instrumental in
discoveries such as electromagnetic induction, electromagnetic rotations, the magneto-optical
effect, diamagnetism and many others. In 1879, metals of different conductivity and
permeability were tested with a coil, and the changes in the coil were recorded by Welsh
Professor David Edward Hughes. However it was not until World War 2 that these effects were
put into practical use for the inspection of materials. The now widely used and well understood
ECT was pioneered by Friedrich Forster in the 1940s. He was an important figure in the

introduction of ECT as a non-destructive method of inspection.

ECT has developed rapidly since its practical introduction in the 1940s. ECT can be performed
on any material that is electrically conducting. A brief overview of the industries and the areas

that use ECT is shown below [24].

e Metal Industry — for the inspection of cracks, defects and any other flaws and
their characterization, wall thickness, quality assurance, fatigue estimation,
determination of hardness and coating thickness testing etc in steel production
and steam and pressure vessel construction.

e Power stations — Conventional and nuclear power plants

e Civil engineering — inspection of bridges, concrete structures, infrastructure due
to aging

e Aviation — fatigue estimation in aircraft surface and other parts

e Pipe inspection — inspection of pipes and piping systems in industrial plants



Unlike volumetric techniques such as radiography and ultrasonic, ECT, like hquid
penetrant and magnetic particle techniques is a surface technique, and can only be used to

detect surface and near surface defects.

In the case of testing materials with poor electrical conductivity Dielectric Analysis
{DEA) techniques have becn used [27-32]. DEA is based on the principles of electrostatics.
Electrostatics is one of the oldest branches of physics, and it continues to this day to be an ever
emerging field, and an important part of our daily lives. DEA technigues are non-destructive
and can be used to relate molecular motions observed in an electrical field, to a variety of
polymeric properties. Capacitive sensing dielectrometry 1s used to provide information for
materials with poor conductivity in electroquasistatic applications [29]. Through measurements
of the material electrical properties such as dielectric constanf, conductivity, loss tangent or
complex permittivity, information on things such as layer thickness, thermal conductivity,
presence of defects, porosity and cure state can be obtained.

Dielectric analysis as a measurement too! in industry startied more than 20 years ago,
and is developing rapidly in industry today. Some of the industries and areas that diclectric

analysis is used are shown below.

» Metal Industry — material characterization, presence of defects

e Phammaceutical Industry — coating thickness of tablets, size of tablets

¢ Paper Industry — estimation of moisturc and fiber concentrations in paper pulp
e Landminc detection — detection and imaging of plastic landmines

» Food Industry — estimating dielectric properties of various types of meat

1.3 Sensing based on Planar Electromagnetic Sensors

The sensors designed and fabricated for the non-contact measurement of material
properties are of planar type and can be used in curved, bent surfaces. The operation principle is
based on the electromagnetic field. A high frequency electric or magnetic field is created by the
exciting coil of the sensor in the system under test. The system usually interacts with the high
frequency electric [27-32] or magnetic field [15-21, 24-26} and modifies either or both. The

modified field is usually detected by a separate coil known as the sensing coil or by the exciting



coil itself [24]. The modified field is usually manifested by a change of impedance or transfer
impedance of the sensor [26]. The impedance or the change of impedances is related to the
system properties in a very complex way. The impedance is used for the indirect determination
of system properties. The detailed description and operating principle of the sensors are

discussed in chapter 2.

1.4 Organization of the Thesis

This thesis is organized into nine chapters. After the general introduction in chapter 1,
chapter 2 describes the configuration and operating principle of planar electromagnetic sensors.
The finite element model formulation for the characterization of all three types of sensors,
meander, mesh and interdigital configuration is described in chapter 3. Chapter 4 describes the
experimental characterization of the sensors. The application of the sensors for the non-invasive
determination of fat content in milk has been investigated and the details are given in chapter 5.
The application of the sensors for the quality inspection of saxophone reeds is described in
chapter 6. The main contribution of the work done for this thesis is the experiments conducted
to observe the interaction of planar sensors to pork belly cuts, and the non-invasive estimation
of fat content of pork meat, which is described in chapter 7. Chapter 8 describes the
development of a low cost sensing instrumentation system based on the Cygnal 8051CF020

mixed signal microcontroller. Finally the work is concluded in chapter 9.
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CHAPTER 2
DESCRIPTION OF THE SENSORS
2.1 Introduction

Three types of sensors, meander, mesh and interdigital, have been designed and
fabricated to study the interaction of these sensors on conducting, magnetic and dielectric
materials. The sensors are of planar type and have a very simple structure. They have been
fabricated using simple printed circuit board (PCB) fabrication technology. The operating
principle of these sensors is based on the interaction of the electromagnetic field generated
by the sensors with the neighboring materials under investigation [25]. Meander, mesh,

interdigital or a combination of the three can be used depending on the application.

2.2 Planar Meander and Mesh type Sensors

The representation of the sensors is shown in figure 2.1. The sensor consists of two
coils: one coil is known as the exciting coil and the other coil is known as the sensing coil.
The exciting coil carries high frequency current and generates a high frequency
electromagnetic field on the system under test. The induced electromagnetic field in the
testing system will generate eddy currents on the system under test, given that the material
under test is of conducting or magnetic type. Due to the flow of eddy current the induced
field in the testing system will modify the generated field, and the resultant field will be

detected by the pick-up coil or sensing coil, which is placed above the exciting coil [24-26].

Pitch#1 \ >
P Length#1 % length /

Pitch#2

(a) Mesh type (b) Meander type
Figure 2.1: Configuration of planar electromagnetic sensors
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The sensor can be either of a meander type or of a mesh type, the type of sensors to
be chosen depending on the applications. Meander type sensing coils used for testing the
integrity of materials has been reported in [17-19, 24-26]. If the meander type sensor is used
to detect cracks in a metal, the disadvantage is that the performance of the sensor is not
independent of the alignment of the cracks or non-homogeneity of the material structure (in
the process of evaluating material integrity), with respect to the sensor configuration (figure
2.1b) [26]. To overcome this problem the mesh type sensor (figure 2.1a) has been developed
[22-26]. In the mesh type sensor the eddy currents take a more circular pattern thus
dismissing the geometry/alignment effects encountered in meander type sensors, with the
material under test.

The structural configuration of the planar type sensor is shown in Fig. 2.2. The
exciting coil and the sensing coil are separated by a polyimide film of 50um thickness. In
order to improve the directivity of flux flow a magnetic plate of NiZn is placed on top of the
sensing coil [24]. The size of the sensor depends on the number of pitches used in that. The

optimum pitch size depends on the application [14].
Magnetic plate

/ (NizZn)

Exciting coll
\
o adadar ¥ o™

Polyimide film (50 pm)/#”

Figure 2.2: Structure of the sensor

2.3 Design and Fabrication of Sensors

Three meander type and four mesh type sensors of varying lengths and pitches (table
2.1 and 2.2) were designed on Protel DXP 2004. The sensor schematics are shown in figure
2.3 and 2.4.

12



Table 2.1: Meander sensor parameters

Sensor Pitch Length
(mm) (mm)
1 2 20
2 5 25
3 6 30
4 8 40

Table 2.2: Mesh sensor parameters

Sensor | Pitch 1 Pitch2 | Length 1 | Length 2
(mm) (mm) (mm) (mm)
1 2 2.5 10 10
2 3 3.5 14 14
3 3 3.5 20 14
-4 4 5 27 18

Figure 2.3: Schematic diagram of mesh type sensor
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Figure 2.4: Schematic diagram of meander type sensor

It is seen from the diagrams that the coils are connected to a Bayonet Neill
Concelman (BNC) connector. The BNC connector is normally connected to a AC voltage
source through a coaxial cable. The AC voltage source drives the exciting coil. Since the
resistance of the coil is very low the sensing voltage is measured across a resistor of an
appropriate value. The two coils (exciting and sensing) are designed on top of each other but
on opposite sides. On the schematics above the colour blue represents the exciting coil while
red represents the sensing coil. The exciting coil cannot be seen as the sensing coil overlaps

it. The fabricated sensors are shown in figures 2.5 and 2.6.

T —

il Bt

Figure 2.5: Fabricated meander type sensors
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Figure 2.6: Fabricated mesh type sensors

2.4 Planar Interdigital Sensors

The operating principle behind the interdigital sensor is very similar to the one
observed in a parallel plate capacitor [29]. Figure 2.7 shows the relationship between a
parallel plate capacitor and an interdigital sensor, and how the transition occurs from the
capacitor to a sensor. There is an electric field between the positive and negative electrodes
and figure 2.7a, b and ¢ shows how these fields pass through the material under test (MUT).
Thus material dielectric properties as well as the electrode and material geometry affect the

capacitance and the conductance between the two electrodes.

(a) (b) (c)

Figure 2.7: An interdigital sensor can be visualized as a parallel plate capacitor whose
electrodes open up to provide a one sided access to the MUT
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The electrodes of an interdigital sensor are coplanar [29]. Hence, the measured
capacitance will have a very low signal-to-noise ratio. In order to get a strong signal the
electrode pattern can be repeated many times. This leads to a structure known as an
interdigital structure. The term “interdigital” refers to a digit-like or finger-like periodic
pattern of parallel in-plane electrodes, used to build up the capacitance associated with the
electric fields that penetrate into a material sample [29]. This is shown in figure 2.8 and the
side view shown in figure 2.9. In figure 2.8 one set of electrodes are connected or driven by
an AC voltage source while the other set are connected to ground. An electric field is
formed between the driven and the ground electrodes. This can be seen more clearly in
figure 2.9. It can be seen that the depth of penetration of the electric field lines vary for
different wavelengths. The wavelength (L) of interdigital sensors is the distance between

two adjacent electrodes of the same type. In figure 2.9 there are three lengths (/,,/,and /,)

showing the different penetration depths with respect to the wavelength of the sensor.

Planar interdigitated array electrodes have many applications such as gas detection
[28], determining components in aqueous solutions [30], estimation of fiber, moisture and
titanium dioxide in paper pulp [31, 32] and complex permittivity characterization of

materials [27].

AC Voltage
Source

Ground

Figure 2.8: Interdigital sensor structure, where the electrodes follow a finger-like
or digit-like pattern



/ LW \i/ !/ / \ ¥ “\

Figure 2.9: Electric field formed between driven and ground electrodes for different
wavelengths

2.5 Design and Fabrication of Interdigital Sensors

Four interdigital sensors of different wavelengths and lengths were designed on
Protel DXP 2004. The sensor parameters are shown in table 2.3 below. The sensor

schematic 1s shown in figure 2.10

Table 2.3: Interdigital sensor parameters

‘ Sensor Wavelengthk‘ Length
(mm) [ (mm) |
i 5 20 |
2 6 | 30 |
3 8 40
| 4 10 S

Length

Figure 2.10: Schematic diagram of interdigital type sensor
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The schematic diagram in figure 2.10 shows an interdigital sensor with 9 electrodes.
The BNC connector is connected to an AC voltage source, which in turn is connected to 4
electrodes as shown above. These four electrodes act as the excitation/driving electrodes.
The other five electrodes are connected to ground. When there is a material between the
electrodes the electric fields from the driving electrodes penetrates through most of the
material that is under test, and then terminates on the sensing electrodes. The electric field
lines are affected by the dielectric properties of the material under test [27, 29, 31, 32]. Thus
the potential or the current at the sensing electrodes is also a function of the material’s
dielectric properties. The advantage of using interdigital sensors is that it has only one sided

access to the material under test [29]. Fabricated sensors are shown in figure 2.11.

Figure 2.11: Fabricated interdigital type sensors
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2.6 Conclusion

Three different types of planar electromagnetic sensors are described in this chapter:
meander, mesh and interdigital configuration. The sensors are used for the estimation of
material properties in a non-invasive way, non-destructive way. The sensors generate a high
frequency electromagnetic field by carrying an alternating current. The generated
electromagnetic field interacts with the material under test and is modified. The modified

field is measured and is used for the estimation of system properties in an indirect way.
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CHAPTER 3
FINITE ELEMENT MODELING OF SENSORS

3.1 Introduction

In this chapter the characterization of all types of sensors, meander, mesh and
interdigital types have been carried out using finite element modeling. Before experimentation
all three sensors are modeled to analyze the distribution of electric field and magnetic flux. The
finite element software FEMLAB by COMSOL is used to model and analyze the field
distribution of all three types of sensors. FEMLAB solves all kinds of scientific and engineering

problems based on partial differential equations (PDEs).

Model Navigator B ‘ Ak ._’EJ
Space dimension:  [3D =] Multiphysics
Add Remove |
_yFEMLAB
S _1 Electromagnetics Module = Geom! GD
T tatlcs el Cuasi-Statics (gav)
. -

— @ Quasi-Statics, Small Currents
+—e@ Electromagnetic Waves
+—__| Acoustics

— | Diffusion

—

i+

#-__) Electromagnetics
#-__ ) Fluid Dynamics
#-_1Heat Transfer Dependent variables: V tAx tAy t...
#—__ ] Structural Mechanics e 5
* | PDE Modes Application Mode Propertie... ]
Add Geometry... l
12 X d
Dependent variables: |\Q Ax2 Ay2 Az2 psi2 Ruling application mode:
Application mode name: [qav2 |OU35i'3’3"CS (qav) :J
Element: [A- Vector, V - Linear L' I Muttiphysics

OK I Cancel I

Application Mode Properties

s Hi
rProperties

} Default element type: NI ENRIEED n
‘1 Analysis type: lTime-harmonic _:_I
1 Potentials: IElectric and magnetic LI
| Gauge fixing: lOn _v_j

I~ Apply chianges to all application modes

[ ok | cancel |

Figure 3.1: FEMLAB model navigator
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In the model navigator “Multiphysics” is chosen since electric and/or magnetic fields
are used to model the three types of sensors. Electromagnetics Module in 3-D mode is selected
and then Quasi-statics (gav) mode is chosen as shown in figure 3.1.

One of the effects of Maxwell’s equation is that there is no synchronization between the
changes of the electromagnetic field and changes in time of currents and charges. Due to the
finite speed of propagation of electromagnetic waves the changes of the fields are always not in
line with respect to the changes of the sources. Quasi-static approximation involves ignoring
this effect, and obtaining electromagnetic [ields by considering stationary currents at every
instant. The approximation can be considered valid given that the variations in time are small,
and that the models are considerably smalier than the wavelength.

Quasi-static analysis is used for the modeling of the three types of sensors. In quasi-

R
static analysis it 1s assumed that C&‘_D =0 [3.1]
i

Hence Maxwell’s equations can be written as:

VxH=J=o(E+vxB)+J¢ [3.2]
(7))

VXEF_:E; [3.3]

VeR=0 [3.4]

v.J:O [3.6]

Table 3.1: Symbols used in the derivation

Symbol
H Magnetic field Strength
Je Externally applied current density
o Electrical conductivity
E Electric field intensity
v Velocity of the conductor
B Magnetic flux density
P Volume charge density
D Electric flux density
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It is important that the currents and the electromagnetic field vary slowly in a quasi-static
approximation.

Using the definitions of the potentials,

B=VxA4 [3.7]
0A

H=¥Feg [3.8]

And the relationship between magnetic field, magnetic field strength and

Magnetization (M)
B = pu,(H + M) [3.9]
Ampere’s law can be rewritten as
04 o e
O'E+V><(,uoVxA—M)—ovx(VxA)«HJ'VVTJt)' [3.10]

Where A = magnetic vector potential and  is the magnetic permeability of free space

Taking the divergence of the equation above gives the equation of continuity

—v.(az—‘j—ovx(va)mVV—J”):o [3.11]

In the “Application Mode Properties” dialog box the default element type is given as A-
Vector and V-Linear. Equations 3.10 and 3.11 give a system of equations for A and V.
A time harmonic analysis is chosen as the “Analysis Type” and both electric and magnetic
fields are chosen as the potentials. “Gauge Fixing” is turned on. Gauge transformation involves
a variable transformation of the potentials. The electric and magnetic fields are not uniquely
defined through the electric and magnetic potentials (equations 3.7 and 3.8).

Introducing two new potentials

~

A=A+VY¥Y

= £ 30 1)

i 1]
ot
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When substituted into equations 3.7 and 3.8 they give the same electric and magnetic fields,

E:_@__Vl,’z_w_V(f+g£):_gi_vf [3.13]
ot ot ot ot
B=VxA=Vx(A-V¥)=Vx 4 (3.14]

A particular gauge 1s chosen to obtain a unique solution, This means that constraints are
put on'¥ . A constraint can also be put onV. 4. If both V.4 and V x 4 are given a vector field
can be uniquely defined up to a constant (Helmholtz’s theorem}. Coulomb gauge (V.4 =0) is
used.

The inductance (mesh and meander) and capacitance (interdigital) are calculated for a
range of frequencies. Hence Time-Harmonic Quasi-Statics is used. In 3-D time-harmonic quasi-
statics, both the electric and magnetic fields are used as the potentials. There is full coupling
between both the ficlds.

The equations arc

V(00 - @', A~ ovx (T x A)+ (6 + jwe,) TV —(J* + joP)) = 0 [2.15]
(jowo — @’ e YA+ V x (' Vx A= MY—ovx (Vx Ay +(o + jwe )VV =J  + joP [3.16]
where @ = 2x nx f(frequency)

@ is the angular frequency and f'is the frequency

D =g E + P is used for the electric field, where P is electric polarization

3.2 Analysis of Planar Meander Sensor

The meander sensor has winding tracks [15, 17-19, 24] on the sensor substrate as shown
in figure 3.2. The aim of the modeling is to calculate the inductance of the meander coil for a
frequency range of 1 kHz to 10MHz, when placed in an environment. From the inductance the
inductive reactance can be calculated and the plotted against the frequency to see their

relationship.
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Figure 3.2: Model of meander type sensor

The Reactance is calculated by
X, =2070 fol [3.17]
where f'is the frequency and L is the inductance calculated from the model

The meander sensor is modeled as shown above in figure 3.2. The large rectangular
block that surrounds the sensor acts as the environment the sensor is exposed to. The sensor is
initially modeled by individual blocks as shown in figure 3.3a. The individual blocks are then
connected together by creating a composite object of all the individual objects as shown in
figure 3.3b. The sensor block and the environment box are then made into one object as in

figure 3.4.
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Figure 3.3: Geometry of meander type sensor

In the “Boundary Settings” menu each boundary is defined according to the required
condition. The two sides of the sensor are provided an electric potential; onc is assumed to be at
ground potential and the outer side is kept at a value of 1V, All plates in the rectangular box
except the ones touching the sensor voltage and ground boundaries are set to “Electric
Insulation”. All boundaries are set to “Magnetic Insulation™ in the Magnetic Parameters menu.
The menu for setting the boundary conditions is shown in figure 3.4.

The electrical conductivity, relative permittivity and relative permeability are set in the
“Subdomain Settings” menu. The model has two subdomains: the sensor and the rectangular
box. Figure 3.5 shows the window for setting thc subdomain. There are two main regions,
copper and air. The frequency of operation can be set in the “Scalar Variables” dialog box.

Figure 3.6 shows the model after the meshing.
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Figure 3.5: Window for subdomain setting
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Figure 3.6: Mesh of the model
Figure 3.7 shows the required setting for solving the problem.
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Figure 3.8 shows the solved meander sensor model for S00 kHz. The “tube streamlines” and the
arrows represent the magnetic flux density while the electric potential distribution is shown on
the surface of the sensor. While the electric potential ranges from 0 to 1 on the surface of the

sensor the magnetic flux density has a range from 4.026e-7 Tesla to 1.073e-4 Tesla.
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Figure 3.8: Solved meander model

Once the solution is obtained different parameters can be calculated. For the meander sensor the

important parameter is the inductance. The inductance is calculated by

L= [3.18]

where W, is the magnetic energy stored, and I is the current flowing in the sensor.
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The calculation of magnetic energy and current are done using the postprocessing menu
with the help of subdomain and boundary integration. Once the inductance is obtained, the
operating frequency is changed. The solution and postprocessing is repeated to obtain the new
value of inductance. The reactance of the sensor is plotted as a function of frequency. It is seen
that the reactance increases with the increase in frequency. This indicates the meander sensor

behaves as an inductive sensor.
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Figure 3.9: Variation of reactance with frequency

3.3 Analysis of Planar Mesh Sensor

The mesh sensor principles are very much similar to the meander sensor. The pattemn of
the windings [25, 26] is differcnt to the meander sensor as shown in figure 3.10. The frequency
range for calculating inductance remains the same, from 1 kHz to 10MHz. The inductance 1s

calculated the same way as the meander sensor.
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Figure 3.10: Model of mesh type sensor

The sensor block and the rectangular block are made into one. One end of the sensor is
given an electric potential of 1 whereas the other end is set to ground. All plates in the
rectangular box except the ones touching the sensor voltage and ground boundaries are set to
“Electric Insulation”. All boundaries are set to “Magnetic Insulation” in the Magnetic
Parameters menu.

The electrical conductivity, relative permittivity and relative permeability can be set in
the “Subdomain Settings” menu. The two subdomains are set exactly like in the meander sensor
and meshed before solving. The “Solver Parameter” and “Solver Manager” settings are the

same as for the meander sensor. Figure 3.11 shows the solution of the mesh sensor.
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Figure 3.11: Solved mesh model

The mesh sensor results are similar to that of the meander sensor. The “tube
streamlines” and the arrows represent the magnetic flux density while the color distribution on
the sensor surface represents the electric potential. The results show how magnetic flux is
distributed at a frequency of 500kHz. While the electric potential ranges from O to 1 along the
sensor blocks the magnetic flux density has a range from 7.67e-7 Tesla to 2.46e-4 Tesla. The
magnetic energy and the current are calculated the same way as in the meander sensor to get the
inductance. Figure 3.12 shows the variation of reactance of the mesh sensor as a function of the
frequency. The reactance increases with frequency which indicates that the planar mesh sensor

1s inductive type too.
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Figure 3.12: Variation of reactance with frequency

3.4 Analysis of Planar Interdigital Sensor

The interdigital orientation has one set of electrodes connected to a voltage and the
others to ground. This forms the basis of a parallel plate capacitor [29]. As shown in figure
3.13a below the colored blocks are given a voltage of 1V whereas the white electrodes are set
to ground. An electric field is thus formed between the voltage and the ground electrodes. The
sensor blocks are made into one block. Then the sensor block along with the rectangular box is

made into one block as shown in figure 3.13b.
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Figure 3.13: Geonﬁl‘y of interdigital type sensor

The capacitance of the sensor electrodes can be calculated by

C="e [3.19]

where W, is the stored electrical energy and ¥, 1s the applied voltage

The capacitance is calculated for a frequencies ranging from lkHz to 10MHz. From the

capacitance the capacitive reactance { X, } can be calculated by

X = 1
2rfc

[3.20]

where [ 1s the frequency of operation and C is the capacitance calculated from the model

The permittivity value 1s also varied to see the effect of permittivity on the capacitance
and hence the capacitive reactance. In the “Subdomain Settings™ permittivity of the rectangular

box, which acts as the environment the sensor is exposed to, is set to 1 initially and then to 10
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and 100. The capacitance is calculated for each setting and plotted. The conductivity of the
electrodes 1s given a value of 5.8e¢7 S/m and a permittivity of 1 for all settings. The permeability
remains at 1 for both the sensor and the rectangular box. The conductivity of the box also
remains at 1 for all settings. The meshing procedure remains the same as meander and the mesh
sensors. The “Solver Parameter” and “Solver Manager” settings are the same as for the mesh
and meander sensors.
The electric field distribution of the interdigital sensor is shown by the arrows and the

“tube streamlines” in figure 3.14. From the figure it is apparent that there is an electric field

between the driven and ground electrodes that ranges from 0.396 to 1090.098 V/m.
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Figure 3.14: Solved interdigital model

The graph in figure 3.15 above shows variation of reactance with frequency. Unlike the

meander and mesh sensors, capacitive reactance decreases with an increase in frequency. It can
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also be deduced from the graph that the value of reactance decreases with an increase in
permittivity. Since the interdigital sensor is the type of sensor used for the major experiments

on this thesis, it 1s important to see how the permittivity affects the capacitive reactance.
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Figure 3.15: Varnation of reactance with frequency

3.5 Conclusion

In this section the modeling of planar type sensors of meander, mesh and interdigital
configuration have been carried out for the analysis of field distribution, using the finite
element software package FEMLAB. The impedance of the sensors as a function of frequency
has been calculated. It 1s seen that the impedance of meander and mesh type sensors increase
with frequency, whereas it decreases with frequency for the interdigital type. Hence, it can be
concluded that the meander and mesh type are of inductive type and will respond well to
conducting and magnetic materials. The interdigital type is of capacitive type and will respond
well to dielectric materials. The actual nature of their impedance characteristics has been

discussed in the next chapter.
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CHAPTER 4

EXPERIMENTAL CHARACTERIZATION OF PLANAR
ELECTROMAGNETIC SENSORS

4.1 Introduction

In the previous chapter all three types of planar sensor, meander, mesh and interdigital
configurations were modelled using finite element analysis and the impedance
characteristics were presented. This section aims to support the results obtained from field
modelling of the earlier chapter, by experimenting the sensors with materials of varying
electric, magnetic and dielectric properties. The mesh, meander and interdigital sensors are

characterized by actual experiment and the results are presented in this chapter.

4.2 Experimental Setup

The experimental set up is shown in figure 4.1 below.

LN -
| | R

Oscilloscope

Sensors and product under test
Figure 4.1: Experimental setup for planar sensor characterization

The setup has an Agilent 33120A waveform generator which provides the driving signal for
excitation of the sensor. The different types of materials were tested at varying frequencies.

An old microscope was used to fit the sensor on the top wooden plate as shown in figure 4.1,
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and the material under test was on the bottom wooden plate. The sensor was lowered
towards the material of interest using the microscope knobs. Hence, the sensor was able to
get as close as possible to the material under test, without actually touching it. The Agilent

54622D mixed signal oscilloscope was used for analysis of input voltage, output current and

the phase.
Materials of different electric and dielectric properties were chosen for experimentation.
These are:

e Copper

e Aluminium

e Iron

e Milk

e Water

Copper, aluminium and iron have strong electric properties thus having high conductivity
and permeability (for iron) values compared with milk and water. Alternatively milk and
water have strong dielectric properties with high permittivity values. The three types of
metal were cut into 10mm x Smm x0.1mm pieces, while the water and milk were put into a
plastic container of the dimensions10mm x Smm x 2mm . This was done in order to provide

the sensors an appropriate area for sensing.

4.3 Experimental Results

4.3.1 Impedance Characteristics of Mesh, Meander and Interdigital
Sensors

Both the meander and mesh type sensors consist of two coils: one used for excitation and
another for sensing. The high frequency alternating supply is provided to the exciting coil
and the voltage across the sensing coil is measured. The transfer impedance (the ratio of the
sensing voltage to the exciting current) is used as the characterization parameter for the
meander and mesh type sensors. In case of interdigital sensor the exciting voltage and the
displacement current through the sensor is measured. The impedance (the ratio of the
applied voltage to the current) is the characterization parameter used for the interdigital
sensor. Different sizes of sensors of each meander, mesh and interdigital types have been

experimented using the experimental set-up. The frequency of excitation has been varied
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between 100 kHz to 100 MHz. The impedance characteristics of the sensors are shown in

figures 4.2, 4.3 and 4.4.
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It is seen that the transfer impedance for both meander and mesh type increases with the
increase in frequency whereas the impedance of interdigital type sensor decreases with
frequency. With the same effective area the response of mesh type sensors is better than
meander type. From the impedance characteristics is seen that both the meander and mesh
types sensors are inductive type whereas the interdigital type sensor is capacitive type. It is
also seen that both meander and mesh type sensors response well at high frequency whereas
the response of the interdigital sensor is very good at low frequency and doesn’t response
well at high frequency. This is very important while the sensors are used for non-destructive

testing. The selection of operating frequency is to be carefully chosen.

4.3.2 Experiments with Materials

The five types of materials are tested with all three types of sensors. Only the change of
magnitude of impedance is shown here (the impedance with air is considered as unity), in

practice the phase information is also used.

4.3.2.1 Interdigital Sensor

The results obtained at 84 MHz are shown in table 4.1. The value of “Air” (with no
materials), were taken before each test. The start Air value was different for milk and water
when compared to Copper, Aluminium and Iron. This due to metal tests and milk and water
tests been done at different times on any given day. However, since only the change of
magnitude of impedance is shown here, this effect can be ignored. This applies to all the

tests that have been done in this chapter.

Table 4.1: Interdigital results at 84 MHz

Type Start Air Output Ratio Phase
Voltage [ Voltage(V) (Degrees)
M)

Air 1.316 1.316 1 22
Copper 1.316 1.336 1.0151976 28
Aluminium| 1.316 1.336 1.0151976 21
Iron 1.316 1.314 0.9984802 26
Milk 1.535 1.385 0.9022801 44
Water 1.457 1.348 0.9251887 37
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Table 4.2: Interd:gital percentage change compared to air at 84 MHz

Type Change Percent (%)
Copper 1.5
Aluminium 1.5
Iron 0.15
Milk 9.8
Water 7.5

The interdigital sensor reacts well to milk and water, which are of the dielectric nature. The
percentage change (table 4.2) of the milk and water 1s quite high compared and the ratios
quite low compared to the metals. There is also a difference of percentage and ratio between
milk and water due to their difference in permittivity values. There is also a noticeable

phase change between the metals and milk and water.

Table 4.3: Interdigital results at 91 MHz

Type Start Air Qutput Ratio Phase
Voltage(V) | Voltage(V) {Degrees)

Alr 0.832 0.832 1 5
Copper 0.832 0.837 1.0060096 3
Aluminium 0.832 0.847 1.0180288 3
Iron 0.832 0.839 1.0084135 3
Milk 0.925 0.846 0.9145946 7
Water 0.899 0.832 0.9254727 5

Table 4.4: Interdigital percentage change compared to air at 91 MHz

Type Change Percent (%)
Copper 0.6
Aluminium 1.8
Iron 0.8
Milk 8.5
Water 7.5

Referring to table 4.3 and 4.4 it can be seen that the nature of ratio and the percentage
changes between the metals and the liquids are very similar, to that observed at 84 MHz.
However the change between milk and water is less. The phase difference between the

different materials 1s not as clear compared to the results obtained at 84 MHz.
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4.3.2.2 Mesh Sensor

The results obtained for the mesh sensor for the different types of materials

MHz are shown in tables 4.5 and 4.6.

Table 4.5: Mesh results at 84 MHz

at 84 and 91

Type Start Air Output Ratio Phase
Voltage(V | Voltage(V (Degrees)
) )
Air 2.104 2.104 1 92
Copper 2.104 1.844 0.8764259 96
Aluminium 2.104 1.824 0.8669202 95
Iron 2.104 1.629 0.7742395 103
Milk 1.912 1.816 0.9497908 95
Water 1.912 1.861 0.9733264 94
Table 4.6: Mesh results at 91 MHz
Type Start Air | Output Ratio Phase
Voltage(V)|Voltage(V) (Degrees)
Air 1.994 1.994 1 49
Copper 1.994 1.76 0.8826479 54
Aluminium|{ 1.994 1.77 0.887663 54
Iron 1.994 1.74 0.8726179 35
Milk 1.994 1.885 0.945336 49
Water 1.994 1.896 [0.9508526 48

Table 4.7: Mesh percentage change compared to air at 84 MHz

Type Change Percent (%)
Copper 12.4
Aluminium 13.3
Iron 22.6
Milk 5
Water 2.7

Table 4.8: Mesh percentage change compared to air at 91 MHz

Type Change Percent (%)
Copper 11.7
Aluminium 11.2
Iron 127
Milk 5.5
Water 4.9

42



The mesh sensor reacts well to metals, which are good conductors. This is reflected by the
fow ratio and the high percentage changes, in tables 4.5-4.8. Even though the phase
differences between the metals and the milk and water is not that significant, it can be seen

that the phase of the metals are generally higher than the milk and water.

4.3.2.3 Meander Sensor

The results obtained for the meander sensor for the different types of materials at 84 and 91

MHz are shown in tables 4.9 and 4.10.

Table 4.9: Meander resulis at 84 MHz

Type Start Air | Output Ratio  {Phase(Deg)
Voltage(V}|Voitage(V)

Alr 2.395 2.395 1 49
Copper 2.365 2.186 0.9127349 55
Aluminium|  2.395 2.184 09118998 54
Iron 2.395 2.174 09077244 52
Milk 2.352 2471 1.0505952 26
Water 2.352 2.467 | 1.0488946 33

Table 4.10; Meander resuilts at 91 MHz

Type Start Air Qutput Ratio  [Phase(Deg)
Voltage(V)|Voltage(V)
Air 2.084 2.084 ! 21
Copper 2.084 1.859 [ 0.8920345 2]
Aluminium| 2.084 1.869 0.896833 21
Iron 2.084 1.83 0.878119 24
Milk 2.205 2.207 1.000907
Water 2.205 2.238 1.014966

Table 4.11: Meander percentage change compared to air at 84 MHz

Type Change Percent (%)
Copper 8.7
Aluminium 8.8
Iron 9.2
Milk 5
Water 4.9
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Table 4.12: Meander percentage change compared to air at 91 MHz

Type Change Percent (%)
Copper 10.8
Aluminium 10.3
Iron 122
Milk 0.1
Water |

The meander sensor response to metals is very similar to that of the mesh sensor. The
meander sensor reacts well to metals, compared to the milk and water. This is reflected by
the low ratio and the high percentage changes, in tables 4.9-4.12. There is also a
considerable difference in the measured phase for metals compared with milk and water.
The measured phase for the metals is very much higher at both frequencies compared to the

milk and water.

4.4 Conclusion

It can be concluded from the results that the meander and mesh type sensors respond very
well to conducting and magnetic materials (copper, aluminium, iron). However their
reaction to dielectric materials is not as good. On the other hand, the interdigital sensor acts
in an opposite manner and responds well to dielectric materials. If the inspection is related
to metal products it is recommended to use either meander or mesh type sensors. If the
inspection is related to dielectric products the interdigital sensor is the better choice. In areas
which require the inspection of materials comprising metal and dielectric compositions,

mesh and/or meander sensors along with interdigital sensors can be used.
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CHAPTER 5
EXPERIMENTS WITH MILK

5.1 Introduction

Dairy production is an important sector of the national economy of many countries in
the world. For example, the national economy of New Zealand is significantly dependent on
the export of dairy products; it is approximately 25% of the total foreign export earnings of the
country. The major part of the New Zealand dairy industry is administered by Fonterra, which
is the largest dairy cooperative in the world. Currently Fonterra employs the following
procedure for analyzing and monitoring the quality of the milk - it measures the fat to protein
ratio of milk using mid infrared spectroscopy prior to processing [33-38]. This provides a very
accurate and rapid (1 reading/min) measurement with a standard deviation of 0.02% w/w from
reference methods. In turn it allows precise milk standardization, which is vital to efficient milk
processing.

The infrared spectrometers used by Fonterra and other large dairy companies in the
world are very expensive. This makes it hard for small companies and individual farmers to use
this technique to analyze the total solid content in milks. At the same time, such an analysis is
very important since the dairy producers are paid based on the quality of their milk products.
Hence there is a need to develop a low-cost high-efficiency sensing system aimed at
applications in the dairy industry. The use of an electromagnetic sensor has the potential to
offer a good solution leading to a robust instrument with high accuracy at a low capital cost. At
the same time the testing system will be smart and light so that it can be carried easily to the
testing site. The current system, based on infrared spectrometry, is heavy and is not flexible at
all to do the test; the milk sample has to be sent through the test rig [33-38].

This sensing technique has the potential to be successfully employed in the quality
inspection of dairy products such as milk, butter, cheese, curd and yogurt. This chapter presents

the experiments done on milk by mesh, meander and interdigital sensors.
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5.2 Experimental Setup

The three sensors were tested and the results were analyzed. The experimental setup
was the same as explained in chapter 4. The experiment involved adding 1ml of cream to 79 ml
of water. Some time is allowed in order to get a constant reading, so that the magnitude of the
voltage across the series resistance attains a steady state. Prior to adding Iml of cream each
time, Iml of the water and cream mix were taken out, to keep the depth of the mix constant.
The total solution (cream and milk) was always kept at 80ml, The interdigital sensor was tested
with a 10002 as well as a 4.7 k{2 resistor in series with the sensor coil whereas the mesh and the
meander had 100£2 resistors in series with the cxciting coils. The operating frequency was set at
500 kHz. The transfer impedance was calculated for the mesh and the meander scnsors and the

impedance was calculated for the interdigital sensor.

For Mesh and Meander sensors:

Voltage across the sensing coil = V1 [5.1]
. : V2

Current across the 10042 resistor = T00 [5.2]

Transfer Impedance = ot . i {5.3]
i 100 V2

For Interdigital sensors:

Voltage across the cxciting coit = V1 [5.4]
. . . V2
Current through the sensing coil = E—(IOOQ or 4.7k€2) [5.5]
V
Impedance = -——1 =R 71 15.6]
I V2

5.3 Experimental Results

5.3.1 Mesh and Meander Sensors

Figure 5.1 shows the variation of the magnitude of transfer impedance as a function of
cream content. Figure 5.2 shows the phase of the transfer impedance as a function of cream

content. It is seen from figures 5.1 and 5.2 that the mesh and the meander type sensor do not
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react well to the cream solution. The sensors were only tested up to 10ml of cream in 70ml of
water, but the impedance scarcely changed. The phase also followed a similar pattern, even
though the mesh sensor changed a bit, it was insignificant, compared to the phase change

observed during experiments with the interdigital sensor.
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Figure 5.1: Impedance vs Cream graph for mesh and meander type sensor
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Figure 5.2: Phase vs Cream graph for mesh and meander type sensor

Figure 5.3 is a comparative response of the three types of sensors. It 1s clear that the
interdigital sensor has a very good response to the percentage of fat, whereas the change of

impedance of the mesh and meander sensors are pretty constant for the various percentages of
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fat. More results with interdigital sensors are shown below, where a moderately low frequency

signal is used.
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Figure 5.3: Impedance characteristics for three types of sensors at 100 kHz

5.3.2 Interdigital Sensor

The interdigital sensor responds well to the changing concentrations of cream that is added
to water. Each time cream is added to water there is a change in the dielectric properties of the
solution. Figure 5.4 and 5.6 show that the impedance decreases with increasing concentration of
cream. The phase follows a similar pattern (figures 5.5 and 5.7). A relationship between the
impedance and phase with the volume of cream is obtained by a cubic fit as shown in the
figures 5.4-5.7.
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Figure 5.4: Impedance vs Cream graph for interdigital type sensor with 100Q2 series resistance
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Figure 5.6: Impedance vs Cream graph for interdigital type sensor with 4.7k(2 series resistance

49



80

70F y =-0.047"% + 1.3*% - 11*x + 51

60 -

40+

Phase(Degrees)

20+

30-\

data 1
cubic| |

10
0

5 10
Volume of Cream(ml)

15

Figure 5.7: Impedance vs Cream graph for interdigital type sensor with 4.7k€2 series resistance

5.4 Data Analysis

5.4.1 Obtaining Linear and Quadratic Equations

The cream percentages were predicted from the sensor results. The cream

percentages were estimated using a linear and a quadratic equation. Four percentages with

known impedances were chosen to get the equations. Shown below in tables 5.1 and 5.2 are the

four samples used for the two sensors.

Table 5.1: Sensor with 100€2 resistor in series with the sensing coil

Cream Volume(ml) Cream Percentage (%) Impedance, Z (Ohms)
1 1.25 44888
. 6.25 44283
10 12.5 42772
14 17.5 42055
e Linear Equation
Cream (Estimated) = — 0.0054 x Z + 240 [5.7]
e Quadratic Equation
Cream (Estimated) = —1.3e—7xZ> +0.0061x Z - 5.9 [5.8]
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Table 5.2: Sensor with 4.7k(2 resistor in series with the sensing coil

Cream Volume(ml) Cream Percentage (%) Impedance, Z (Ohms)
1 1.25 1797.4
5 6.25 1623.1
10 12.5 1572.7
14 17.5 1490.7
¢ Linear Equation
Cream {Estimated) = - 0.053x Z + 95 [5.9]
s Quadratic Equation
Cream (Estimated) = ~0.00014x Z* = 0.51x Z + 470 [5.10]

5.4.2 Estimated Results

Tables 5.3 and 5.4 show the cream percentage results obtained from linear and quadratic
equations. Referring to tables 5.3 and 5.4 it can be seen that the cream percentage predicted

using the quadratic equation using the interdigital sensor with 4.7k€2, gives the smallest etrors.

Table 5.3: Cream percentage estimation from sensor with 100£2 resistor in series with the

sensing coil

[ Cream Predicted value Predicted value Error 1 Error 2
{%) using Linear equation | using Quadratic equation
1.25 1.9071 1.8142 -0.6571 -0.5642
2.5 0.8206 0.8471 1.6784 1.8529
3.75 6.6831 6.8171 -2.9331 | -3.0871
5 6.7315 5.8668 -1.7315 { -1.8668
6.25 5.161 5.24563 1.089 1.0047
7.5 g.0227 8.1819 -1.6227 | -1.6318
8.75 11.3085 11.4639 -2.6585 | -2.7138
10 13.2878 13.3926 -3.2878 | -3.3926
11.258 16.4234 16.375 -5.1734 | -5.125
12.5 13.2878 13.3826 -0.7878 | -0.8926
13.75 15.2348 15.255 -1.4848 | -1.505
15 19,4945 19.2091 -4.4945 | -4.2091
16.25 12.7884 12.919 3.4516 3.331
| _17.5 17,1441 17.0478 0.3559 | 0.4522
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Table 5.4: Cream percentage estimation from sensor with 4.7k resistor in series with
the sensing coil

Cream Predicted value Predicted value Error 1 | Error 2
(%) using Linear equation | using Quadratic equation
1.25 0.1066 1.1276 1.1434 | 0.1224
2.5 3.6632 2.6174 -1.1632 | -0.1174
375 4.4985 3.1498 -0.7485 | 0.6002
5 5.7173 4.0512 -0.7173 | 0.9488
6.25 9.2634 7.5145 -3.0134 | -1.2645
1.5 9.7572 8.096 -2.2572 | -0.596
8.75 10.3718 8.8538 -1.6218 | -0.1038
10 10.8552 9.476 -0.8552 | 0.524
11.25 11.5906 10.4674 -0.3406 | 0.7826
12.5 11.9111 10.9163 0.5889 | 1.5837
13.75 12.5363 11.8213 1.2137 | 1.9287
15 13.9652 14.0359 1.0348 | 0.9641
16.25 13.3663 13.083 2.8837 | 3.167
17.5 16.2189 17.9417 1.2811 | -0.4417
18.75 16.9597 19.3358 1.7903 | -0.5858

5.5 Conclusions

The interdigital type sensor based approach proposed in this chapter can be a very promising
alternative to the existing measurement techniques used in the dairy industry to monitor the
quality of products. This sensing technique is non-destructive in nature. It is also safe and cost-
effective. In addition, the approach does not involve any fragile sensing elements (such as glass
probes) and it is quite stable (requires only infrequent periodic calibration).

The effect of dielectric materials such as milk, butter, cheese, curd, yogurt, etc., on the transfer
impedance of planar electromagnetic sensors has been experimentally observed and is reported
in this chapter. It is shown that the properties of dielectric materials have a great influence on
the value of the impedance in interdigital sensors. The experimental results also showed that the

sensor had a very good potential to be used to determine composition of dairy products.
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CHAPTER 6
EXPERIMENTS WITH SAXOPHONE REEDS
6.1 Introduction

A saxophone reed, as shown in figure 6.1, is a small piece of bamboo that is attached to
the mouthpiece of a saxophone. When the player blows into the saxophone, the reed vibrates,
creating sound. The reed is therefore, in part, responsible for the tone and ease of use of a
saxophone. There is nothing more frustrating for a saxophone player than playing on a bad
reed. Reeds wear out after a few weeks of playing and must be replaced. The problem with
reeds is that currently the quality is very variable: in a box of ten, three or four reeds are usually
found to be ‘bad’ when played and are thus discarded. Since the reeds are expensive, and more
importantly the quality of the music depends on them, this section looks at a novel way of

evaluating reeds using interdigital sensors.

Tenor Alto

Figure 6.1: Tenor and Alto Saxophone reeds, different sections of the reeds, and a saxophone

6.2 Experimental Setup

A moderately high frequency alternating current supply has been used for the

experiments on the interdigital type of planar sensors. A relatively large number of reed
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samples, of which a few are known to be bad from the beginning, have been tested.
Experiments have been carried out at five different frequencies to decide the optimum
frequency for testing. Figure 6.2 below, shows how the reeds were tested with the interdigital

S5ENSOr.

Figure 6.2: Experiment using interdigital type senscr

6.3 Experimental Analysis

Figures 6.3 — 6.7 show the impedance values of the interdigital type sensors with different reeds
at operating frequencies of 40 kHz, 75 kHz, 100 kHz, { MHz and 10 MHz respectively. The
sensors are tested by a saxophone player and divided into good and bad categories. The test

results obtained corresponding to 75 kHz are very close to that.

5.5

N

[n] 5 140 15 20 2

I |
J—
Reed Nut'n'bE'l

Figure 6.3: Impedance of interdigital sensor for different reeds at 40 kHz
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Figure 6.4: Impedance of interdigital sensor for different reeds at 75 kHz

2.58¢}

2.56

254+

Impedance(Chms)

2.52

25

Reed Number

Figure 6.5: Impedance of interdigital sensor for different reeds at 100 kHz

55



249 - T T

2'436 10 15 20 25

]

NN
BN S 3N
(2] ~{ o

impedance(Ohms)
A
iy
th

Read Number

Figure 6.6: Impedance of interdigital sensor for different reeds at 1 MHz

Reed y¢ Impedance
2620 T T T T T

BIo -

5
=

2590 ¢ .

2580 | 4

{mpedancs(Chms)

2870 F -

255]0 5 10 15 20 &5

Reed Number

Figure 6.7: Impedance of interdigital sensor for different reeds at 10 MHz

56



6.3 Conclusion

This section looks as the specific case of saxophone reeds and how the interdigital sensor can
be used to evaluate saxophone reeds. Initial results for quality inspection of saxophone reeds
are promising. There appears to be a measurable difference given by the sensor between ‘good’
and ‘bad reeds. More experimentation needs to be done with a larger sample size, to get a

conclusive relationship between saxophone reeds and the signals of the interdigital sensor.
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CHAPTER 7

ELECTROMAGNETIC INTERACTION OF PLANAR
INTERDIGITAL SENSORS WITH PORK BELLY CUTS

7.1 Introduction

In this chapter the interaction of planar Interdigital sensors with pork belly cuts has been
described. Electromagnetic field propagation in biological tissue, such as fat and muscle,
mainly depends on permittivity and conductivity parameters of the tissue. The parameters
are described in detail in [53]. Research work on the dielectric properties of meat has been
mostly done at high frequencies [48-51], while research on low to high frequency analysis is
reported in [52]. The aim is to determine the fat content in pork belly cuts in a non-invasive
way. Pork belly, in simplest terms, is a side of fresh pork. It is the underside of the pig. The
primal pork belly is located below the loin and it accounts for around 16% of the carcass
weight. It is very fatty with only minute amounts of lean meat. There are many methods that

are used to estimate parameters of the pork belly, mainly fat and protein:

e Chemical analysis [43]
e Physical dissection — Dissecting the different compositions (fat, muscle etc) and
weighing them
e Subjective assessment [47]
e Grading measurements [39]
e Ultrasonic evaluation [46]
e Specific gravity [43]
e Electrical properties
- Bioelectric Impedance Analysis (BIA) [42]
- Total body electrical conductivity (TOBEC) [41]
e Magnetic Resonance Imaging (MRI) or Computer Tomography (CT) scans [45]
e Dual-energy X-ray Absorptiometry (DXA) scans [44]
e Video Image Analysis (VIA) [40]
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7.2 Initial Experiments

A planar interdigital sensor (40mm>40mm area) as shown in figure 7.1 has been
used to experiment with different types of pork using the experimental set-up as shown in

figure 7.2.

SN —
=)
i \ ‘n S B , i }

Sensors and product under test
Figure 7.2: Experimental setup for fat measurement
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There are mainly four main varieties in pork meat

e Fat

e Mixed
e Muscle
e Skin

The sensor was tested on 4 pieces of fat, 2 pieces of mixed meat, 4 pieces of muscle and 1
piece of skin. One piece of each type is shown in figure 7.3. All the pieces were of different
shape and size. The experiment involved analyzing the sensor results, to see if the different

amount of fat content affected the original signal.

Figure 7.3: Pork samples for test

7.2.1 Experiment

Each piece was tested separately, and the sensor was placed as close as possible to
the meat for all experiments bar experiment 1. In experiment 1 glad-wrap was placed on top
of the meat, and the sensor lightly touched the top of the meat. During the last experiment
(exp 4) the skin was put on top of a piece of fat, mixed and muscle. With the exception of
experiment 1, the sensor had no direct contact with the meat, during all other experiments.
The interdigital sensor was tested with a 4.7 kQ resistor. The operating frequency was set at
500 kHz. The impedance was then calculated as shown below.

Voltage across the sensor coil = }'1 [7.1]

Current through the sensing coil, i = % ; R is the series resistance [7.2]
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Impedance of the sensor = ﬂ [7.3]
i

Operating conditions: Temperature = 16.1°C, Frequency = 500 kHz

Some experimental results are shown in figures 7.4 to 7.6. The signal#1 (top) corresponds to

the applied excitation and signal#2 corresponds to the current through the sensor.

-;;::~ Agilent Technologies «-‘" Agilent Technologies

Figure 7.4: Signals corresponding to sensor ~ Figure 7.5: Signals corresponding to sensor
in air placed on fat

Tagdes”
R Agilent Technologies

Figure 7.6: Signals corresponding to sensor placed on muscle

It is seen from figures 7.4 to 7.6 shows that there is an obvious difference in both signals,
when the sensor is placed on fat and muscle, with respect to air. The signals obtained from
the fat sample, also show difference when compared to the signals obtained from the muscle

sample.
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7.2.2 Analysis of Results

The variation of impedance of the sensor when exposed to different portions of pork

are shown below in figures 7.7 to 7.10.

Experiment 1

Impadence{Chma)

M1 M2 Mot M2 M3
Type of Pork

Air Bkm  Fat

Figure 7.7: Impedance of the sensor
obtained from Experiment I

Impedancaiihms)

Experiment 2

Arr Skin F1 F2 F3 F& M1 MZ My D MuF My
Type of Park

Figure 7.8: Impedance of the sensor
obtained from Experiment 2

An initial measurement is obtained for the sensor with no materials under it, before each of

the four experiments. In the graphs above this measurement is shown as “Air”. The first

experiment had low values of impedance compared to the other three experiments, for all

types of meat. The direct contact the sensor had with the meat in experiment 1 gave a higher

output signal which resulted in lower impedance. Looking closely at experiment 1 it can be

seen that fat has the lowest impedance followed by muscle and finally mixed. This shows

that the sensor can detect different types of pork based on the different fat content. Skin,

which has the lowest thickness, fits in the middle. Experiment 2 shows that fat has the

highest impedance, followed by mixed and muscle.

E

ImpadanceaiOhmg)

Fi

Exgeriment 3

Alf Skin FI F2 F3 Fd M1 M2 Mul MuZ M3 Mus
~ Typaof Poik

gure 7.9: Impedance of the sensor

obtained from Experiment 3

ImpedencafGhms)

Expariment 4

g

A Fat M1 M2 Mul B2 Mu3 kud
Typa Under Skin

Figure 7.10: Impedance of the sensor
obtained from Experiment 4




7.2.3 Discussion

The results show the sensor responds in a different way to muscle fat and skin. A
clear cut analysis of skin is hard to obtain since it is very thin comparatively. In experiment
4 we put the skin on top and analyze the results. Experiment 4 shows fat once again having
the lowest impedance followed by mixed and finally muscle. In all but one (experimentl) of
the cases fat and muscle are the two extremes and mixed is in the middle.

The sensor used in the experiment is not the optimum one required for the best
result. But observing the results it can be concluded that the planar interdigital sensor has
the potential to be used for the estimation of fat content in pork meat. The experiments show
that the sensor can detect different types of pork and hence can be used to estimate fat
content in pork. In order to obtain better results some more experiments have been carried

out which are reported in the next section.

7.3 Second Set of Experiments

7.3.1 Sensors and Pork Samples

The initial experiments in the previous section showed the planar type
electromagnetic sensors have responded well to fat content of pork belly cuts. However it
was observed in the initial experiments that the size of the sensor used for experimentation
was not sufficient to cover the sample of meat tested. In practice the bellies are cut into
particular sizes and the possibility of testing them by doing experiments only once are
preferred. Three Interdigital sensors of varying periodicity as shown in table 7.1 were
fabricated and tested on six pork belly pieces (A1, B1, C1, A2, B2, and C2). To simulate the
factory situation, the pork pieces were placed on top of each sensor as shown in figure 7.11.
The pieces of pork were placed on the sensor according to four different orientations as

explained below using figure 7.12. The pork bellies were around 20-30 mm deep with skin.
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Figure 7.11: Experimental setup for second experiment

160mm

Label

< 130mm >

Figure 7.12: Pork belly sample dimensions

Orientation 1 = [skin side up, label at front] — as shown above
Orientation 2 = [skin side up, label at back] — Rotate 180°

Orientation 3 = [skin side down, label at front but underneath] — Flip over
Orientation 4 = [skin side down, label at back underneath] - Rotate 180°

The interdigital sensors used for experimentation has one sided access to the material under
test (MUT). Electric field lines pass through the MUT, and the capacitance between the two
electrodes, depend on the material dielectric properties as well as on the electrode and
material geometry. Three sensors of differing periodicity were used for experimentation.
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Table 7.1: Sensor parameters

Sensor | Periodicity(cm) | Finger-length(cm)
1 15 120
2 20 120
3 30 120

7.3.2 Experimental Setup

The interdigital sensors were driven by a 10V Sine wave. The measurements were
made at frequencies in the range from 5 kHz to 1 MHz. The pork belly pieces had skin on
top and muscle at the bottom, where the personal view of top and bottom is contradictory.
The sensors were rested on a table with an insulating mat underneath, with the electrodes
facing up. Glad wrap was placed on top of the sensor to prevent direct contact with the pork.
This is done to keep up the high standards of hygiene required when testing meat. Each of
the six pieces of pork was tested for all four orientations at the same frequency range
mentioned above. The driving signal for the sensors were provided by the Agilent 33120A
waveform generator and the Agilent 54622D mixed signal oscilloscope, analyzed the input
voltage, output current and the phase. All efforts were done to make sure the pork pieces

were all tested at similar temperatures, varying between 16-18°C.

7.3.3 Analysis of Results

The results obtained are shown below. Since different pork samples may have
different effective permittivity, the imaginary component of impedance will be mainly
affected. The figures 7.13 to 7.24 show the variation of the reactive part of impedance of all
three sensors, as a function of frequency, for all four orientations, for all six samples. It is
seen that there is a distinct difference in the magnitude of impedance in the frequency range
5 kHz to 40 kHz. The difference in magnitude between samples decreases with increasing
frequency. The three sensors also give different results when compared with each other.
Even though the results are quite distinct for all six samples, the results obtained for
orientation 1 and 2 differ from orientations 3 and 4. This is due to the fact that the response
of the sensors depends on its penetration depth [29]. If the thickness of the pork belly
exceeds the penetration depth of the electric field lines, the sensors may not be able to

respond to fat if the fat lies on the top surface of the meat sample. The impedance of the
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sensors provides an average indication of the fat, to the depth of penetration and the part of

the meat within the electric field.

Sensor 1 - Orientation 1 Sensor 1 - Orientation 2
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Figure 7.13: Sensor 1 characteristics Figure 7.14: Sensor 1 characteristics
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Figure 7.15: Sensor | characteristics Figure 7.16: Sensor 1 characteristics
for pork belly samples at orientation 3 for pork belly samples at orientation 4
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Figure 7.17: Sensor 2 characteristics
for pork belly samples at orientation 1
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Figure 7.19: Sensor 2 characteristics
for pork belly samples at orientation 3
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Figure 7.21: Sensor 3 characteristics
for pork belly samples at orientation 1
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Figure 7.20: Sensor 2 characteristics
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Figure 7.23: Sensor 3 characteristics Figure 7.24: Sensor 3 characteristics
for pork belly samples at orientation 3 for pork belly samples at orientation 4

In practice, measurement for one frequency or at only a few frequencies is required.
The bar graphs (figures 7.25 — 7.36) show the reactive impedance values of different
samples for all sensors and all orientations, at an operating frequency of 5 kHz. It can be
seen that the impedance values are quite distinct from each other. Sample Al has got the
highest impedance and sample A2 has the lowest impedance. The measurement at 5 kHz
provides the opportunity for the development of a low cost instrumentation and

measurement system based on a Cygnal C8051F020 microcontroller.
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Figure 7.25: Sensor 1 characteristics Figure 7.26: Sensor 1 characteristics
at 5 kHz for pork belly samples at at 5 kHz for pork belly samples at
orientation 1 orientation 2
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7.3.4 Data Analysis
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Figure 7.36: Sensor 3 characteristics
at 5 kHz for pork belly samples at
orientation 4

The results are analyzed to determine whether the reactive impedance values have a

relationship with the fat content of the pork belly. To compare the performance of the

sensors, 3 test samples were analyzed by Soxhlet extraction of homogenized sample

(including the skin) using petroleum ether (Bp 40 - 60°C) and the results are shown in Table

7.2. The maximum fat content is for sample Al, which matches the result obtained from

sensor 1. From figure 7.25 it is seen that the average fat content of B2 is slightly higher than

A2. From the results obtained from the sensors it can be safely concluded, that the planar

interdigital sensors has a good potential for the on-line determination of fat content and pork

meat.



Table 7.2: Fat content from chemical analysis

Chemical Sample Sample Sample
Test Al A2 B2
30.09 19.96 17.36

The fat content 1s estimated by mathematical analysis and can be compared to the
results obtained by the chemical analysis. The magnitude and phase of the impedance of the
sensor without meat samples (air) and with meat under test (MUT) are measured. The

reactance impedances are calculated as follows

Xm'r = Z(u‘r x Sin(¢air) [?4]
where Z,, and ¢

air

Xyor = Lyger ¥ Sin(ﬁ-ﬂ.-‘r) [7.5]

are the impedance magnitude and phasc of the sensors without meat.

where Z,,., and ¢, are thc impedance magnitude and phase of the sensors with pork

helly under test.

The effective permittivity of the sample 1s calculated as

g = [7.6]

The inverse of the effective permittivity is taken as the parameter of index, x , and is used
for the analysis to determine the fat and protein content. Tables 7.3 to 7.5 show the
parameter of index of the threc sensors for four different orientations corresponding to six
different meat samples. It is scen that the orientation 1 and 2 are quite uniform and are used

for the estimation of fat content,
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Table 7.3: Eu and K for sensor 1

Sample Effective Permittivity ( | Parameter of Index (K)
Ee/f)
Orientation 1
A1l 2.7871 0.3588
B1 4.7246 0.2117
C1 3.6407 0.2747
A2 6.1203 0.1634
B2 6.0075 0.1665
C2 4.9867 0.2005
Orientation 2
A1 2.7871 0.3588
B1 4.7246 0.2117
C1 3.6407 0.2747
A2 6.1203 0.1634
B2 6.0075 0.1665
C2 4.9867 0.2005
Orientation 3
A1l 4.9093 0.2037
B1 10.8659 0.0920
C1 6.2759 0.1593
A2 14.0014 0.0714
B2 17.7739 0.0563
2 40.1206 0.0249
Orientation 4
Al 4.9093 0.2037
B1 10.8659 0.0920
C1 6.2759 0.1593
A2 14.0014 0.0714
B2 17.7739 0.0563
C2 40.1206 0.0249
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Table 7.4: ¢, and K for sensor 2

Sample Effective Permittivity ( | Parameter of Index (K)
Eopr)
Orientation 1
Al 3.0841 0.3242
B1 2.9338 0.3409
C1 2.3215 0.4308
A2 5.4505 0.1835
Bz 49845 0.2002
C2 4.5442 0.2201
QOrientation 2
Al 3.0841 0.3242
B1 2.9338 0.3409
C1 2.3215 0.4308
A2 5.4505 0.1835
82 4.8945 0.2002
c2 4.5442 0.2201
QOrientation 3
At 51710 0.1934
B1 7.6872 0.1301
C1 54653 0.1830
A2 12.0070 0.0833
B2 11.1804 0.0894
C2 256018 0.0391
Orientation 4
Al 51710 0.1934
B1 7.6872 0.1301
C1 54653 0.1830
A2 12.0070 0.0833
B2 11.1804 0.0894
C2 25.6018 0.0391
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Table 7.5: ¢,; and K for sensor 3

Sample Effective Permittivity ( | Parameter of Index (K)
8L,ff)
Orientation 1
A1 2.5090 0.3986
B1 21737 0.4600
C1 4.0400 0.2475
A2 7.7207 0.1295
B2 2.5647 0.3899
c2 6.2797 0.1592
Orientation 2
A1 2.5090 0.3986
B1 21737 0.4600
C1 4.0400 0.2475
A2 7.7207 0.1295
B2 2.5647 0.3899
C2 6.2797 0.1592
Orientation 3
A1 3.5069 0.2851
B1 6.6751 0.1498
C1 4.5888 0.2179
A2 11.7028 0.0854
B2 9.4633 0.1057
C2 10.9665 0.0912
Orientation 4
A1 3.5069 0.2851
B1 6.6751 0.1498
C1 4.5888 0.2179
A2 11.7028 0.0854
B2 9.4633 0.1057
c2 10.9665 0.0912
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Only sensor 1 and orientation 1 has been used for the estimation of fat and protein. For the

calculation of fat the following equation is used

Fat.,=48.1x(x~0.15)+18.1 [7.7]

and for the calculation of protein the following equation 1is used

Protein = 16.5-16.1 x (x — 0.15) [7.8]

The parameters of the above equations are obtained from two test samples which
correspond to the calibration of the sensor. Based on equations 7.7 and 7.8 the fat and the
protein content of the samples are obtained and are shown in table 7.6. It can be seen from
table 7.6 that the predicted results are very close to the experimental one. In reality it is
impossible to get exactly the same results using a planar sensor to that obtained from
chemical analysis. The planar sensor provides an average result of a Jarge sample of pork

belly whereas the result from chemical analysis is based on 5 grams of homogenized

sample.
Table 7.6: Estimation of fat and protein content
Sample Parameter of Index Calculated Fat Calculated protein
(K) content content
Al 0.3987 30.06 12.49
A2 0.1633 18.74 16.28
Bl 0.2353 22.20 15.12
B2 0.1644 18.80 16.26
Cl1 0.3053 25.57 13.99
C2 0.2005 20.53 15.68
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7.4 Final Experiments on Pork Belly

7.4.1 More Experiments

Further experiments were carried out using the three sensors on thirteen pork belly samples.
The new pork belly samples were different to the previous ones in the sense that they were
smaller, shallower and skinless. The skin was removed so that the samples would
correspond more favourably to the electric field penetration. Like the earlier experiments the
readings were taken for four different orientations. Figures 7.37 — 7.48 show the variation of
the reactive part of impedance of the three sensors as a function of frequency, for all
orientations. The results are shown up to a maximum operating frequency of 50 kHz. The
difference in readings between samples is not noticeable for higher frequencies. Figures

7.49 to 7.60 show the results at 5 kHz.

7.4.2 Analysis of Results
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7.4.3 Data Analysis

The fat content of the thirteen pork belly samples were predicted from the
sensor results at 5 kHz (tables 7.7 to 7.9). The fat content of the samples were estimated
using a linear and a quadratic equation, for each orientation and for each sensor. The linear
equations are obtained by choosing two samples from the extremes of the Parameter of
Index spectrum, while the quadratic equation is obtained from three samples where the
extremes as well as a sample in the middle of the spectrum are chosen for calculation. An

example calculation is shown below for sensor 1 orientation 1.

e Linear Calculation

Sample 6 (K=0.5047, Fat Actual = 43.78) and sample 13 (K=0.2632, Fat Actual
= 25.3) chosen for calculation

43.78-25.3 y
0.5047 - 0.2632

Fat (Estimated) = (x-0.2632)+25.3

= 76.52x (x —0.2632)+25.3 [7.9]

e Quadratic Calculation

Sample 6 (K=0.5047, Fat Actual = 43.78), sample 12 (K=0.3632, Fat Actual =
25.22) and sample 13 (K=0.2632, Fat Actual = 25.3) chosen for calculation
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From the above three simultaneous equations can be formed and can be used to
solve for the three unknown variables a, b and ¢

0.4378 = 0.2547a +0.5057b + ¢
0.2522 =0.1319a + 0.3632b + ¢
0.253=0.0693+ 0.2632b + ¢

The final quadratic equation is

Fat (Estimated) = 5.4566x” — 3.4239x + 0.7760 [7.10]

Table 7.7 Fat estimation from sensor 1 results

Parameter of | Predicted Predicted Actual Error1 | Error2
Index value using value using value
(K) Linear Quadratic
Equation Eguation

QOrientation 1

0.264 25.3918 2522 253 -0.0918 0.08
0.315 285.2331 23.89 22.57 -6.6631 -1.32
0.321 28.7078 2392 26.48 -3.2276 2.56
0.335 30.8018 24.14 25.66 -5.1418 .52
0.356 324317 2488 32.78 0.3483 79
0.363 32.952 25.22 25.22 -71.732 0
0.388 34.8497 26.9 15.76 -18.08 -11.14
0.398 35.6225 27.77 21.86 -13.763 -5.91
0.414 36.8622 29.41 17.47 -18.692 -12.24
0.436 38.5074 32.02 30 -8.5074 -2.02
0.484 42.2186 39.76 36.16 -6.0586 -3.6
0.505 43.7796 43.78 43.78 0.0004 -0.01
0.519 44.8432 46.79 39.35 -5.4932 -7.44

Orientation 2

0.275 253 253 253 0 0
0.306 27.9992 29.2 22.57 -5.4292 -6.63
0.309 28.2364 29.53 25.66 -2.5764 -3.87
0.322 29.3041 30.84 26.48 -2.8241 -4.46
0.332 30.2341 32.12 25.22 ~5.0141 -6.9
0.339 30.768 32.78 32.78 2.012 0
0.355 32.163 34.42 15.76 -16.403 -18.66
0.362 32,7485 35.07 17.47 -15.579 -17.8
0377 34.0316 36.44 21.86 -12.172 -14.58
0.406 36.589 38.88 36.16 -0.429 -2.72
0.407 36.6321 38.92 30 -6.6321 -8.92
0.49 43.7782 43.78 43.78 0.0008 0
0.498 44.5284 44,12 39.35 -5.1784 -4.77
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Orientation 3
0.276 25.22 25.22 25.22 0 0
0.293 25.8612 21.83 25.3 -0.5612 3.47
0.327 27.1436 17.3 25.66 -1.4836 8.36
0.332 27.3375 16.88 22.57 -4. 7675 5.69
0.344 27.7811 16.16 1717 -10.611 1.01
0.364 28.5193 15.76 15.76 -12.759 0
0.414 30.3609 19.07 26.48 -3.8809 7.41
0.421 30.6554 20.17 21.86 -8.7954 1.69
0.451 31.7626 25.72 36.16 4.3974 10.44
0.473 32.5716 31.18 43.78 11.208 12.6
0.478 32.7804 32.78 32.78 -0.0004 0
0.479 32.8139 33.04 30 -2.8139 -3.04
0.54 35.0656 55.49 39.35 4.2844 -16.14
Orientation 4
0.278 25.3 25.3 253 0 0
0.302 26.8221 20.49 25.22 -1.6021 4.73
0.316 27.6455 18.75 15.76 -11.886 -2.99
0.317 27.7016 18.65 25.66 -2.0416 7.01
0.319 27.8264 18.45 22.57 -5.2564 412
0.338 29.0615 1717 1717 -11.892 0
0.373 31.2448 18.23 26.48 -4.7648 8.25
0.427 34.5821 28.06 21.86 -12.722 -6.2
0.43 34.7506 28.82 30 -4.7506 1.18
0.431 34.8192 29.13 43.78 8.9608 14.65
0.433 34.9876 29.93 32.78 -2.2076 2.85
0.452 36.1604 36.16 36.16 -0.0004 0
0.458 36.5304 38.21 39.35 2.8196 1.14
Table 7.8: Fat estimation from sensor 2 results
Parameter of | Predicted Predicted Actual Error 1 | Error 2
Index value using value using value
(K) Linear Quadratic
Equation Equation
Orientation 1
0.288 253 25.31 25.3 0 -0.01
0.309 26.68 2554 25.22 146 | -0.32
0.317 27.25 25.7 22.57 -4.68 -3.13
0.34 28.74 26.34 25.66 -3.08 -0.68
0.344 29.01 26.48 26.48 -2.53 0
0.373 30.91 27.79 21.86 -9.05 -5.93
0.374 31 27.86 32.78 1.78 4.92
0.398 32.6 29.35 15.76 -16.84 -13.59
0.399 32.64 29.39 15AT -15.47 -12.22
0.425 34.39 31.42 30 -4.39 -1.42
0.449 35.95 33.57 36.16 0.21 2.59
0.47 37.36 35.78 43.78 6.42 8
0.5 39.35 39.35 39.35 0 0
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Orientation 2

0.282 25.3 25.3 25.3 0 0
0.313 27.2353 28.93 26.48 -0.7553 -2.45
0.327 28.152 30.46 25.22 -2.932 -5.24
0.332 28.4321 30.9 25.66 -2.7721 -5.24
0.333 28.5403 31.07 22.57 -5.9703 -8.5
0.352 29.7116 32.78 32.78 3.0684 0
0.354 29.8835 33.01 17.17 -12.714 -15.84
0.386 31.8824 35.43 15.76 -16.122 -19.67
0.402 32.9456 36.48 21.86 -11.086 -14.62
0.404 33.0729 36.59 30 -3.0729 -6.59
0.424 34.2952 37.58 36.16 1.8648 -1.42
0.503 39.3498 39.35 39.35 0.0002 0
0.505 39.4834 39.35 43.78 4.2966 4.43
Orientation 3
0.278 25.3 25.3 25.3 0 0
0.299 26.0944 24.83 25.22 -0.8744 0.39
0.337 27.5578 24.75 22.57 -4.9878 -2.18
0.341 27.6908 24.79 15.76 -11.931 -9.03
0.372 28.8767 25.55 1717 -11.707 -8.38
0.375 28.9908 25.66 25.66 -3.3308 0
0.454 31.9746 30.69 43.78 11.805 13.09
0.454 32.005 30.77 36.16 4.155 5.39
0.473 32.6967 32.55 39.35 6.6533 6.8
0.475 32.769 32.75 21.86 -10.909 -10.89
0.475 32.7804 32.78 32.78 -0.0004 0
0.49 33.3429 34.42 26.48 -6.8629 -7.94
0.524 34.6581 38.84 30 -4.6581 -8.84
Orientation 4
0.294 253 25.3 253 0 0
0.318 26.8094 20.93 2257 | -4.2394 | 1.64
0.319 26.8936 20.72 15.76 -11.134 -4.96
0.319 26.926 20.65 25.22 -1.706 4.57
0.349 28.8176 17.3 25.66 -3.1576 8.36
0.35 28.9342 1717 1717 -11.764 0
0.398 31.9918 16.69 26.48 -5.5118 9.79
0.41 32.7691 17.49 43.78 11.011 26.29
0.412 32.8922 17.65 21.86 -11.032 4.21
0.445 35.0559 22.03 36.16 1.1041 14.13
0.482 37.4851 30.42 30 -7.4851 -0.42
0.511 39.3508 39.35 39.35 -0.0008 0
0.511 39.3637 39.42 32.78 -6.5837 -6.64
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Table 7.9: Fat estimation from sensor 3 results

Parameter of | Predicted Predicted Actual Error 1 | Error2
Index value using value using value
(K) Linear Quadratic
Equation Equation
Orientation 1
0.215 14.4088 14.42 22.57 8.1612 8.15
0.226 15.76 15.76 15.76 0 0
0.248 18.5615 18.56 26.48 7.9185 7.92
0.278 22.2679 22.26 30 7.7321 7.74
0.281 22.651 22.61 25.3 2.649 2.69
0.285 23.1356 23.13 32.78 9.6444 9.65
0.306 25.6768 25.67 25.66 -0.0168 -0.01
0.307 25.8256 25.81 21.86 -3.9656 -3.95
0.336 29.47 29.46 36.16 6.69 6.7
0.351 31.317 3131 43.78 12.463 12.47
0.365 33.0276 33.02 17.17 -15.858 -15.85
0.365 33.0772 33.07 25.22 -7.8572 -7.85
0.416 39.3496 39.36 39.35 0.0004 -0.01
Orientation 2
0.209 25.3 25.3 25.3 0 0
0.218 26.4215 25.29 22.57 -3.8515 -2.72
0.227 27.5052 25.46 15.76 -11.745 -9.7
0.23 27.8958 25.57 25.66 -2.2358 0.09
0.234 28.4881 25.78 36.16 7.6719 10.38
0.245 29.8616 26.48 26.48 -3.3816 0
0.25 30.4286 26.85 25.22 -5.2086 -1.63
0.256 31.1973 27.44 17.17 -14.027 -10.27
0.264 32.2558 28.4 30 -2.2558 1.6
0.279 34.0451 30.42 21.86 -12.185 -8.56
0.291 35.658 32.67 32.78 -2.878 0.11
0.321 39.3501 39.35 39.35 -1E-04 0
0.413 51.0312 74.51 43.78 -7.2512 -30.73
Orientation 3
0.2 25.22 25.22 25.22 0 0
0.213 25.5312 251 25.3 -0.2312 0.2
0.217 25.6357 25.08 15.76 -9.8757 -9.32
0.243 26.2702 25.07 17AT -9.1002 -7.9
0.251 26.4549 25.11 22.57 -3.8849 -2.54
0.29 27.4006 25.66 25.66 -1.7406 0
0.306 27.7993 26.06 36.16 8.3607 10.1
0.312 27.9476 26.23 32.78 48324 6.55
0.353 28.9394 27.73 43.78 14.841 16.05
0.358 29.0488 27.93 26.48 -2.5688 -1.45
0.378 29.5375 28.93 21.86 -7.6775 -7.07
0.397 29.9993 30 30 0.0007 0
0.475 31.9028 35.81 39.35 7.4472 3.54
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Orientation 4

0.168 25.22 25.22 25.22 0 0
0.191 26.8149 25.41 15.76 -11.055 -9.65
0.196 27.092 25.48 22.57 -4.522 -2.91
0.201 27.4569 25.59 25.3 -2.1569 -0.29
0.229 29.3627 26.46 25.66 -3.7027 -0.8
0.23 29.3897 26.48 26.48 -2.9097 0
0.265 31.7617 28.28 17T -14.592 -11.11
0.282 32.9647 29.5 36.16 3.1953 6.66
0.298 33.9986 30.71 32.78 -1.2186 2.07
0.35 37.5331 35.96 43.78 6.2469 7.82
0.37 38.8576 38.39 30 -8.8576 -8.39
0.377 39.351 39.35 39.35 -0.001 0
0.395 40.5674 41.87 21.86 -18.707 -20.01

7.5 Effect of Temperature

Temperature is an important factor to consider when experimenting with food materials [54,
55]. Thermal effects on meat have been reported in [48, 53, 56, and 57]. The impedance of a
pork sample was measured for a range of temperatures as shown in figure 7.61. The
experiment was run for nearly four hours, in which time the temperature of the pork sample
changed from 2°C to around 12°C. It can be seen from figure that the impedance decreases
with increasing temperature. Around 15 minutes were taken for each sample during
experimentation (experimentation done in a *“cold” room), and there was no appreciable
change in temperature during this time. All other samples were kept in a cooler and all
samples that were experimented on were immediately put into the cooler after. Hence, we
can assume that the temperature doesn’t have a significant effect on the results obtained.

However if experiments were conducted in a warm or hot environment the temperature will

play a significant part in the results obtained.
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Figure 7.61: Variation of impedance of the sensor with temperature

7.6 Conclusion

This section has described the interaction of planar electromagnetic sensors with pork belly
cuts. The sensors show quite distinctive results with different pork belly samples. The
response of the sensors indicates a strong possibility of using this type of sensor for the
prediction of fat content in pork belly in a non-invasive way. The development of a low cost
instrumentation and sensing system configured around a Cygnal 8051CF020

microcontroller has been investigated and has been reported in the next chapter.
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CHAPTER 8

DEVELOPMENT OF A LOW COST SENSING SYSTEM

8.1 Introduction

This chapter deals with necessary instrumentation that is essential for the
development of an overall sensing system, that is efficient, cost-effective and reliable.
Smart sensing microsystems employing an array of capacitive sensors have been reported
in [59, 60]. Research has also been done in building electromagnetic sensor microsystems
for environment monitoring [61] and in the separation of non-ferrous scrap metals [58].
The instrumentation used for the experiments throughout this thesis is very expensive.
Several possibilities have been explored for the development of a low-cost smart sensing

system. The following areas are identified:

(1) Sensors
(ii) Excitation system

(iii)  Data Acquisition system

Since the role of the sensors that will be used in a low-cost system have been explained
during various chapters of the thesis, this chapter will concentrate on the excitation

system and the data acquisition system.

8.2 [Excitation System

A smart power supply and associated instrumentation to provide the controlled
excitation to the exciting coil of the sensor is very important for the target development.
A controlled variable frequency power supply has been designed and developed for the
supply of excitation voltage. The frequency can be controlled from tens of kHz to 1 GHz.
The important components of the system are briefly discussed here.

Figure 8.1a shows the sensor connected to the power supply. Figure 8.1b shows
the different component of the power supply unit. The total frequency range has been

obtained by switching between different Voltage Controlled Oscillators (VCO)
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corresponding to different frequency ranges. Figure 8.1c shows the VCO unit of the

power supply.

(c)

Figure 8.1: Sensors and instrumentation
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The graph in figure 8.2 depicts the tuning voltage versus VCO operating frequency. The
graph corresponds to one of the VCOs used to generate the exciting signal feeding the
power amplifier. The straight dash line shows an ideal characteristic. It can be seen that

the actual characteristic (solid line) is not too far from the ideal one.

Frequency (MHz)

0 2 K B 8 10 12 14 16

Tuning Voltage (V)

Figure 8.2: Frequency vs Tuning Voltage

The output of the power amplifier is connected to all the sensors and the effect of
different materials in close proximity of the sensors is observed. Table 8.1 shows the
experimental results for all the sensors at an operating frequency of 84 MHz. Only the
amplitude change of the sensor output signal is shown in the table. However, in practice

the phase information will also be used.

Table 8.1: Sensor experimental results

System Sensor Output Amplitude Change at
Under 84 MHz
Inspection

Meander Mesh Interdigital
Air 1 1 1
Copper 0.9127349 | 0.8764259 | 1.0151976
Aluminum | 0.9118998 | 0.8669202 | 1.0151976
Iron 0.9077244 | 0.7742395 | 0.9984802
Milk 1.0205952 | 0.9697908 | 0.9022801
Water 1.0188946 | 0.9733264 | 0.9251887
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8.3 Data Acquisition System

For the collection of voltage and current signals, an efficient data acquisition
system is very important. The analog data is captured using an analog-to-digital
converter. A Silicon Lab microcontroller C8051F020 has been considered at the first
instant as shown in Figure 8.3. The SiLab C8051F020 has two ADCs operating at 100
kHz and 500 kHz respectively. So an operating frequency of up to 50 kHz can be very
well used using this system. The system has already been used and provides good results

for single frequency measurement.

Amplifier

Interdigital Circuit

Sensor

.....

SiLab C8051F020
Microcontroller

Figure 8.3: SiLab microcontroller C8051F020 based data acquisition system

The material to be tested can be placed on top of the sensor. In the case of liquids it can
be put in a container and placed directly on top of the sensor. However pork meat
requires a high level of hygiene requirements. Hence, before placing the pork one or two
layers of gladwrap can be placed on top of the sensor. This prevents the pork directly

touching the sensor.
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The amplifier circuit used for this setup is shown in figure 8.4. The sensor output
is fed into the non-inverting input through a capacitor and the voltage divider is used to
offset the signal. The sensor input needs to have an offset since the 12-Bit Analog to
Digital Converter (ADC) cannot process values less than zero. A LM324 Low Power
Quad Operational Amplifier is used in the circuit. The sensor signal is amplified by a
gain of around 4.3. VCC is set to 5V, and the Zener diode makes sure the signal into the

ADC input in the microcontroller doesn’t exceed 3.3Volts.

VCC
I N
68K oL
-[ 3 3 LM324N
_[ 2 A >: ] { } To Microcontroller
- 1K
27K 33v
<+ Zener Diode
J;’ VCC
1
€ 3K
Sensor | l_ 2
Output [1 10K
0.1uF

74

Figure 8.4: Amplifier circuit used in experimental setup

The analog signal from the sensor output is inputted into the ADC pin in the
microcontroller. The program stores the highest and the lowest peak of the signal, hence
calculating the peak to peak value. The value is outputted as a digital value. So as the
response of the sensor changes with the type of material under test, the output digital

value will change accordingly.
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8.3.1 Experimental Results

Thirteen samples of pork belly were tested at 5 kHz with the setup in figure 8.3. Results
were obtained for all thirteen samples and for all four orientations. Four readings were
taken for each sample and orientation and the results were averaged. Figures 8.5 — 8.8
shows that the results obtained from the setup in figure 8.3, distinguishes between the
thirteen samples quite well. The results are still different for each orientation implying

that the interdigital sensor used is not penetrating through the pork sample well enough.

Orientation 1

4000 e

g

2500 [
2000 Hl-m -

Digital Value
8s

3
(S

1T 2 8§ 4 5 6 7 8 9 1011 12 13
Pork Sample

Figure 8.5: Pork belly samples at 5 kHz at orientation 1
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Figure 8.6: Pork belly samples at 5 kHz at orientation 2
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Figure 8.7: Pork belly samples at 5 kHz at orientation 3
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Figure 8.8: Pork belly samples at 5 kHz at orientation 4

8.4 Conclusion

Sensor technology in this age relies on small, smart and cost-effective sensing systems.
This chapter has explained the development of an excitation system for the sensor, and
the incorporation of an efficient data acquisition system in the SiLab C8051F020
microcontroller. These embody the heart of a low-cost smart sensing system.
Experimental results obtained from both systems show a great potential in developing

such a system in the near future.
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK

9.1 Conclusions

The works in this report include the characterization and experimental results on three
types of planar electromagnetic sensors. The principles behind planar electromagnetic
sensors have been used in many new technologies in many areas. The rapid rise of non-
destructive evaluation has paved the way for planar electromagnetic sensors to play an
important role in society today. Three types of planar electromagnetic sensors have been
designed and fabricated. These are namely mesh type, meander type and interdigital type
sensors. The sensors fabricated were of different pitches and lengths. The principles
behind the design of mesh and meander type sensors are of electromagnetic fields and
eddy currents. The interdigital sensors on the other hand are based on the electric field.
The design of these sensors has been explained in Chapter 2. The sensors were then

fabricated.

The three types of planar sensors were then modeled using the finite element software
FEMLAB. The inductance and the inductive Reactance characteristics for a range of
frequencies were calculated for the mesh and meander type sensors, while the
capacitance and the capacitive reactance were calculated for interdigital type sensors. The
mesh and meander type sensors were shown to be of the inductive type, while the
interdigital sensors were known to be of capacitive type. In practice it is better to know

the characteristics before putting the sensors to use.

Hence, the sensors were characterized by experiments. The three types of planar
electromagnetic sensors were tested on different types of materials. The materials were
metals and liquids of varying electric and dielectric properties. The response of the three
types of sensors to these materials has been shown in the report. It can be concluded that
mesh and meander type sensors respond well to metals, which have strong electrical

properties but poor dielectric properties, and the interdigital type sensors have a strong
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response to liquids, which have strong dielectric properties. Hence, the conclusion
observed in the modeling chapter that mesh and meander type sensors are of the inductive
type, and that the interdigital sensors are of the capacitive type, is well supported by

experimentation.

All three types of sensors were used for the estimation of fat content in milk. Different
amounts of cream were added to water to simulate different fat contents in milk. The
three types of sensors were used for detecting the different percentages of cream added to
water. The mesh and the meander type sensors’ response was poor, reiterating the fact
that they are of the inductive type and thus not reacting well to dielectric materials. The
interdigital sensors, which have been concluded to be of the capacitive type by finite
element modeling and experimental characterization, had a good response to the different
percentages of cream added to the water. Based on these results the interdigital type
sensors were used for further experimentation with cream and water. A relationship
between impedance and frequency has been fitted with a linear and quadratic equation.
The errors obtained from such a fit have been shown. The results obtained from these
experiments show that there is a great potential of interdigital type sensors and associated

instrumentation being used in the dairy industry by dairy farmers.

Saxophone reed integrity has been evaluated using the interdigital type sensor. The
results show that the sensor is competent in evaluating reeds that are considered “bad”.
The experimental results show that these “bad” reeds are picked out consistently and

comprehensively.

The meat industry currently employs expensive and heavy instrumentation to assess the
composition of meat samples. The three types of planar interdigital sensors were tested
on pork belly samples. The mesh and meander type sensors response to the initial set of
pork samples, which ranged from fat, mixed (fat and muscle) and muscle, were
unsubstantial to be considered for further experimentation. However the interdigital type
sensors responded well to the initial set of pork samples. A new set of interdigital type

sensors, whose parameters (pitch and length) match the pork samples tested, were
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fabricated. Further experiments were conducted with the new interdigital sensors and
results obtained. The results show that the interdigital type sensors are able to distinguish
well between different samples of pork belly. Each pork belly sample is different to each
other in composition and the sensors respond well to these changes. The sensor results
were compared to the results obtained by chemical analysis. A linear and quadratic fit has

been used to obtain the relationship between fat content, protein content and frequency.

The building blocks for a low-cost smart sensing system have been fabricated, tested and
experimented on. A power supply to provide the excitation voltage to the sensor has been
fabricated. The power supply has been tested and experiments have been conducted using
it. The experiments were performed with all three types of sensors, on different types of
materials. A data acquisition system based on the SiLab C8051F020 microcontroller has
been used for the collection of voltage and current signals. The power supply and the
microcontroller are essential components of a low-cost smart system. The development

work is continuing in order to make it a low cost stand alone system.

The thesis has described three types of planar electromagnetic sensors in mesh, meander
and interdigital types. The sensors have been characterized by finite element modeling
and experimentation. Experiments were carried out with saxophone reeds, cream and
pork belly. The response of the mesh and meander type sensors to the mentioned
experimental material was insignificant. This was due to the fact that they were of
inductive type and hence the response was poor for dielectric materials. However
interdigital type sensors which are of the capacitive type, thus having very good response
to dielectric materials, were used for experimentation. Results were obtained and
compared with actual results and errors were reported. A power supply was fabricated
and the SiLab C8051F020 microcontroller was employed, in an effort to build a low-cost

smart sensing system.
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9.2 Recommendations and Future Work

The interdigital type sensors used for experimentation needs to be calibrated. The results
obtained during experimentation could be improved with proper calibration. This will
however increase the complexity of the problem. The pitch of the interdigital type sensors
used for the pork belly experiments need to be increased or the pork belly depth
decreased. The pork belly samples gave varying results for the different orientations they
were tested on. This most probably indicates that the electric field is not penetrating
through the whole sample. Even though the pork belly samples were cut very well to the
measurements given, some samples were not as deep as the others. This meant that even
though it had more or less fat the results would indicate otherwise, since the electric field
from the sensor has penetrated the whole material. The pork belly is composed mainly of
fat, some protein, moisture and ash. All these different compositions have different
permittivity values. Hence the depth of penetration is very important. Increasing the pitch
of the interdigital sensor is easier than cutting the pork belly samples to a smaller depth.

The interdigital sensor that is used for experimentation can then be calibrated and tested.

The SiLab C8051F020 microcontroller is currently used for measuring the magnitude of
the output signal from the sensor. The microcontroller can be programmed to detect the
phase difference between the input and the output signal as well. Currently the
microcontroller also is limited to around 50 KHz operating frequency. This frequency is
ideal for conducting experiments with the interdigital sensor but falls short when
experiments with mesh and meander type sensors has to be performed. Mesh and
meander type sensors respond well to high frequencies, so the data acquisition system
needs to be able to perform at such frequencies. For relatively higher frequency of
operation, as well as multi-frequency excitation, work on the DAC card PCI-9812 card is

under development. The operating frequency can go up to 20MHz.

Taking into account the favorable response of the mesh and meander type sensors to

conducting materials and the response of interdigital type sensors to dielectric materials,
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a multi-sensor array detection system can be built to detect unexploded ordnance (UXO).
The major aim would be in the detection of landmines amongst other unexploded
ordnance. The latest mines are mostly made of plastic and a small amount of metal. The
basic metal detector is easy and cheap to use and has a decent success rate. However the
problem lies in the fact that the detectors identify all metallic objects; they cannot
differentiate a mine or UXO from other debris. When using more sensitive detectors for
plastic mines with little metal (which is the type of mine that is currently used extensively
in warfare), the problem gets worse. However, an array of sensors employing mesh and
meander type sensors can be developed to detect the metals or conducting materials in

landmines and the interdigital type sensor can be used for the detection of plastic.
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