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Abstract
Wireless passive temperature sensors have been receiving increasing attention due to the
ever-growing need of higher energy efficient and precise monitoring of temperatures in high
temperature energy conversion systems such as gas turbines and coal-based power plants.
Unfortunately, the harsh environment such as high temperature and corrosive atmosphere present
in these systems has significantly limited the reliability and increased the cost of current
solutions. Therefore, this research project presents the concept and design of a low cost, passive,
and wireless temperature sensor that can withstand high temperature and harsh environment. The
temperature sensor was designed following the principle of metamaterials by utilizing Closed
Ring Resonators (CRR) in a dielectric matrix. The proposed wireless, passive temperature
sensor behaves like an LC circuit, which has a temperature dependent resonance frequency. A
full wave electromagnetic solver Ansys Ansoft HFSS was used to validate the model and to
evaluate the effect of different geometry and combination of SRR structures on the resonance
frequency and sensitivity of the proposed sensor. Two different fabrication methods –
compression method using a die-punch assembly and 3D printing using binder-jetting techniques
were used to fabricate the sensors. To simplify the sensor design, commercially available metal
washers were used as CRR structures. Barium Titanate (BTO), and Alumina (Al2O3) were used
as dielectric materials. Material characterization was done using Scanning Electron Microscopy
(SEM) and X-ray Diffraction (XRD), and preliminary free space testing at room temperature
using horn antennas and Gaussian beam antennas very promising results for using this novel
sensing system for harsh environment application.
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Chapter 1: Introduction
There is an increasing demand for the further development of sensing technologies in the
energy conversion systems such as gas turbines, coal based power plants, and in automotive
industries. Precise temperature sensing is one of the most critical parameters to safeguard better
combustion, achieve higher efficiency and lower contaminant emissions to the environment.
Since these combustion processes create a harsh environment of high temperature and corrosive
conditions, it is imperative that the sensors are made to survive this environment and at the same
time being reliable. Eventually, necessity of wireless sensors increased as the wired systems are
found to be expensive, complicated, and they limit the operating temperatures. Previous efforts
on the regime of wireless sensing include thermocouples, thermoelectric materials and fiber
optics. However, most of the approach is limited due to either being complicated or expensive.
Furthermore, low reliability has been identified as an issue while working on harsh environments
due to the use of welded joints, energy storage devices, and semi-conductor materials in their
arrangements [1-3]. Therefore, there is an ever-increasing interest in developing passive,
wireless, low cost and reliable temperature sensors capable of working in the hostile
environments present in energy conversion systems. This thesis is a proposal for a passive
wireless temperature sensor for harsh environments inspired from the concept of metamaterials.
This first chapter of the dissertation presents the background of the study, describes its
significance, and provides an overview of the methodology used.
1.1

Introduction to metamaterials
Meta is a Greek word, which means “beyond”, hence the word “metamaterials” refers to

materials that can display properties that are beyond the properties of natural materials. Usually
the structure of these materials plays a significant role deciding its properties rather than the
material properties of its components. When an electromagnetic wave passes through a material,
the otherwise nonhomogeneous medium can be considered as a homogeneous medium if the

1

atoms of that material are very small compared to the wavelength of the incident electromagnetic
wave. So, from the electromagnetic point of view, it is the wavelength λ that determines whether
a collection of objects can be considered as a material or not. The block of objects might not be
considered as a material by the conventional definition of materials but to the incident
electromagnetic wave there is no difference and hence this can be considered as an artificial
material or metamaterial [4]. Such homogeneous medium can be characterized by only two
parameters: electric permittivity (ε) and magnetic permeability (µ). These two parameters are
very important and determine the propagation characteristic of an electromagnetic wave through
a medium, which can be shown by the dispersion equation. The dispersion relation for an
isotropic medium is defined as:
k! −

!!
!!

n! = 0

(1.1)

Where, k is the wavenumber, ω is the angular frequency, c is the velocity of light in vacuum and
n is the refractive index of the substance, which is given by,
n = µμ! ϵ!

(1.2)

Where, μr is the relative permeability and εr is the relative permittivity of the medium. For most
of the natural materials both relative permeability and permittivity are positive and hence n is
also a positive number. As long as both μr and εr have the same sign, n is a real number and wave
will propagate through the medium but, if one of them is negative then n becomes imaginary and
there will be no transmission for a thick substance. Now, the significance of both negative εr and
μr can be further investigated by examining Faraday’s and Ampere’s law. For a monochromatic
plane wave that uses e!!! convention, Ampere’s and Faraday’s law are expressed in equation 1.3
and 1.4 respectively:
k  ×  H = −ωεE

(1.3)

k  ×  E =   ωµμH

(1.4)

Where, 𝑘 is the wave vector, 𝐻 and 𝐸 are magnetic and electric field intensity vectors
respectively. When both 𝜀 and 𝜇 are positive, from equation (1.3) and (1.4) it can be seen that 𝑘,
𝐻  and 𝐸 form a right-handed co-ordinate system whereas when they are both negative, the
2

vectors form a left-handed co-ordinate system. A comparison between left-handed and righthanded co-ordinates systems is shown in Figure 1.1. Veselago’s proposal of an artificial medium
that can have simultaneously negative values of permittivity (ε) and permeability (µ) in 1968
was actually the starting point of the research on

ε > 0, µ > 0!

ε < 0, µ < 0!
E
!

E
!

k

H
S!

H

(a) Right-Handed Medium!

k

S!

(b) Left-Handed Medium!

Figure 1.1: Directions of the Electric (E) and Magnetic (H) vector fields, wave vector (k) and the
power flow density (S) vector in (a) Right Handed Medium and (b) Left Handed
Medium
left-handed metamaterials [5]. It was expected that a left-handed medium would display some
nonconventional behaviors such as backward propagation, reverse Doppler effect, reverse
Vavilov-Cerenkov effect, and negative index of refraction [6]. The phenomenon of negative
index of refraction can be explained with a modified Snell’s law. When a ray of light passes from
one medium to another medium the refraction of the light follows the general Snell’s law
(equation 1.5) if both media are right handed. As shown in Figure 1.2, the incident light ray is
reflected along path 2 and refracted through path 3. However, if one of the media is left handed
then a more accurate form of the Snell’s law is used (equation 1.6). In that case, the refracted
light goes along path 4.
sin θ n2
µ 2ε 2
= =
sin φ n1
µ1ε1

3

(1.5)

sin θ n2 p2
= =
sin φ n1 p1

µ 2ε 2
µ1ε1

(1.6)

Where p1 and p2 are the rightness of the first and second medium respectively. p is +1 for a right
handed medium and it is -1 for a left handed medium.
Negative values of permeability and permittivity can be obtained by combining special
resonator structures with appropriate excitation techniques. There are three types of excitations
that can be used for metamaterial resonator structures. They are: magnetic excitation, electric
excitation and both magnetic and electrical excitation [6-8]. The choice of the excitation depends
on the desired application. If ENG regions are required, the structure has to be excited
electrically and it has to be excited
1"

2"

θ"

θ"

Φ"

Φ"

Medium 1"
Medium 2"

4"

3"

Figure 1.2: Light ray passing from medium 1 to medium 2. 1) incident ray, 2) Reflected ray, 3)
refracted ray in a right handed medium and 4) refracted ray in a left handed medium
magnetically in order to obtain MNG regions [8].

Figure 1.3 summarizes the excitation

techniques for a SRR structure. In figures 1.3(a) and 1.3(b), the magnetic field is perpendicular
to the SRR plane. Hence, according to the Faraday’s law of induction it can excite the magnetic
resonances of the SRR. On the other hand when the magnetic field is parallel to the SRR plane it
cannot excite a magnetic resonance. In figures 1.3(b) and 1.3(c), the electric field is
4

perpendicular to the gap of the rings. This configuration can excite the electrical resonances of
the structure.Figures
Hence,
theand
structure
in figure
is excited
2.9(b)
2.9(c), electric
field E! 1.3(b)
is perpendicular
to theboth
gap ofelectrically
the rings. Thisand
kindmagnetically
of excitation technique excites electrical resonances. Hence, the structure in Figure 2.9(b) is

and the structure at 1.3(d) is not excited at all from the sense of an LC circuit.

excited both electrically and magnetically while the structure in Figure 2.9(d) is not excited
at all in the LC-sense. It is significant to note here that, since the SRR is known to be a
bianisotropic structure, electromagnetic couplings are expected [11, 31, 127].

Figure 1.3: Figure
Different
excitation
techniques
structure
(a)magnetic
only magnetic
(b)
2.9: Excitation
techniques
for the for
SRRSRR
structure.
(a) Only
excitation. excitation
(b)
Electric
and
magnetic
excitation.
(c)
Only
electric
excitation.
(d)
No
excitation.
electric and magnetic excitation (c) only electric excitation and (d) no excitation. [9]
Prior to the development of metamaterials, materials with single negative index were
found in nature,
which were
either Epsilon
Negative
media (ENG) or Mu Negative media
2.4 Describing
an Effective
Metamaterial
Medium
(MNG). The concept of a Double Negative media (DNG) or Left Handed Media (LHM) was
Theory of metamaterials is based on the effective medium approach that implies a homo-

exciting, but it was not realized in reality until in 1999 when J.B. Pendry et al. [10] proposed the
geneous medium which consists of unit cells whose physical dimensions are much smaller

use of periodical
of wavelength.
SRRs (Split
Ring Resonators)
andthatthin-wires
together
than thearrays
free space
The experimental
studies report
a unit cell size
which where the
is approximately equal or smaller than one-tenth of the free space wavelength at resonance

negative values of effective permeability are obtained from the SRR structure and the negative
satisfies the homogenization assumption [11, 31]. For a better visualization, an SRR structure

values of permittivity
are ofobtained
from
the thin
wireinarray.
It has been demonstrated that
which is one tenth
the free space
wavelength,
is shown
Figure 2.10.
metamaterials need to appear as an effectively homogeneous media, which means that their
20

lattice constants have to be smaller than the wavelength of the incident radiation [11].
5

Although SRR is not the only structure suggested in literature for obtaining the negative
permeability value, it is the most studied structure so far. A single unit of SRR consists of two
concentric thin sheets with splits on opposite sides. When excited, most of the electromagnetic
energy is stored in the tiny gap between the rings, which results in an immense increase of the

energy density.
Figure 1.4 shows the SRR structure proposed by Pendry et al. 2081
Since then,
HANCED NONLINEAR
PHENOMENA
metamaterials has become a mainstream research area and a numerous amount of publications
has been observed over the past decade. Different structures based on the original SRR structure
were proposed and evaluated for different applications.

Some SRR structures studied in

literature are shown in Figure1.5.

of distances. (b)
. Each split ring
caled-up version,

ithin a single
g broad-band
he 2–20-GHz
for an effect
enhancements
mited only be
a band we are

RIAL

operties when
cylinders, but
her directions.

Fig. 13. Plain view of a split ring structure in a square array (lattice spacing

Figure
). 1.4: A square array of the first SRR structure proposed by Pendry et al. with lattice
spacing a [10].

Fig. 14. Building 3-D symmetry: each successive restacking of the structure
adds a ring to another side of the unit cell.
6

stacked along the -axis. Next, cut up the structure into a
series of slabs thickness , make incisions in the – -plane,
and be careful to avoid slicing through any of the rings. Each

Figure 1.5: Some SRR structures studied in literature [12-15]
Another significant characteristic of the SRR structure is that it shows a resonant
behavior. The structure can be represented as an LC circuit and the resonance frequency can be
obtained by the following equation:

f! = 1

2π LC

(1.7)

Where, f0 is the resonance frequency, L is the inductance and C is the capacitance of the SRR
structure. Several approaches were made to analyze different types of SRR structures and to
develop mathematical models and equivalent circuits for them, which will be discussed in greater
details in the literature review section.
1.2

Application of Metamaterials
Metamaterials have shown a promising future in different fields such as optics and

photonics due to their extraordinary properties. Their unique interaction with electromagnetic
waves has focused research efforts on developing metamaterial-based applications that couldn’t
be achieved with regular materials, such as perfect lenses, sensing technologies, cloaking devices
and antennas [16]. In order to achieve the aforementioned applications, different types of
7

metamaterials have been developed including split ring resonators (SRRs), Swiss rolls, conical
Swiss rolls and metal plasmons [16].
In Magnetic Resonance Imaging (MRI) obtaining magnetism without using any
inherently magnetic materials is of great interest since natural magnetic materials will disturb the
quasi-static magnetic field pattern of the system. Magnetic metamaterials that respond only to the
time-varying magnetic fields can be used in this type of systems without interfering the field [4].
For example, Freire et al. studied a metamaterial lens for MRI, which improved its coil
sensitivity and spatial localization [17].
In the optics area, Pendry proposed a perfect lens based on a negative refractive index
material to overcome the limitations of current optical lens solutions [18]. This novel approach
was focused on surpassing wavelength limitations imposed by classic alternatives and achieving
subwavelength precision. Manipulation of light through metamaterials has also opened the
possibility for the development of cloaking devices. Partial cloaking can be achieved by
absorbing or scattering incident light away from the detectors [19]. In this field, Shurig et al.
studied the possibility of electromagnetic

Figure 1.6: (A) 2D and (B) 3D paths that a light will follow theoretically through a cloaking
device. [20]
cloaking in the microwave frequency through the fabrication of radial split ring resonators [21].
Their findings support the possibility of achieving cloaking mechanism through the
8

transformation optics method and metamaterial structures. Moreover, researchers have also
studied acoustic cloaking. Chen et al. developed a method for 3D mapping of acoustic cloaking
supposing the existence of acoustic metamaterials, which can be achieved through local
resonances [22].
Aside of these metamaterial applications, there exist others that could make materials
behave like liquids under certain frequency ranges or hide entire buildings from earthquakes.
Such metamaterials are called elastic (or mechanical) and seismic metamaterials, respectively.
Elastic metamaterials have the ability of transfer only pressure waves at high frequencies; while
at low frequencies they transmit pressure waves and shear waves (incompressible solid behavior)
in specific directions [23]. Lai et al. studied the use of silicon rubber and steel rods to build a
two-dimensional elastic metamaterial to achieve better control of the elastic waves in solid
materials [23]. On the seismic front, Torres-Silva et al. analyzed the use of acoustic
metamaterials in the form of Swiss rolls to reduce the amplitude of seismic waves [24]. This
structure can be placed around the building to act as an earthquake barrier, cloaking the building
from the most destructive earthquake waves.
1.3

Metamaterials in sensing technology
Sensor development has also been benefited from the continuous advancement in

metamaterials. Different designs have been proposed under the working mechanism of
metamaterials for temperature, pressure, humidity and bio sensing. Biosensors are of extreme
importance in disease diagnostics, food safety, environmental monitoring and in investigating
other biological phenomena. Biosensors based on metamaterials have gained substantial
attention because of their cost-effectiveness and label-free biomolecule detection from
microwave to optical frequency [25]. Lee et al. [26] studied the use of split ring resonators to
detect the binding of biotin and streptavidin, which is one of the most common non-covalent
interactions found in nature, at microwave frequencies. A terahertz paper based biochemical
sensor was proposed by Tao et al. [27] where the paper acts as a dielectric and a support while
9

the SRR patterns defines the shift of the resonance as a result of the shift in the capacitance
induced by the added material. A schematic and a fabricated sensor are displayed in figure 1.7. A
metamaterial-based plasmonic biosensor was developed by Kabashin et al. utilizing an array of
vertically aligned gold nanorods on a glass substrate, which improved the sensitivity by more
than two orders of magnitude compared to the previously developed plasmonic biosensors [28].
The terahertz region has also been

Figure 1.7: (a) Schematic of the micrometer-sized metamaterial resonators sprayed on paper
substrates with a predefined microstencil (b) Fabricated sample (c) Optical
microscopy image of an as fabricated paper metamaterial sample
explored to identify chemical and biochemical compound composition [25]. This can be
achieved by sensing the resonant absorption of molecular or phonon resonances for small
compounds. Yoshida et al. [29] proposed a novel, label-free sensing method in the terahertz
frequency region by using a metallic mesh with thin profile to detect proteins.
Compared to Biosensors, not many studies have been reported on other types of sensors.
Melik et al. [30] demonstrated a wireless strain sensor based on flexible metamaterial structure
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combining SRR structure and kapton tape. Ekmekci et al. proposed a metamaterial-based sensor
for pressure, concentration, temperature and humidity sensor based on broadside-coupled split
ring resonator (BC-SRR) [31]. Additionally, this research group also studied the feasibility of a
V-shaped split ring resonator for pressure sensing applications.
1.4

Conclusion
In this study, a metamaterial inspired cheap, passive wireless temperature sensor is

proposed that can work in high temperature and harsh environments. This is achieved by using a
dielectric matrix that embeds two CRR (Closed Ring Resonator) structures. The sensor unit can
be represented as an LC circuit and the resonance frequency of this circuit/structure will change
with the change of temperature enabling the measurement of temperature.

The model is

validated through finite element method and the effect of different geometry and combination of
SRR structures on the sensitivity and electrical sizes of the proposed sensor are evaluated.

11

Chapter 2: Literature Review
The following section will discuss the significant literatures that have pioneered the
research in metamaterials and in wireless temperature sensing. The first half of the literature
review will cover the development of metamaterials. An effort will be made to provide a brief
history of the birth and growth of this extraordinary research area, which has made things
possible that once were considered as impossible. Over a really short span of time this field has
seen many revolutionary findings and has spread in a lot of areas. While every effort was made
to cover all the significant pioneering literatures and important current findings, the
overwhelming amount of research that is being done on this field has made it beyond the scope
of this thesis to produce a complete report. The second half focuses on the recent development of
the wireless temperature sensing system, which include both conventional approach and
metamaterial-based approach.
2.1

Metamaterials
Although the surge of research in the area of metamaterials has started in the last decade,

the idea of having artificial materials comprised of customized functional building blocks packed
into an effective medium can be traced back to 1898 [32, 33], when Jagadish Chunder Bose
conducted the first microwave experiment on twisted dielectric composites [34] which by
today’s definition was an artificial chiral medium [33] and it lead to artificial linear and circular
birefringence. In 1920, Karl Lindman [32, 35] experimented with hand made copper helices
individually wrapped into cotton balls and densely packed into an isotropic three dimensional
chiral metamaterial which displayed enormous resonant optical activity at microwave frequency.
W. E. Kock [33, 36] arranged conducting spheres, disks, and strips periodically to make
microwave lenses and demonstrated that it is possible to tailor the effective refractive index of an
artificial media.
The starting point of the research in metamaterials however, is considered to be the work
of Viktor Veselago who first postulated that a material that has both the electric permittivity and
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magnetic permeability, it will have a negative refractive index. This paper was published in 1967
[37] first in Russian and one year later in English. In addition to the negative refractive index or
backward wave propagation he also hypothesized a flat lens, which was a possibility that was not
considered ever before. But, despite these outstanding hypotheses the paper did not accelerate
the research work in this area. After a long time in 1996, J.B. Pendry [38] proposed a grid of
conducting wires that generates an effective frequency dispersive permittivity, obeys a Drude
model and achieves negative values in the GHz frequency range. A few years later in 1999, he
suggested another periodic structure in a form of SRR to achieve a frequency dispersive
permeability obeying Lorentz dispersion [10]. It was also shown that by adjusting the parameters
properly, the resonant frequency of the SRR could be brought down in the GHz range, resulting a
negative value of permittivity in a frequency region that overlaps with the frequency region of
negative permittivity. The following year, Smith et al. [39] made a composite medium
combining an array of thin wires and SRR structures and demonstrated that indeed in the GHz
range, it was possible to achieve simultaneous negative values of permittivity and permeability.
So, it was proven that it was possible to make a composite medium to realize negative refraction,
and shortly after, Shelby et al. [40] presented the first experimental realization of an LHM and
confirmed the negative refractive index of the medium. Although this design undoubtedly
produced negative refractive index, there were some drawbacks as well; the most important ones
were low transmission level and a narrow band of left-handed properties [41]. Soon structures of
novel geometries of SRR were proposed, including the axially symmetric SRR [42, 43], the
broadside coupled SRR [44], the omega SRR [45, 46], the brickwall [47], the S-ring SRR [48]
and some three dimensional designs [49-51] to rectify these two problems. The anisotropic
nature of the SRR structures was another problem because it limits the excitation criteria of the
structure [52]. Consequently, many researchers focused on preparing an isotropic structure that
will display a negative refractive index irrespective of the propagation vector and orientation of
the symmetry axes of the structure. For example, Vendik et al. [53] suggested an artificial
structure, which had the arrangement of particles similar to the NaCl structure with cubic
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symmetry. They proposed the use of two high permittivity sub-lattices embedded in a low
permittivity matrix and the permittivity and permeability tensors of the structure were isotropic.
2.1.1 Numerical simulations in designing and optimizing metamaterials
The design and optimization of different geometries of SRRs depended on largely two
approaches [41]: either an equivalent circuit approach [48] or full-wave numerical simulations
[54]. The numerical simulation of SRRs verified the experimental results and offered the
possibility of analyzing an effective media consisting of discrete elements to validate different
properties. Right after the first experimental verification of negative refraction, an Finite
Difference Time-Domain (FDTD) method based simulations of similar rings and rod structure
provided the first verification of negative refraction by numerical simulations and it also clearly
demonstrated the phenomenon of backward phase inside the structure [55]. Later, simulation
works focused on analyzing the key properties of LHM [43] and afterwards, the emphasis was on
developing efficient numerical algorithms for simulating large or three-dimensional geometries
[50]. The use of full wave electromagnetic solver like Ansys Ansoft HFSS (High Frequency
Structural Solver) has become more common where reflection and transmission characteristics
could be simulated as a function of frequency [8] and the effective parameters could be
calculated from the frequency responses of the S-parameters.
2.1.2 Chiral Metamaterials
If the particles of a medium cannot be superimposed on their mirror images then it’s
called a chiral medium [56]. Due to the intrinsic chiral asymmetry, the medium responds to the
left circularly polarized (LCP) wave and right circularly polarized (RCP) wave differently [57].
There is also a cross coupling between the electric field and magnetic field going through a chiral
medium which is described by a dimensionless chirality parameter k. Although researches on
chiral materials have started long before [58], Tretyakov et al. [59] were first to discuss the
possibility of realizing negative refraction in chiral nihility in 2003. The authors proposed the
idea of fabricating a metamaterial composed of helical wires as a chiral media. One year later,
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Pendry [60] analyzed the conditions to make negative refraction in chiral metamaterials possible
and showed that it is in fact simpler than for regular metamaterials, since, a chiral medium does
not need either ε or μ to be negative to achieve a negative refractive index as long as the chiral
parameter k is large enough. Pendry then proposed a practical model with twisted Swiss rolls as
elemental structures to obtain a chiral metamaterial working in the microwave regime. After that,
the research on chiral metamaterials mainly branched into two directions: bulk chiral
metamaterials and planar chiral thin films [57]. So far, most of the researches on bulk chiral
metamaterials are theoretical due to the complexity in fabricating homogeneous 3D chiral
structures. Significant studies on this topic include a quasi-planar chiral structure based on SRR
[61], bulk isotropic magnetic metamaterials [62], and development of 3D isotropic chiral
metamaterials [63]. Fabrication of complicated 3D chiral metamaterials using advanced
manufacturing such as colloidal nanohole lithography has been reported recently [64-66]. Since
planar structures are easier to fabricate than the bulk media, research by many groups has been
reported on this topic and many interesting properties and potential applications has been
addressed. Zheludev et al. were the first to report the optical activity of a planar chiral structure
in the optical regime [67]. Later, a bi-layer rosette-shaped structure in the microwave regime was
also reported by the same group, which displayed a very strong rotation in terms of rotary power
per wavelength [68]. A planar chiral metamaterial made of duel strips connected by a tilted
bridge was reported to have a negative refractive index in the terahertz frequencies [69].
Recently, planar chiral metamaterials has been developed for biosensing applications [70] and
asymmetric transmission has been explored [71].
2.1.3 Applications and prospects
The first application for a metamaterial with a negative refractive index was proposed by
Pendry [18], which was the exciting declaration of a possible perfect lens or ‘superlens’. Another
sensational application proposed by Pendry et al. [20] and later experimentally demonstrated by
Schurig et al. [21] was cloaking of objects at microwave frequencies where the authors hid a
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copper cylinder inside artificially structured metamaterial cloak. Other applications of LHM
were in communication and miniaturization, which include obtaining new radiation patterns [7274] and cavity resonant modes [41, 75]. Notable studies have been done in obtaining a reduced
radar cross-section by analyzing the scattering of mainly canonical objects such as spheres or
cylinders [76, 77], which was also extended to other random geometries [20]. The concept of
cloaking soon crossed the boundary of only electromagnetic waves and was also applied in other
applications. Yang et al. [78] demonstrated a dc electric cloak, which can make objects invisible
to the applied static current fields. Theoretical discussion for both static [79, 80] and dynamic
cloaking was found in literature. While the idea of static thermal coating was strictly equivalent
to the static electric cloaking mentioned above [32, 81], dynamic thermal cloaking was more
complicated [82]. Recently, Schittny et al. [83] designed, fabricated and characterized a micro
structured transient thermal cloak that molds the flow of heat around an object in a metal plate,
the fabricated cloak is shown in Figure 2.1. Other works of metamaterials beyond
electromagnetism include acoustic

Figure 2.1: Photograph of an as built thermal cloak by Schittny et al. [83]
metamaterials [84, 85], elastodynamic metamaterials [86], ultra-light metamaterials [87], 3D
auxetic metamaterials [88] etc.
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2.2

Wireless temperature sensing
Temperatures sensing has always been a very important aspect of any energy conversion

system since it can reduce heat loss in a system, predict failure and enhance system efficiency.
Numerous researches have been done to develop better temperature sensors. The necessity of
wireless temperature sensors grew, as conventional wired sensing systems tend to be costly and
hard to install and maintain. Many studies have been reported on developing wireless sensing
technologies to develop cheap and accurate temperature sensors. Schimetta et al. [89] proposed a
hybrid sensor for measuring pressure and temperature using Surface Acoustic Wave (SAW)
reflective delay line but the proposed system lacked in accuracy and also had a low temperature
limitation (up to 130 °C). Afterwards, advanced SAW based temperature sensors were realized
for even moderately conductive media such as ionic water ink [90] or for high temperatures up to
1000 °C [91-93] and for better temperature resolution [94]. Although temperature sensors based
on SAW propagation were useful for high temperature and harsh environments as they have the
advantage of not having low thermal mass, low conductivity or the strong radiation coupling of
the components at high temperature like most of the conventional approach, the acoustic wave
propagation through the surface of the material does not depend only on the temperature but also
on the geometric, environmental and material properties along the path, which makes it difficult
to obtain reliable data [95]. Wireless temperature sensors utilizing a resonating inductorcapacitor (LC) circuit were another approach to overcome these limitations of SAW sensors. A
wireless, passive, remote sensor based on a resonating LC circuit was proposed by Ong et al.
[96]. The characteristic resonance frequency of this circuit was dependent on the temperature and
was the basis of measuring temperature. Later, this concept was applied to measure temperature
of a rotating component with a sensitivity of 30kHz/°C. The authors used a capacitive sensing
element made of Lead-Lantanum-Zirconate-Titanate (PLZT) ceramic layer coated with NiCr,
which can act as a parallel plate capacitor that is connected to an inductive antenna. The
dielectric constant of the ceramic layer is temperature dependent and it can withstand up to 200
°C. Complementary Metal Oxide Semiconductors (CMOS) are another approach to the
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temperature sensing which has gained attention over the years. Unfortunately, multiple
components of this system make the fabrication complicated [97] and limit the operating
temperature range [98]. Most of the developed sensing techniques required some power source,
which makes it difficult to implement them at high temperatures. Therefore, an increasing
demand of passive sensors is still present especially for harsh environment applications. Wang et
al. [95] suggested a passive wireless temperature sensor for harsh environment in 2008 based on
a completely passive LC resonant telemetry scheme but the sensor was calibrated and tested for
only up to 235 °C. Recently, Cheng et al. demonstrated a resonator/antenna integrated passive
wireless sensor using alumina as a dielectric substrate. The sensor was tested in the temperature
range from 50 °C – 1000 °C while the resonance frequency of the structure decreased from 5.12
to 4.74 GHz with a sensitivity of 0.4 MHz/°C [99]. A schematic of the sensor is presented in
Figure 2.2. The use of LC resonance circuits as a temperature sensing unit and the concept of
representing a SRR structured metamaterials as a LC equivalent circuit inspired researchers to
develop metamaterial based passive wireless temperature sensors since it offers more versatility,
and scalability in design and also needs fewer components compared to the conventional LC
circuit or CMOS circuits. So far, only a few studies suggesting

Figure 2.2: Schematic of wireless sensing of integrated resonator/antenna sensor developed by
Cheng et al. [99]
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metamaterials based wireless temperature sensors have been reported in literature. Thai et al.
proposed an ultrasensitive wireless passive temperature transducer combining SRR structures
with micro bimorph cantilevers [3]. The bilayer cantilevers deflect with the change of
temperatures and thus shift the resonance frequency of the SRR structured resonators. The
authors demonstrated a proof of concept utilizing Aluminum-PET (Polyethylene terephthalate)
bilayer cantilevers that achieved a sensitivity of 2.14 MHz/°C. Ekmekci et al. [100] also
demonstrated the feasibility of a metamaterial-based multi-functional sensor for temperature,
humidity, density and pressure sensing. The authors proposed a double-sided split ring resonator
(DSRR) topology with an additional sensing medium sandwitched between two identical
broadside couple SRR unit cells. The resonance frequency of the DSRR unit changes when the
thickness or the dielectric permittivity of this interlayer medium changes with the change of
temperature, density, humidity or pressure of the environment surrounding the sensor. The
authors used seawater as the interlayer medium for the demonstration of temperature sensing and
achieved a sensitivity of 7.5 MHZ/°C with the change of temperature from 10 °C to 30 °C.
2.3

Conclusion
Although many studies have been conducted over the years to develop a passive wireless

temperature sensor sustainable in harsh environments, there are still several drawbacks of the
current solutions, mostly due to the need of a power supply, complicated fabrication processes or
temperature limitations. Metametarials based temperature sensors have been proposed lately but
have not been demonstrated for high temperature applications and hence further studies are
needed to establish this as a suitable alternative of the current solutions.
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Chapter 3: Modeling and Simulation
The first step for the development of the passive wireless temperature sensor shown in
Figure 3.1 is to understand how design parameters such as choice of materials, substrate
thickness, split gap, different SRR structure and dielectric constant can influence the resonance
frequency of the sensor. Understanding these parameters will help to tune the sensor in the
optimum resonance frequency and determine the working range of the sensor. To accomplish
this, a 3D model of the sensor unit comprising of two CRR (Closed Ring Resonator) structure
embedded in a dielectric matrix was developed and analyzed in a full wave electromagnetic
solver, Ansys Ansoft HFSS 15.0 and the effect of substrate thickness, split gap and dielectric
constant was evaluated. The same parameters were used to evaluate different SRR structures
and were compared with the proposed CRR structure. In this chapter, the transmission spectra
S2,1 with respect to a sweep frequency will be analyzed for sensor unit with different SRR
structures and change of resonance frequency with the change of the parameters mentioned will
be identified and discussed.
3.1

Concept and model of the sensor
The proposed sensor has two metal CRR embedded in a dielectric material matrix, which

separates them as depicted in Figure 3.1(a). The dielectric matrix surrounding the metal CRRs
helps protecting the metals from harsh and corrosive environments. An equivalent circuit is also
suggested in Figure 3.1(b). Calculations for the capacitance and inductance terms can be found
elsewhere [101-103]. CRR structure was chosen to make the fabrication of the sensor easy and
cheap as commercially available washers can be used as a CRR structure and complicated
fabrication process like photolithography can be avoided.
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Figure 3.1: (a) Proposed model of the temperature sensor (b) Equivalent circuit
3.2

Different SRR structure and their response with varying parameters
To determine the geometry and configuration of proposed wireless temperature sensor,

finite element based modeling was performed using Ansys Ansoft HFSS (High Frequency
Structural Solver) 15.0, which is a full wave electromagnetic solver. Parameters for the sensor
modeling process consisting of two CRR (Closed Ring Resonators, as shown in Figure 3.2) were
evaluated to validate the feasibility of this structure for the sensing application.

The most

common SRR structures, i.e. EC-SRR (Edge Coupled-SRR) and BC-SRR (Broadside CoupledSRR) reported to the date and other variations developed from these common structures were
also assessed for the effect of substrate thickness, dielectric constant and split gap of the SRRs
on the resonance frequency of the sensor unit.
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Figure 3.2: Proposed sensor based on CRR structure modeled in Ansys Ansoft HFSS
(a)!

(b)!

(c)!

(d)!

(e)!

(f)!

Figure 3.3: Sensor model with different SRR structures: (a) EC-SRR (b) DSRR (c) BC-SRR (d)
BC-CSRR (e) MSRR (f) DMSRR
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In all the models, a dielectric material separates two ring resonator structures. The
distance between these two rings are d as identified in figure 3.4. The length = width = L =
6mm, and thickness = D = 3mm. The sides of each ring is l1 = 4mm (all structures except CRR),
l2 = 3mm (not present in BC-SRR, BC-CSRR, CRR structure), l3 = 2mm (only in MSRR and
DMSRR). The width of the metal rings w = 0.3mm and thickness t = 0.03mm are same for all
the SRR structures in every model. Except for CRR, all other ring resonator structures have a
split of s mm. The outer diameter for CRR and CSRR structure is 4 mm. In case of EC-SRR,
DSRR, DMSRR, and MSRR, separation between the two rings are g = 0.1 mm.

Figure 3.4: An DMSRR model showing all the geometry parameters
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3.3

Effects of the substrate thickness (d) on Resonance Parameters
To determine the effect of substrate thickness on sensor characteristic, transmission

spectra of different SRR structured sensor model are simulated by the HFSS software using the
geometry parameters constant as mentioned above but varying for different substrate thickness,
d= 0.5 mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm and 3 mm.
As the substrate thickness d of the CRR structure increases from 0.5mm to 3mm, the
resonance frequency of this sensor structure decreases from 14.44 GHz to 12 GHz with a
sensitivity of 976 MHz/mm over the range as shown in Figure 3.5 (a). While for EC-SRR
structure, the variation is small with all the resonance frequencies within 2.5-2.6 GHz. The
sensitivity for 1 mm substrate thickness increase for this structure is 28 MHz/mm.
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Figure 3.5: Transmission spectrum, (a) CRR, (b) EC-SRR
For DSRR, as this structure has SRR structures on both sides, changing the substrate
thickness has greater influence on the resonance frequency than the EC-SRR structure. A drop
in the resonance frequency value is also expected because of the higher capacitance between the
SRRs on opposite sides. As shown in Figure 3.6 (a), for DSRR structures, the resonance
frequency increases from 2.00 GHz to 2.44 GHz and the sensitivity of thickness change is 176
MHz/mm. For BC-SRR structure, the resonance frequency increases from 2.3 GHz to 2.98 GHz
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with a sensitivity of 272 MHz per mm, as shown in Figure 3.6(b). It should be noted that the
resonance frequency values for this structure is in between EC-SRR and DSRR since there is
only one SRR structure on each side; there is no capacitance effect between neighboring SRRs as
in case of DSRR structure. But, because of the higher capacitance between the SRRs on
opposite sides, the resonance frequencies are lower than EC-SRR structure.

As expected,

DMSRR structure has a little lower resonance frequency then DSRR structure. The frequency
range for this structure is from 2 GHz to 2.43 GHz with a sensitivity of 172 MHz / mm.
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Figure 3.6: Transmission spectrum, (a) DSRR (b) BC-SRR sensor structures
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Figure 3.7: Transmission spectrum, (a) DMSRR (b) BC-CSRR sensor structures.
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4.5

BC-CSRR structure, which basically consists of circular split rings instead of square
rings and has the diameter equal to one side of the square SRR in BC-SRR structure displays a
higher resonance frequency at any substrate thickness than the BC-SRR structure and the range
of resonance frequency for BC- CSRR structure is from 2.88 GHz to 3.74 GHz with sensitivity
of 344 MHz/mm. MSRR structure displays resonance frequency close to the EC-SRR structure
since there is only one additional
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Figure 3.8: (a) Transmission spectra, MSRR structure (b) Effect of substrate thickness on resonance
frequency for different SRR structured units.

ring added to the EC-SRR structure. It demonstrates that adding more SRR structure on one side
will decrease the resonance frequency. The sensitivity of this structure in terms of substrate
thickness is also 28 MHz/mm.
Figure 3.8 (b) depicts a comparison among all the different structures in terms of their
change in resonance frequency with the change of substrate thickness. Only CRR structure
shows a decrease in resonance frequency with the increase of the substrate thickness and all the
other structures display increase but with different sensitivity. Also, it has the highest sensitivity
to the change of substrate thickness than the other structures.
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3.4

Effects of the split gap (g) on Resonance Parameters
Effect of split gap on the resonance frequency of the structure was evaluated from a gap

of 0.2 mm to 3.4 mm. All the other parameters were kept constant. Thickness of each dielectric
material layers were 1 mm, ring thickness = 0.03 mm, length of the sides of the SRR was 4mm
by 4mm and same materials were used. Since the CRR structure has no split, this parameter is
not applicable to this structure. All the other structures show an increase of resonance frequency
with the increase of split gap as shown in Figure 3.12. The highest change in resonance
frequency was observed for the BC-CSRR
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Figure 3.9: Transmission spectra, (a) EC-SRR structure (b) DSRR structure
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Figure 3.10: Transmission spectra, (a) BC-SRR structure (b) DMSRR structure
structure which shows a change of 470 MHz increase with 1 mm increase of the split gap. The
BC-SRR structure displays a change of the resonance frequency from 2.54 to 2.83 GHz with a
total change of 290 MHz. The least sensitive structure among these structures is the DMSRR,
which shows a change of 190 MHz as the resonance frequency increases from 2.12 to 2.31 GHz.
The EC-SRR and MSRR structure displays similar behavior and also has the resonance
frequency values really close to each other. It is seen that the resonance frequency is reduced
with the introduction of one additional SRR structure in the EC-SRR structure.
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Figure 3.11: Transmission spectra, (a) BC-CSRR structure (b) MSRR structure
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3.5

Effect of relative permittivity (ε r) on the resonance frequency
To evaluate the temperature sensitivity of the sensor structures, standard dielectric

constant of LiNbO3 from 400 °C to 800 °C was taken into account [104], which varies from 52 to
145 within this temperature range. Using the dielectric constant of 52, 55, 65, 76, 87, 110 and
145 at temperatures 400 °C, 500 °C, 600 °C, 700 °C, 800 °C respectively, the temperature
sensitivity of all the different structures was evaluated. All the structures show a decline in the
resonance frequency with the increase of temperature. While CRR structure shows the highest
resonance frequency values as expected, it also shows the highest sensitivity of 6.375 MHz/°C.
The sensitivity for BC-CSRR, BC-SRR, DSRR, EC-SRR, DMSRR and MSRR structures are
1.475 MHz/°C, 1.15 MHz/°C, 0.975 MHz/°C, 1.125 MHz/°C, MHz/°C and 1.1 MHz/°C
respectively. The transmission values for the CRR structures with different dielectric constant
and comparison of the all structures are shown in Figure 3.13 (a) and (b) respectively.
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Figure 3.13: (a) Transmission spectra, CRR structure (b) Effect of dielectric constant on resonance
frequency for different SRR structured units.

3.6

Comparison of the Electrical sizes of the sensor model with different SRR structure
Electrical size is a very important parameter for a metamaterial unit cell because smaller

electrical size provides more effective medium approximation and more accuracy from the quasistatic analysis is also expected. The electrical size of the different structure can be calculated
using equation (3.1) and to have a common base of comparison for all the structures, the
resonance frequency values for dielectric constant of 145 from figure 3.13 (b) are used. It is
observed that for all the substrate thickness and relative permittivity values DSRR and DMSRR
structure has the smallest electrical size 0.016 while the CRR structure has the highest electrical
size 0.108. The electrical size for the BC-CSRR, BC-SRR, EC-SRR, DMSRR and MSRR
structure is 0.0246, 0.0198, 0.0186, and 0.0187 respectively. Electrical size of a resonator cell is
defined as [105],
!

𝑢=! =!
!

!
!!

!

= 𝑓! !

Where, D = Maximum linear dimension of the resonator
= Diagonal of the square sample = 8.49 mm
λ0 = Free space wavelength at the resonance frequency [105, 106]
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(3.1)

c = Speed of light in vacuum = 3  ×  10! m/s
f0 = Resonance frequency of the resonator
3.7 Conclusion
Two CRR structure embedded in a dielectric ceramic matrix is proposed as a temperature
sensor operable in high temperature and harsh environments. The use of CRR structure makes
the fabrication cheap and simple as complex technique like lithography can be avoided. The
feasibility of such sensor is validated through Finite Element Method using HFSS. In order to
obtain the optimum dimensions, effect of substrate thickness and split gap was evaluated and
also compared against other common metamaterial structures found in literature. A comparative
analysis of the sensitivity of each structure was examined using the dielectric constant of LiNbO3
at different temperatures. It was demonstrated that proposed CRR structure is highly sensitive to
the change of temperature and hence really suitable as a temperature sensor.
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Chapter 4: Fabrication
Two different fabrication methods were followed to fabricate a sensor unit with
embedded CRR structures. The first method is a conventional powder compression method
where a die and a punch were used to compress the dielectric ceramic powder. CRR structures
were placed inside the ceramic matrix at an intermediate step and were compressed along with
the powders. The first half of this chapter will discuss the detailed procedure and materials used
for this fabrication method. The other method used is additive manufacturing since this method
enables fabrication of components of complex geometry. Sensor units were fabricated by a
binder jetting technology using ExOne M-lab system. At first, simple geometries were fabricated
to characterize the properties of the materials and to obtain the optimum parameters for
fabrication and then complicated parts were fabricated. The second part of this chapter will
focus on the additive manufacturing method: the operation principle, material characterization
and important parameters will be discussed. Scanning Electron Microscopy (SEM) was
performed using TM-1000, Hitachi, Japan with an accelerating voltage of 15 kV. XRD analysis
was obtained with Cu kα radiation (D8, Bruker, Germany).
4.1 Fabrication using conventional die-punch assembly
Sensors with the CRR structure were fabricated through the conventional method of
powder compression. For this method, two cylindrical dies comprising the diameter of 1 in.
(Dayton Progress), 2.75 in. (Custom made) and a square die with a side of 2 in. (Across
International) were used in order to achieve several geometries and sizes. Commercially
available BaTiO3 nanopowders with average particle sizes of 100 and 700 nm were used as the
dielectric matrix due to its excellent properties such as a Curie temperature of 120ºC [107] and a
linear change of dielectric constant with temperature, as shown in Figure 4.1 that can be
beneficial to the performance of the wireless sensor.
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Figure 4.1: Temperature and grain size influence in BaTiO3 properties [107]
Copper, aluminum and titanium were selected as the conductive materials due to their
properties. Copper and aluminum were used for their low electrical resistivity, while titanium
was considered due to its high melting point. Additionally, several ring dimensions were utilized
in order to fully understand the variation of inductance with ring geometry. These properties play
an important role in the operation of the sensor due to their influence in the quality (Q) factor.
According to literature, lower resistivity and higher inductance improve the Q factor of the
sensor [95]. Additionally, the variation of metal rings provided a better understanding of the
response of the wireless sensor. In order to achieve an affordable solution, commercially
available copper washers (McMaster) were employed for the CRR structure. Finally, polyvinyl
alcohol (PVA) was used as the binding material in the dielectric ceramic in order to prevent
cracking that can undermine the final properties of the sensor. The optimum amount of PVA was
found experimentally through the 1-inch sample fabrication. The PVA concentration in the
sample was gradually increased starting at 1% wt. of BTO in order to eliminate the cracking
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found in the samples prior to the binder implementation. The optimal amount of binder was
found to be 7.5% wt. of the BTO.
Table 4.1: Waveguide specifications
Name

Frequency range (GHz) Length (mm) Height (mm) Width (mm)

WR62-Ku band

12.4 – 18.0

15.80

7.90

5.08

WR90-X band

8.2 – 12.4

22.86

10.16

7.62

WR430

1.72 – 2.6

109.22

54.61

35.56

4.1.1 Polyvinyl alcohol synthesis
Polyvinyl alcohol (99% hydrolyzed, Sigma Aldrich) was synthesized by mixing it with
deionized (DI) water in a 1:10 ratio at a certain temperature. For this process, DI water was
placed in a 250 mL beaker under heavy stirring (600 rpm) at room temperature. The PVA was
added gradually in 0.1-gram intervals into the DI water until the ratio was reached. After that, the
solution was heated to 90ºC until the powder was fully dissolved into the water, showing a
yellowish, semi-transparent color and then was cooled down in air to reach the room
temperature.
4.1.2 Sensor fabrication
BaTiO3 nanopowders were mixed in a mortar with 7.5% wt. PVA. The mixture was
ground to achieve uniform binder distribution. After that, the ceramic/binder mixture was placed
inside of the compressive die. Pressing the powder mixture by hand with a punch attained
uniform thickness. The second and third layers of the BaTiO3/PVA mixture were prepared
following the process aforementioned. A copper washer was placed and centered inside of the
die in between each of the ceramic layers, a schematic of the ceramic/washer configuration can
be seen in Figure 4.2 (a). The die was then placed inside of a CARVER pressing machine and
compressed using 3 metric ton pressure for 5 minutes, as seen in Figure 4.2 (b).
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Figure 4.2: (a) Schematic of sensor architecture, (b) die placed inside of the pressing machine,
prior to compression
After the compression was completed, the 1-inch samples were cured at a 150ºC for 90
minutes, following a 5ºC/min ramp to accomplish better binder distribution and increase the
rigidity of the wireless sensor. As mentioned before, aside from the 1-inch samples, 2.75-inch
cylindrical and 2-inch squared samples were fabricated. For the 2.75-inch cylindrical samples
and 2-inch samples, curing was not necessary as the samples were rigid enough for handling.
The details for the fabricated samples can be found below. Table 4.2 shows the summary of the
dimensions and characteristics of the samples. Additionally, Figures 4.3 through 4.10 show the
samples fabricated using this method.
Table 4.2: Summary of fabricated samples
Sample

Matrix

No.
1

BaTiO3 – 7.5

No. Of

Diameter/Side

Height

Units

Length (in)

(in)

1

2.75

1/2

% PVA
2

BaTiO3 – 7.5

CRR structure details

2 copper shims (OD: 3/8in, ID:
1/4in, t: 0.01in)

1

2.75

2/3

% PVA

18 copper washers (OD: 7 mm,
ID: 3.23 mm, t: 0.5 mm)
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3

BaTiO3 – 7.5

1

2.75

1/2

4 titanium washers (OD: 5/8”, ID:

% PVA
4

BaTiO3 – 7.0

3/16”, t: 0.04”)
1

2.75

1/8

2 copper shims (OD: 3/8”, ID:

% PVA
5

BaTiO3 – 7.5

1/4”, t: 0.005”)
1

2.75

1/4

% PVA
6

BaTiO3 – 7.5

1/4”, t: 0.005”) (each)
4

2

1/4

% PVA
7

BaTiO3 – 7.5

BaTiO3 – 7.5

2 copper washers (OD: 1/4”, ID:
1/8”, t: 0.02”) (each)

4

2

1/4

% PVA
8

2 copper shims (OD: 3/8”, ID:

2 aluminum washers (OD: 3/8”,
ID: 1/4”, t: 0.005”) (each)

2

2

1/4

% PVA

2 copper washers (OD: 1/2”, ID:
0.203”, t: 0.03”) (each)

(a)!

(b)!

Figure 4.3: Sample 1, (a) top view, (b) 3D view
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(a)!

(b)!

Figure 4.4: Sample 2, (a) top view, (b) 3D view

(b)!

(a)!

Figure 4.5: Sample 3, (a) top view, (b) 3D view

(a)!

(b)!

Figure 4.6: Sample 4, (a) top view, (b) 3D view
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(a)!

(b)!

Figure 4.7: Sample 5, (a) top view, (b) 3D view

(a)!

(b)!

Figure 4.8: Sample 6, (a) top view, (b) 3D view

(b)!

(a)!

Figure 4.9: Sample 7, (a) top view, (b) 3D view
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(b)!

(a)!

Figure 4.10: Sample 8, (a) top view, (b) 3D view
4.1.3 Sample polishing
In order to do the waveguide testing using the Ku and X bands, the 1-inch samples were
polished to the needed dimensions, portrayed in Table 4.1. For the polishing, waterproof silicon
carbide sand papers were utilized. Grits 120, 180, 220, 320, 1000 were used subsequently to
achieve a smooth finish. Low revolution (200 rpm) spinning was utilized throughout the
polishing process to achieve higher control over the dimensions and the finishing of the sample.
Figure 4.11 shows two samples polished for the X band dimensions, prepared with a mixture of
BaTiO3 and 7.5% PVA. For this samples, the CRR structure was comprised of titanium washers
with an outer diameter of 3/16 inches, an inner diameter of 3/32 inches and a thickness of 0.01 to
0.03 inches.

(b)!

(a)!

Figure 4.11: Samples polished for X band testing. Both (a) and (b) were fabricated under the
same characteristics
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4.2 Fabrication using 3D printing

Figure 4.12: Schematic of powder bed system [108]
ExOne M-lab system, a binder-jetting technology that builds three-dimensional objects in
a layer-by-layer fashion was used to fabricate the ceramic parts required for the sensor. The Mlab system consists of a two bed-system as shown in the schematic in Figure 4.12. Build
dimensions are 40x60x15mm. One bed is for the build powder material and the other one is for
part fabrication, where two layers are used from the powder bed to accommodate a single layer
in the fabrication bed, this is performed to accomplish better powder packing Designs for the part
files can be made using any commercial CAD software and has to be uploaded to the system as
an .stl file, which converts the 3D part into a layer-by-layer arrangement readable by the system.
While building a part, powder layers are spread by a roller from the powder bed to the binder
deposition side as the bed moves mechanically from left to right in the x-direction. Once there is
a uniform layer of powders, binder droplets are deposited over that layer according to the design
provided. Then the system waits for several minutes to allow drying of the binder, after that
another layer of powders is spread and the aforementioned steps are repeated until the part is
done. Once the part is complete, the fabrication bed is placed inside an oven at 195 °C for 2
hours to cure the binder. After curing, the fabrication bed is removed and cleaning of the parts
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takes place. When the parts are ready they can be sintered or infiltrated with a different material
according to the specific need.
Initially, BaTiO3 (BTO) was chosen as the dielectric material because of its properties as
mentioned in section 2.1. BTO powder was purchased from Acros Organics through Fischer
Scientific and powder particles were approximately 1 µm in diameter, while agglomerations
were up to 10 µm as can be estimated from Figure 4.13.

Figure 4.13: As received BTO powder [108]
To obtain the optimum result, different building parameters were used and post-sintering
density was compared.

The binder saturations used were 60, 75, 100 and 120%. Binder

saturation can be defined as the ratio of the deposited binder solution volume to the pore volume
in the powder bed for a given layer thickness [109]. Since layer thickness is based on powder
size, initially a 15 µm thickness was used, but as the samples were breaking in small pieces after
binder curing, the layer thickness was doubled to 30 µm, regardless of powder size. A high
temperature cyclic furnace was used for all sintering temperatures. Different sintering profiles
were followed to find out the optimum profile that achieves the highest density. For all the
sintering profiles, the heating ramp rate was chosen to be 10 °C/min for all the steps. To ensure
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the binder burnout, samples were held at 600 °C for 0.3 hours and 0.5 hours while heating up and
cooling down respectively. The complete steps for different sintering profiles are shown in
Figure 4.14. After the samples were heated up to the maximum temperature according to the
profile, they were left inside the furnace to avoid faster cooling rates.

Figure 4.14: Different temperature profiles used for sintering fabricated parts [108]
ASTM B962-08 standard test method, which uses the Archimides’ principle, was
followed to obtain the density values. A Mettler Toledo MS303S precision scale was used to
measure the weight of the sample while a copper mesh was used to hold the samples in place.
The samples were impregnated with olive oil to seal the surface porosity and avoid water
adsorption through the pores. Then, they were immersed in water and weighed. A drop of soap
was dissolved in water to reduce surface tension. Water was at room temperature (~ 22 °C).
Therefore, two different densities were measured for one sample. One is referred to as sintered
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(as removed from the furnace after sintering without any additional processing) and the other is
referred to as impregnated (dipped in oil at a pressure of 7 kPa for 30 min) from hereafter. A
comparison of the different densities obtained by different sintering profile and binder
saturations are plotted in Figure 4.15 for both sintered and impregnated samples. Each data point
in Figure 4.15 represents the average value of five measured densities. The highest density was
achieved for the sintering profile of 1260 °C and for 60% binder saturation for both sintered and
impregnated samples, and the values are 1.3 g/cm3 and 1.6 g/cm3 respectively.

Figure 4.15: Density vs sintering temperature for different binder saturations [108]
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Figure 4.16: Set of magnified images (a) to (c) of sample fabricated with 60% binder saturation,
layer thickness of 30 µm and sintered at 1200 °C for 4 hours [108]
The reason behind the low density obtained by sintering is believed to be the absence of
pressuring force while sintering. Nonetheless, binder saturation plays an important role as well.
To further investigate these results, samples fabricated with 60% binder saturation and a layer
thickness of 30 µm were sintered at 1200 °C for a total of four hours and the surface was
analyzed. It can be observed in Figure 4.16 (a), (b), and (c) that binder has already burned out
(binder burn out takes place at ~ 600 °C), and empty spaces of 60 µm length and 20 µm width
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were left behind. Therefore, to obtain a denser part BTO grain growth has to cover these empty
spaces left behind after the binder burnout. Since, the intricacy of the 3D fabricated parts does
not allow applying force while sintering, as the complex parts would lose their shape, samples
sintered at higher temperatures were evaluated. Figure 4.17, 4.18 and 4.19 show the SEM images
of samples fabricated with 60% binder saturation and layer thickness of 30 µm and that were
sintered at 1260 °C, 1330 °C and 1400 °C respectively.

Figure 4.17: Set of magnified images (a) to (c) of sample fabricated with 60% binder saturation,
layer thickness of 30μm and sintered at 1260°C for four hours [108]
It can be observed from Figure 4.17 (c) that grain size values range from 25 to 40 µm,
and space between grains is fully enclosed. However, from Figure 4.17 (a) and (b) it is obvious
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that most of the powder did not achieve a good grain growth and the size remained unchanged.
Figure 4.18 and 4.19 show more sintered powder compared to samples sintered at 1260 °C, but
wider gaps in the grain boundaries are observed. Densification during sintering mainly happens
by two types of mechanisms,

Figure 4.18: Set of magnified images (a) and (b) of sample fabricated with 60% binder
saturation, layer thickness of 30μm and sintered at 1330°C for four hours [108]
lattice diffusion and grain boundary diffusion, and solid state sintering usually consists of three
stages: 1) initial: involves necking and grain growth, 2) intermediate: results in shrinkage and
densification, and 3) final: elimination of close pores and formation of dense microstructure
[110]. It can be inferred from Figure 4.17 to 4.19 that these samples mostly reached the initial
stage of sintering, where grain growth is occurring but it’s not uniform. Stage two was also
partially observed since samples had considerable shrinkage after sintering. Therefore, further
research needs to be conducted to find out the proper sintering behavior of BTO fabricated by the
M-lab system.
Since samples sintered at 1260 °C provided the highest density among the three
temperatures used, XRD analysis was done on the samples sintered at 1260 °C and fabricated
with 60% binder saturation. It should be noted that transition temperatures for BTO from
tetragonal crystal structure to
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Figure 4.19: Set of magnified images a) to c) of sample fabricated with 60% binder saturation,
layer thickness of 30μm and sintered at 1400°C for four hours [108]
cubic is 130 °C and from cubic to hexagonal is 1460 °C. While tetragonal crystal structure of
BTO shows both polarity and ferroelectricity, BTO with hexagonal crystal structure is not
ferroelectric anymore [110]. XRD analysis results show that (Figure 4.20) as purchased BTO
powder used to fabricate the parts consisted of mostly tetragonal structure with the presence of
cubic phase. Nonetheless, after a sintering cycle of 1260 °C for four hours, the presence of a
hexagonal peak in the [110] direction at 2θ=42.8 °C. According to Chen et al. [111], solid state
sintering leads to the cubic phase while cooling, and each grain formed is tightly packed with the
surrounding neighboring grains and the orientations of the grains are random which explains the
tight space between grains in Figure 4.17. A similar result was described by Gao et al. [112],
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where an inclination to transform from tetragonal to cubic phase was observed while sintering
BTO powder at 1250 °C.

Figure 4.20: XRD analysis of as-received powder and sample sintered at 1260 °C for four hours
[108]
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Another important change that was observed in the sintered samples was shrinkage,
which happened in all x, y and z directions and for all the sintering profiles used. Figure 4.21
compares the shrinkage in each direction with regards to the maximum sintering temperature
used. It was noticed that the shrinkage was minimum for the samples sintered at 1260 °C and it
was maximum for the samples sintered at 1400 °C and it was true for shrinkage in all directions.

Figure 4.21: Graph depicting shrinkage percentage in each direction vs sintering temperature
[108]
Since, the sensor will contain two CRR structures embedded inside a BTO matrix,
several approaches were tried to find the optimum setup for that. Commercially available metal
washers were used as the CRR structure. Inserting a CRR structure by pausing the building
process and then continuing the rest of the building process was tried but the part cracked after
curing at the location of the washer. Therefore, a new plan was devised to make two separate
parts: one male part with extrusions and one female part with holes. A washer would be placed
in the center hole and other extrusions were designed to properly attach and hold two parts
together as shown in Figure 4.21. Binder saturation and layer thickness was taken as 60% and
30 µm respectively as proven to be the best settings for BTO as discussed previously. The
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fabricated parts were sintered at 1260 °C for four hours as this sintering profile achieved the
minimum shrinkage and maximum density compared to the other two profiles used.

(a)!

(b)!

(c)!

Figure 4.22: CAD design of (a) Male part with extrusions (b) Female part with holes (c) Section
view of the assembly

Figure 4.23: Fabricated male and female parts with BTO, sintered at 1260 °C for four hours
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From Figure 4.23, it can be seen that the fabricated BTO samples were cracked on one
side, also the extrusions are not well defined, and there are cracks beneath them as well. More
samples were made with the same settings and different binder saturations. Different sintering
profiles were used, but none of them provided expected results. Finally, the failure was attributed
to the particle size of the raw BTO powder used in this process since it was smaller than the
recommended powder particle size for the ExONe M-lab system (1µm vs 60µm). Since
difficulties were faced obtaining BTO powders with the recommended particle size, a new
material with the particle size close to the recommended value (alumina, Al2O3) was used.
The alumina powder used had larger particle size compared to the BTO used before. The
particle size ranged from 50 µm to 100 µm, which falls in the recommended particle size range,
which is 50 µm to 120 µm. The same binder saturation (60%) was used with this powder as well,
but, as it has larger particle size than the BTO, a thicker layer thickness (60 µm) was used. The
male and female parts fabricated with alumina were more consistent than the BTO ones in terms
of crack and dimensional accuracy. The as built un-sintered samples showed stronger
components when compared to the as built un-sintered BTO samples. Figure 4.25 (a) and (b)
shows fabricated alumina male and female parts before and after sintering at 1600 °C for 4
hours.

Figure 4.24: SEM image of raw alumina powder at different magnifications
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Figure 4.25: Fabricated male and female parts using alumina (a) before sintering and (b) after
sintering at 1680 °C for 4 hours
After the successful building of male and female parts using alumina, it was decided to
fabricate parts that are more complex and will be difficult to achieve using any conventional
method. Since the application of the temperature sensor will be to measure temperature inside
combustion chambers or furnaces it was decided to build a curved sample that will fit inside a
cylindrical combustion chamber or a tube furnace. For demonstration, a MTI OTF – 1200X tube
furnace, with 44.62 mm inside diameter was chosen and the fabricated samples had to fit inside
the tube. Two different samples with different arc lengths and thicknesses were made. The first
sample has a short arc length of 4.38 mm with 4 mm thickness and the second sample has larger
arc length of 20 mm and thickness of 2.5 mm. CAD designs of the two samples are shown in
Figure 4.26 and the fabricated parts are shown in Figure 4.27. From

(a)!

(b)!

Figure 4.26: CAD design of curved sample of (a) 4.38 mm arc length and 4mm thickness (b) 20
mm arc length and 2.5 mm thickness
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(a)!

(b)!

(c)!

Figure 4.27: Fabricated curved samples (a) as built samples (b) small sample fitted inside the
tube (c) large sample inside the tube
Figure 4.27, it can be seen that the curved samples made with alumina achieved good
dimensional accuracy and fitted nicely inside the tube furnace.
4.3

Conclusion
In this chapter, the feasibility of using additive manufacturing to fabricate ceramic parts

for the proposed sensor model was discussed. Initially BTO powders were used and different
parameters such as different binder saturations, layer thickness and sintering profile was
evaluated to obtain the optimum settings for the fabrication. Unfortunately, the particle size for
BTO powders was too small to have good parts using the ExOne M-lab system and hence
obtaining complicated geometry was not possible and the fabricated samples cracked either
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before sintering or after sintering. Then, a new material alumina with proper particle size was
used and complex male and female parts as well as curved samples were fabricated successfully
and sintering profile with maximum temperature of 1650 °C for 4 hours was used to sinter these
alumina samples. Future work will include finding the optimum sintering profile for alumina
samples as well as doping the particles with BTO to obtain better dielectric properties, and
designing and fabricating male, female parts as well as curved parts to hold two CRR structures
in the assembly.
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Chapter 5: Testing and Results
In this chapter, experimental setup for measuring the dielectric constant of the different
materials used and fabricated both by conventional method, and 3D fabrication will be described
and the test results will be presented. Agiles PNA-XX network analyzer and Ku band waveguide
were used to conduct the testing to measure the dielectric constant of BTO and alumina samples.
Later, a free space testing setup was used using two horn antennas and sensor samples made by
compression method were tested and their transmission spectra S2,1 was plotted against a sweep
frequency from 8.2 to 12 GHz and the resonance response is analyzed. More tests were
conducted using the facility of MWI lab in Phoenix, Arizona and the results will be presented
and discussed as well.
5.1
Experimental setup using waveguide and network analyzer and corresponding test
results

Figure 5.1: Experimental setup of measuring dielectric constant with a waveguide, a 3D printed
BTO sample is placed in front of the setup
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Figure 5.1 shows the experimental setup used for obtaining the dielectric constant of
BTO samples fabricated by both compression method and 3D printing. An Agiles PNA-XX
network analyzer was used to analyze the data. Two ports of the network analyzer were attached
to the two ports of the waveguide and the sample was placed inside the waveguide and secured
properly. Open, short and loaded calibrations were done each time before placing a sample inside
of the waveguide.
Dielectric constant of the 3D printed samples were tested using a WR 62 – Ku band
waveguide that has a frequency range from 12.4 – 18 GHz. Samples sintered using different
sintering profiles were tested and the dielectric constant value as a function of frequency was
plotted in Figure 5.2. It is observed that the dielectric constant decreases with the increase of
frequency and samples sintered at 1260 °C showed the highest dielectric constant for any given
frequency. It was expected as these samples showed the highest compactness and best grain
growth (as discussed in chapter 4) among these three samples.

1400°C

1330°C

Figure 5.2: Dielectric constant of BTO samples fabricated by 3D printing and sintered at
different temperatures as a function of frequency
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Dielectric constant of an as built sample fabricated by compression method was tested
using a WR 90 – X band waveguide with the frequency ranging 8.2 - 12.4 GHz. Due to the size
constraint of

Figure 5.3: Dielectric constant of an as built sample fabricated by compression method as a
function of frequency
fabricating samples with compression method, it was not possible to build a sample to fit the Ku
band waveguide. Similar to the 3D printed samples, the compressed sample also show a decrease
with the increase of frequency and the dielectric constant measured at 12.4 GHz is almost 10
which is close to the dielectric constant value of the 3D printed sample sintered at 1260 °C.
5.2
Experimental setup for free space measurement using horn antenna and
corresponding test results
Once the characterizations of the materials were done, the next step was to test the
fabricated samples in free space and locate the resonance frequency. A pair of horn antenna and
the same PNA network analyzer was used for this purpose. The experimental setup is shown in
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Figure 5.4. Two horn antennas were set at a distance and were connected to the two ports of the
network analyzer. The test sample was placed near the transmitting antenna and two Styrofoam
blocks were used to support the sample. The signal was sent from the transmitting antenna and
was received by the other antenna. The network analyzer was used to analyze the transmitted
data from the transmitter antenna to the receiver antenna.

(a)!

(a)!

(b)!

Blocks of Styrofoam
Horn Antenna

(b)!

Horn Antenna

Block of
Styrofoam

(c)!

Sample (Horizontal)
Block of
Styrofoam

Sample
(Vertical)

Figure 5.4: Free space measurement setup using horn antenna connected to a network analyzer
Three samples (sample 3, 4 and 5) were tested using this setup and the transmission
response of those samples in vertical and horizontal orientations are analyzed. Figure 5.5 and 5.6
58

represents a comparison of the transmission response of the three samples for horizontal and
vertical orientation respectively. For the horizontal orientation, no identifiable resonance peak
was observed. As the sample thickness was not large enough to have the antenna in the shadow
of the samples, the surrounding noises interfered and the data received by the antenna does not
necessarily represent the transmission response of the sample.

Transmission response of horizontal samples
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Figure 5.5: Transmission response measured from the scattered parameters for sample 3, 4, and 5
placed horizontally
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Transmission response of vertical samples
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Figure 5.6: Transmission response measured from the scattered parameters for sample 3, 4, and 5
placed vertically
In the vertical orientation, sample 5 did not show any defined resonance peak while
sample 3 and 4 displayed the first resonance peak near 14 GHz. However, the presence of
multiple peaks makes it difficult to trace the desired peak. The presence of multi-peaks can be
associated with either multiple resonances of the structure or from the surrounding noise and
needs further investigation.
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5.3
Experimental setup for free space measurement using Gaussian Beam antenna and
corresponding test results
Since, using horn antenna in free space did not provide any decisive result, a better test

Receiving
Gaussian beam
antenna
Aluminum
Plate as
PEC

Iris
Sample

Figure 5. 7: Free space testing setup with two Gaussian Beam antennas connected with a network
analyzer (www.mwilab.com)
setup was needed to obtain better results with reduced noise. MWI lab, a company based in
Phoenix, Arizona was kind enough to let us use their test facility equipped with two Mr. Bean
Gaussian beam antennas as shown in Figure 5.7. There are two chambers in the setup. The lower
chamber is an isolated box with walls lined with aluminum plate. A Mr. Bean Gaussian beam
antenna is placed inside the lower chamber. On the top surface of the chamber, an aluminum
plate is placed as a PEC (Perfect Electric Conductor) with an opening in the middle called iris.
The top and bottom antenna, and iris are all aligned and the sample is place on the iris so that the
sample perfectly covers the iris. The antennas are connected to the two ports of a network
analyzer. The bottom antenna sends the signal and the top antenna receives it. Since, the sample
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is placed on the iris and since it covers the iris and the surroundings are covered with aluminum,
the signal that the top antenna receives comes through the sample and hence less noise is
observed in the data (Figure 5.8 to 5.15).
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Figure 5.8: Transmission response from sample 1 (a) from 2-18 GHz (b) from 12-18 GHz
The transmission response from sample 1 is plotted in Figure 5.8. It shows something
similar to a resonance at around 16.5 GHz, which is magnified in Figure 5.8 (b). However, as the
tests were limited to 18 GHz, it cannot be decided whether there was a resonance or not. Similar
results were obtained from sample 3 and 6 shown in Figure 5.10 and 5.13 respectively where it
cannot be decided whether there is a resonance or not and needs to be tested at higher frequency.
Transmission response from sample 4, 5, 7 and 8 did not show any resonance within this
frequency range (Figure 5.11, 5.12, 5.14 and 5.15 respectively). Further investigations at higher
and lower frequencies are needed to obtain the resonance characteristics of this sample. Sample
2, on the other hand, showed excellent resonance characteristics within this frequency range as
shown in Figure 5.9. The first resonance is at around 5 GHz and there are two more resonance
peaks observed at around 9 GHz and 13 GHz. The peak at 9 GHz shows the highest intensity and
can be used as the reference resonance frequency for sensing.
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Figure 5.9: Transmission response from sample 2
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Figure 5. 10: Transmission response from sample 3 (a) from 2-18 GHz (b) from 11-18 GHz

63

20

−5
S1,2 sample 4

Transmission S1,2 (dB)

−6

−7

−8

−9

−10

−11
2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18

Frequency (GHz)

Figure 5.11: Transmission response from sample 4
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Figure 5.12: Transmission response from sample 5
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Figure 5.13: Transmission response from sample 6
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Figure 5.14: Transmission response from sample 7
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Figure 5.15: Transmission response from sample 8
5.4 Conclusion
In this chapter, preliminary test results at room temperature have been discussed. Two
different test setups have been used, one with two horn antennas and one with two Gaussian
beam antennas. The results obtained using the first setup was affected by the surrounding noise,
while the results obtained using the Gaussian beam antennas had less noise. Sample 3, 4 and 5
were tested for a sweep frequency from 12-18 GHz using the horn antennas and all of the 8
samples were tested for a sweep frequency from 2-18 GHz using Gaussian beam antennas.
Sample 2 and sample 3 showed excellent resonant behavior within this frequency window while
other samples did not show anything decisive. Further investigation will be carried out at higher
frequencies and also as a function of temperature to demonstrate the temperature sensitivity of
the samples.
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Chapter 6: Conclusion
Wireless temperature sensing is of utmost importance to the energy conversion systems
where one percent of accuracy improvement can result hundreds of millions of cost savings. In
this thesis, we propose a metamaterial-based wireless temperature sensor consisting of two CRR
structures embedded in a dielectric matrix for high temperature and harsh environment
operations. The proposed sensor model shows a linear change in its resonance frequency with the
change in temperature, which is detected by antennas and analyzed by a network analyzer. The
use of CRR structure makes the fabrication cheap and simple as complex technique like
lithography can be avoided.
In chapter 3, full-wave electromagnetic simulations using HFSS demonstrate the
feasibility of such a sensor and models using other common SRR structures were also evaluated
and compared with the proposed CRR structure. Effect of geometrical parameters such as
substrate thickness and split gap were evaluated and it was seen that with the increase of
substrate thickness all other structures shows an increase in the resonance frequency while CRR
structure shows a decrease. The increase of split gap is also found to be increasing the resonance
frequency for all the structures that were evaluated. A comparative analysis of the sensitivity of
each structure was examined using the dielectric constant of LiNbO3 at different temperatures. It
was demonstrated that proposed CRR structure is highly sensitive to the change of temperature
and hence really suitable as a temperature sensor.
In chapter 4, two different fabrication techniques were discussed; one was conventional
die-punch compressing method and the other is 3D printing using binder-jetting technology.
SEM and XRD characterized the materials used for both fabrication techniques. It was found that
while small particle size of the BTO powders used yielded good results in the conventional
method, it was not suitable for the M-lab system for 3D printing. It was found out that using the
conventional method it’s possible to achieve good strength and density of the samples while the
3D printed samples needed curing and sintering to achieve better strength as well as higher
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density. However, the conventional method was limited only in obtaining circular or square
shaped sample, complex geometries such as a curved part was fabricated using the 3D printing
technology.
In chapter 5, some preliminary testing results of samples fabricated using conventional
method were presented. Two different test setup was used; one with a pair of horn antennas and
the other with a pair of Gaussian beam antennas and less noise observed in the results obtained
using the Gaussian beam antennas. While some samples showed good results, other samples did
not show good resonance peaks within the frequency range used for testing.
Future work will include investigating different sintering profiles for alumina and
obtaining the optimum profile to achieve the highest density and fabricating array of samples of
the same dimensions and CRR arrangement by 3D printing. Further investigation will be carried
out at higher frequencies and also as a function of temperature inside a combustion chamber to
demonstrate the temperature sensitivity of the samples.
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