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Abstract

Measurement systems are used to acquire information from the surrounding world. The
requirements of the measurement system depend on the application, and the acquired
information is used in different ways. For example, measurements are taken as part of
the control systems of industrial processes. Alternatively, the information obtained from
the measurements can be used to provide answers to scientific questions. Each meas-
urement has a case-specific importance for the user and a certain cost in terms of time
and money. Therefore, the same measurement approach is not optimal in every case.
The design process of the measurement systems always includes a compromise be-
tween performance, viability, and cost. These factors are, in turn, strongly dependent on
the implementation of the measurement system in each separate case. Inductively cou-
pled passive resonance sensors provide a measurement method that has two notable
benefits: the simple structure of the sensors and the possibility to take short-range wire-
less measurements. However, the limitations of the available readout devices have often
impeded the use and development of these sensors in many demanding applications. In
addition, uncertainty in the measurement results due to inductive coupling hinders the
use of this method.

This work concerns the development and implementation of a measurement system
based on inductively coupled passive resonance sensors. A custom-made readout de-
vice to improve the feasibility of the readout in applications where continuous field meas-
urements are performed was both specified and produced. The readout device was im-
plemented using a simplified version of the method used in conventional impedance an-
alyzers. In addition, signal processing methods were developed which can extract reso-
nance characteristics from the measured data. A special algorithm was developed to
compensate for the effects of the changes in the inductive coupling when the measure-
ment distance varies. The operation of the developed readout methods was studied us-
ing simulations, and several realistic measurement configurations were tested. Compet-
ing readout methods published in the literature were also simulated. The accuracy of all
the studied methods depended on the configuration of the measurement system. The
inductive coupling coefficient also had a significant influence on the accuracy of the
tested methods.



The newly-developed readout methods and the inductively coupled passive resonance
sensor were then utilized in a medical application to monitor the pressure between the
skin and compression garments. These garments are used, for example, to improve the
healing of burns and reduce swelling in the legs. Effective medical treatment of such
conditions requires that the appropriate pressure is applied. With this system, the pres-
sure reading under the compression garment can be obtained by using simple disposa-
ble sensors that can be read wirelessly through a thin fabric. Using our inductive coupling
compensation method, the sensor enabled the monitoring of the pressure with the re-
quired level of precision.

Inductively coupled resonance sensors can also be used to monitor the properties of the
materials around the sensor. This monitoring is possible because the permittivity of the
environment near to the sensor affects the sensor's resonance characteristics. This
method was tested in two applications. In the first application, the manufacturing process
of ceramic slurry was monitored by a sensor that was installed inside the container where
the slurry was mixed. The resonance characteristics of the sensor were measured as the
manufacturing process was incrementally carried out. The results indicated that the
method could be used to control the composition of the slurry. In the second application,
the inductively coupled sensors were tested in monitoring the degradation processes of
two different polymers during hydrolysis. In this application, the sensors were encapsu-
lated into the tested polymers. The polymer samples were kept inside containers filled
with buffer solution and the resonance characteristics of the encapsulated sensors were
then measured wirelessly from outside. The results showed a clear difference in degra-
dation profiles between the tested polymers. The method may provide a novel way to
continuously monitor the degradation processes of certain materials.

In summary, the developed readout methods improved the applicability of inductive cou-
pled passive resonance sensors in the tested applications and created novel ways to
acquire information. This new technology provides a good starting point for the develop-
ment of a new generation of inductively coupled passive resonance sensors.
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1 Introduction

This thesis is about developing new technology for inductively coupled passive resonance sensors
in order to make them a more viable option for demanding measurement applications.

1.1 Motivation

Measurements are needed to optimize and control the actions and processes in a variety of appli-
cations, ranging from industry to healthcare. In healthcare, the effectiveness and safety of a treat-
ment may depend on the quality of the monitoring used to control the treatment. In practice, pro-
cesses are not always monitored or controlled because there is no feasible or cost-effective meas-
urement system available. Therefore, optimization of a measurement system and good feedback
can not only improve the quality of any process, resulting in increased profits for industry, but it may
also save lives.

Wireless sensors have provided solutions for many applications where conventional sensors are
impractical. Wireless sensors can be used for healthcare [1], activity monitoring [2], structural health
monitoring [3] and agriculture [4], [5]. The concept of using wireless sensors as a part of more com-
plex entity, such as a network or an intelligent environment has also been frequently proposed [6]—

[9].

The conventional implementation for a wireless sensor node is a complex electronic system that is
realized by mounting the needed integrated circuits on a printed circuit board. The information is
transmitted by electromagnetic waves. However, such complex systems are often delicate and ex-
pensive. The power management is a common problem which limits taking continuous or frequent
measurements, because any portable power source eventually runs out of juice.

There are passive wireless measurement systems, such as modified RFID tags [10], which do not
require an active electric power source like a battery. These systems take the power they need from
the electromagnetic waves that are transmitted by the readout devices. However, this power trans-
mission method is inefficient and limited by regulation. Thus, the available electric power still limits
the generation of excitation signals, signal conditioning, and analog-to-digital conversion. In addition,
wireless sensors based on transmitting and receiving electromagnetic waves have long communi-
cation ranges, and thus the data has to be encrypted.



As an alternative method, inductively coupled passive resonance sensors provide a means to make
short-range wireless measurements using a very simple sensor. The measurement distance of in-
ductive sensors is typically of the same order of magnitude as the dimension of the reader and the
sensor coils. For example, in medical applications the distance is typically a few centimeters. These
sensors are a valid option in applications where the measurement target is underneath a non-metallic
surface, such as skin, fabric or a plastic casing, in addition to which, the short reading range is a
benefit in respect of information security.

Inductively coupled passive sensors were successfully tested and reported in detail by Collins [11]
in the sixties, and the method had been mentioned even earlier [12]. Nevertheless, in spite of its
benefits, the method has never become very popular. The reason for this is that during their early
development, (mid-20thC) the limitations of the readout electronics made the method cumbersome
to use. However, nowadays complex readout electronics can be integrated into a conveniently small
space. In addition, the simple structure of the actual sensor has encouraged the testing of uncon-
ventional fabrication methods and materials which can be used in their construction. Thus, induc-
tively coupled passive resonance sensors have been fairly recently tested in many new applications
[13].

There are various methods for acquiring and processing the data that inductively coupled passive
resonance sensors provide. These methods are largely dependent on the application, the sensor,
and the measurement set-up, and none of them have succeeded in making inductive coupled pas-
sive sensors popular over a wide range of applications. This leaves room for further development.

Another issue with these sensors is that the measuring chain of this method is more complicated
than it is with more conventional measurement methods. One of the aims of this work is to identify
the problematic or critical parts of this process and to develop technology which will improve the
performance of the measurement system in the selected applications.

1.2 Scope

The measurement methods based on the inductively coupled passive resonance sensors were stud-
ied. In particular, the focus was on the readout methods based on frequency-response measure-
ments. Instead of commercial impedance analyzers, a custom-made readout device was used. This
made it more feasible to take the measurements and to allow testing of the equipment in challenging
environments. This decision also influenced the signal-processing methods which were studied. In



this thesis, readout methods and signal processing were developed and tested in the selected ap-
plications. Each application required dedicated sensors. For example, the pressure under compres-
sion garments was measured using sensors with variable capacitive elements. On the other hand,
the process substances were monitored by sensors whose parameters are modified by the permit-
tivity of the immediate environment. A more detailed analysis of the sensors’ properties is beyond
the scope of this work.

1.3 Research questions and objectives

This thesis focuses on the measuring chain of inductively coupled passive resonance sensors. The
purpose of the thesis is to identify the factors that limit the use of this measurement method, and to
find solutions to those problems. The main research questions of this thesis are defined as follows:

1.

What kind of readout methods are needed to increase the feasibility and versatility of induc-
tively coupled passive resonance sensors?

How do the properties of the reader coil and the variations in inductive coupling affect the
measured resonance curves and the extracted features?

Can the effects of an unknown inductive coupling on the estimates for the resonance fre-
guency be compensated for?

The general goal of this thesis is to develop methods which promote the development and use of
inductively coupled passive resonance sensors. The objectives for this thesis are as follows:

1.
2.

To find out the benefits and constraints of the measurement method.

To promote the testing of inductively coupled sensors in challenging applications by devel-
oping novel readout and signal processing methods.

To test the developed readout methods’ ability to measure the pressure under compression
garments.

To develop a measurement arrangement and signal processing for monitoring a suspension
during a ceramic slurry manufacturing process.

To develop methods for monitoring the degradation processes of biodegradable materials.



1.4 Contribution

The main scientific contributions of this thesis are summarized in the following points:

A new portable readout device for inductively coupled passive resonance sensors was de-
veloped and tested.
Signal processing methods were developed to extract resonance characteristics from the
data measured with the custom-made reader device.
A special algorithm that compensates for the effects of the changes in the inductive coupling
on the resonance frequency estimate was developed and tested.
The operation of the developed readout method and other competing readout methods were
studied using simulations in various cases where the inductive coupling and the reader coil
configuration was varied.
The developed readout methods and the customized resonance sensors were implemented
in three applications:
0 A novel method for measuring the pressure under compression garments was devel-
oped and tested.
0 A novel method for monitoring the fabrication of ceramic suspensions was developed
and tested.
0 A novel method for monitoring biodegradable polymers during hydrolysis was devel-
oped and tested.

1.5 Organization

This thesis is structured as follows. Chapter 1 defines the motivation, the scope of the thesis, the
research questions, the contributions and the organization of the thesis. Chapter 2 provides the
background to inductively coupled passive resonance sensors and the general principles of the
measurement method. The background of each element in the measuring chain is briefly discussed.
The developed readout methods and the related signal processing are presented in Chapter 3. This
chapter gives answers to the first and third research questions. These methods were developed to
improve the applicability of inductively coupled passive resonance sensors. An inductive coupling
compensation algorithm is also presented and tested in this chapter, and the chapter finishes with a
discussion of the developed readout methods. Chapter 4 covers the modelling and simulations of
the inductively coupled passive resonance sensors. This chapter also includes discussion about the
results of the simulations. These simulations, in part, were used to find answers to the second and

4



third research questions. The developed methods were applied to pressure measurements and ma-
terial monitoring. Chapter 5 gives an introduction to the tested applications, all of which provide a
suitable context and purpose for the developed technology. This chapter also presents and dis-
cusses the results from the applications. Chapter 6 presents the author’s conclusions and indicates
areas for future research.






2 Background

2.1 Inductively coupled passive resonance sensors

Inductively coupled passive resonance sensors are based on a measurement concept where the
measured quantity or measurand [14] alters the impedance of a resonance circuit consisting of a coil
and a capacitor. The resonance circuit is wirelessly measured using an inductive coupling. The in-
ductive coupling is formed between a reader coil and the coil in the resonator circuit. Because of this
coupling, the measurand affects the measured impedance of the reader coil.

The information is transferred via a magnetic field. This is the main characteristic that distinguishes
inductively coupled passive resonance sensors from the other wireless sensors that use electromag-
netic waves or an electric field as a medium to transfer information. The reading ranges of inductively
coupled sensors are much shorter than in the methods that use electromagnetic waves [15]. In this
method, the readout device provides the excitation energy that is used in the measurement. Because
of the inductive coupling, there is no need to have any active power sources like batteries in the
sensor part. Thus, the sensors are called passive, as opposed to active sensors, which have their
own power source.

Besides the inductive coupling, the other typical characteristic of this concept is that the inductively
transmitted excitation energy is resonating in the sensor between the magnetic and electric fields.
Thus, the sensor has a resonance frequency where the imaginary parts of the impedance of the coil
and capacitor cancel each other out. The resonance sensors can be measured by determining the
impedance of the reader coil at discrete frequencies near to the approximated resonance frequency.
Around this resonance frequency, the sensor creates clearly detectable deviations (a resonance
curve) into the measured impedance of the reader coil.

The measurand is tied to the impedance of the sensor and can be detected from the measurement
of the reader coil. If the measured quantity affects either the coil, or the capacitance of the sensor,
the frequency of the measured resonance curve is altered. On the other hand, the measurand can
be made to affect the resistance of the sensor. In this case, the changes in the resistance modify the
properties of the resonance curve.



2.2 Closely related methods

Wireless measurements are often based on sensor nodes, which consist of sensing elements, an
analog front end, an analog-to-digital converter, a microprocessor, a power supply, power manage-
ment, radio interface circuitry and an antenna. In short, these kinds of sensor nodes have a similar
measuring chain to wired measurement systems, but the data is transmitted using electromagnetic
waves. The wireless sensor nodes have long operating ranges. The active power sources allow the
use of efficient signal conditioning, and the microprocessor in the sensor node enables relatively
complicated data processing options. The data transfer rates, energy efficiency, operating frequency,
and topology of wireless sensor networks depend on the used radio technology [16], [17]. The main
drawbacks with this approach are the size and complexity of the sensor nodes and the fact that the
power source eventually runs out of energy and needs to be recharged.

It is also possible to transmit data via a magnetic field, as has been shown in [18], for example.
These sensors use two coils instead of antennae, one in the sensor node and one in the readout
unit. In all other respects, the sensor nodes can be similar to those used in radio-based systems. In
addition, the inductive link can be used to transmit power to the wireless sensor, which can be stored
in battery and used afterwards when the external power is not available. The inductive link coils in
the sensor can be very small, although the maximum transferred power is limited by the coil arrange-
ment. The reading ranges are much smaller than those of radio-based systems. A hybrid solution
that uses an inductive link for power transmission and electromagnetic waves for data transfer has
been tested in [19].

Conventional wireless sensor nodes are complex devices that cannot easily be miniaturized or mass-
produced. RFID systems seem to offer an alternative [20]-[22]. In RFID technology, almost all of the
components are integrated into a single silicon chip. There are RFID systems that have their own
power source, although RFID technologies are typically regarded as passive as they utilize the power
that they receive from the reader unit. By default, RFID circuits do not have sensor functions. RFID
technologies can be divided into those methods that use electromagnetic waves, and those that
utilize inductive coupling. Nevertheless, power consumption is a problem and the limited energy
does not allow the use of complicated signal conditioning, unlike in systems that have batteries.
Cook et al. have conducted a review of passive chip-based and chipless RFID systems [21]. The
chipless RFID sensors operate at UHF frequencies. The sensing element directly modulates the
impedance matching of the antenna, and thus alters the amount of energy that is reflected back to
the reader device. Chip-based RFID sensing methods increase the reliability of the readouts by using
digital data transmission. The chip has an ADC and it incorporates the sensor readings into the
backscattered signal. Viikari et al. have presented an intermodulation readout principle for passive
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wireless sensors [23], [24]. In this system, a wireless sensor is activated by using signals with two
frequencies. The measured data is transmitted back at the corresponding intermodulation frequency.

RFID technologies that operate at HF frequencies and use inductive coupling have also been tested
for sensing applications. In [25], Potyrailo et al. measured humidity using the resonance antennae
of inductively coupled RFID circuits. They proposed that the RFID chips can be used to identify the
sensors and to store calibration data. The chip itself was not actively used for the measurements.
Thus, the measurements were, in principle, similar to the set-up used in [26] where an RLC circuit
was used to sense the environment.

2.3 Measurement system

The structure of the measurement system of inductively coupled passive resonance sensors has to
be investigated in order to better compare the performance of the measuring methods. The most
significant detail in the measuring chain is the part where the signal is transmitted over a short dis-
tance using a magnetic field. The main physical components of the system are a resonance sensor,
a reader coil and a readout device (Fig. 1).

Magnetic Sensor
field

£

Reader Sensor __| Sensor
coil coil —T capacitor

Readout
device

FIGURE 1. The main physical components in the studied measurement method.

A flow chart showing the information in the measurement system is shown in Fig. 2. The measurand
alters the value of one of the components in the resonance sensor. The sensing element can be
based on either capacitance, resistance or inductance. This part of the measuring chain is very sim-
ilar to any other sensing system, and thus many conventional sensor elements can be utilized.



The changes in the sensing element alter the impedance of the resonance sensor. That impedance
is detected indirectly from the reader coil. The readout device generates an excitation signal which
will induce an alternating magnetic field around the reader coil. This magnetic field also extends to
the sensor coil, so the resonance sensor affects the generated magnetic field. Thus, the impedance
of the resonance sensor will have a frequency-dependent effect on the measurement of the reader
coil, which means that changes in the measurand can be detected by measuring the impedance of
the reader coil. The information is transferred from the sensor to the reader coil by the principle of
inductive coupling, which is possible in the so called near-field (x < M(21) where x is the distance
between coils and A is wavelength [15].

Magnetic field coupling
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FIGURE 2. The generic flowchart of information in the investigated measurement method.

The effect of the resonance sensor on the reader coil measurement is frequency-dependent, so
many readout devices make measurements at multiple discrete frequencies. This yields frequency
response data. This data is preprocessed by removing the baseline curve of the reader coil. Here
the baseline curve means the frequency response that would be measured in the case where there
iS no resonance sensor near to the reader coil. There is also the possibility of averaging the acquired
values, as long as the measured quantity does not change during the measurements. Next, the
feature extraction process is used to find the notable characteristics from the data. A typical feature
is the frequency of a distinguishable shape in the resonance curve. The extracted feature can be
used to estimate the resonance frequency of the sensor. The difference between the extracted fea-
ture and the resonance frequency of the sensor in free space is dependent on the measurement set-
up. If needed, the sensor capacitance or inductance can be calculated using the resonance fre-
guency estimate and a prior knowledge of the component values. The changes in the coupling co-
efficient can alter the detected frequencies [25]. In some cases, other features like the heights of the
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peaks and dips in the measured data can be used to compensate for the effects caused by changes
in the inductive coupling. The compensation methods are discussed in Section 2.8.

The measurement chain has many physical and signal processing stages. Understanding and opti-
mizing the measurement systems is not always straightforward because the physical components
and readout device determine the requirements for the subsequent signal processing. On the other
hand, this does mean that many of the problems thrown up in the physical stages can more easily
be solved in the later stages by signal processing. All of these factors have to be taken account when
optimizing the measuring chain. Optimizing all stages and considering all possible options simulta-
neously is not realistic. Thus, the system has to be developed through iteration, focusing separately
on those parts of the measuring chain that are found to be problematic.

2.4 Resonance sensors

The main structure of the inductively coupled resonance sensor is an electrical circuit consisting of
a coil and a capacitor. In its physical realizations, the coil also has a detectable parasitic resistance,
which manifests itself when the circuit is measured. A physical resistor can be added to the circuit if
it is used as a resistive sensing element. The lumped element model representing this kind of reso-
nance sensor is an RLC circuit (Fig. 3). Typically, one of the circuit components is variable and
modified by the measured quantity.

FIGURE 3. The lumped element model of an inductive coupled passive resonance sensor. One of the
components is made sensitive to the measurand.

The resonance behavior of the inductively coupled passive resonance sensor can be analyzed with-
out the readout system. At the resonance frequency, the capacitive and inductive reactances are
equal but they have opposite signs and thus they cancel each other out. The impedance of the circuit
is purely resistive at the resonance frequency. In such cases, the resonance frequency can be cal-
culated with the equation,
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where fo is the resonance frequency of the sensor, Ls is the inductance of the sensor and Cs is its
capacitance [27].

The resistance Rs can be taken account when estimating the resonance frequency of inductively
coupled RLC circuit [28], [29]. In that case, the resonance frequency is calculated with the equation,

1|1 R?

L L 2
2r |LCs L2 @)

fo

In many applications, the effect of the sensor resistance on the resonance frequency is small and
can be ignored. Instead, the resistance is used to define the Q-value of the sensor

a)OLs

Q - Rs ' (3)

where wyo is 211fo [27].

2.4.1 Physical structure

The physical appearance of inductive coupled passive resonance sensors can vary depending on
the components. The two most common forms of coils are helical/solenoidal and planar spiral. The
solenoidal coils are made by winding the conductor wire around a supporting structure. The planar
coils can be made using fabrication processes such as photolithography and thin film depositions.
The same fabrication processes can also be used to make capacitors. Thus, planar coils are often
preferred because all of the components can be made with similar processes, and the result is often
more compact, reliable and straightforward to produce. The models of the inductance calculations
for planar spiral coils have been studied in [30]. The two main ways to create capacitive structures
in passive resonance sensors are parallel plate capacitors and interdigital capacitors. Parallel plate
capacitors are often used in pressure-sensing applications [28], [31], [32]. The finger electrode struc-
tures are typically used when the capacitor has to sense the permittivity of the environment [33] or
its moisture [34].
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2.4.2 Materials

The choice of the materials used in coils, wires and electrodes depends on electrical conductivity.
There is no exact lower limit for the conductivity, since the Q-value and the losses also depend on
the sensor design. Copper [35], gold [28] and silver [31] have been tested as wiring and coil materials.
Magnesium [36], [37] and iron [36] has been also proposed as conductor materials for biodegradable
sensors. Conductive polymers have been tested by Boutry et al. [36], [38]. They established that
polypyrrole is a possible material for inductively coupled passive resonance sensors, but it is chal-
lenging because of its poor conductivity.

Dielectric materials are needed for the capacitors and the substrates. Electrically insulating materials
are also needed for the casing of the sensor. Unlike with the conductors, the quality of the isolating
materials is not usually a limiting factor. However, if the sensor is to be used in liquid environments,
such as with surgical implants, then the partial conductivity, and especially the dielectric losses, have
to be considered. Polymers, glass or glass fibers are used as substrates and structural materials
since many of the sensors’ fabrication techniques are based on the ones used for printed circuit
boards. Ceramic materials can be used to make inductively coupled passive resonance sensors
suitable for high temperature applications [31], [39]. In biodegradable applications, polymers like
polylactic acid (PLA) have been tested as substrate material and polycaprolactone (PCL) as spacer
material [32]. Hwang et al. have proposed that silk can be used for biodegradable substrates and
casings [37].

2.4.3 Measurands

In conventional sensors, the measured quantities are designed to alter the resistance, capacitance
or inductance of the sensing elements. A similar approach can be applied to inductively coupled
passive resonance sensors. Pressure measurement is a typical application for passive resonance
sensors. The sensing is based on pressure-dependent capacitors, in which the pressure bends a
membrane, or some other structure in the sensor, and thus alters the geometry of the capacitor. The
sensing is based on the pressure difference across the membrane, so a reference pressure is
needed on one side of the bending structure. Sealed cavities can be fabricated inside the sensor
[28], [40], [41]. The reference pressure can be a vacuum, or simply the atmospheric pressure. In-
ductive coupled pressure sensors are a potential solution for taking measurements in many harsh
environments. For example, they have been developed and tested for taking pressure measure-
ments inside living tissue [11], [28], [42], and also in very high temperatures [31], [43].

Inductively coupled passive resonance sensors can also be used to monitor the immediate environ-
ment. This is done by designing the resonance circuit in such a way that the environment can interact
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with the electric field around the sensor. In this case, the relative permittivity of the environment is
monitored. The real part of relative permittivity mainly affects the capacitance of the sensor, while
the imaginary part affects the losses, which can be modelled with an equivalent resistance. The
effect of the environment on resonance sensors was reported by Collins as long ago as 1967 [11].
Later, Ong et al. measured the complex permittivity of the environment with an interdigital capacitor
[26]. They also used passive resonance circuits to sense other parameters, such as temperature,
growth of bacteria and humidity. In more recent studies, Zhang has investigated inductively coupled
sensors for dielectric constant permittivity sensing [33], and Yvanoff has proposed the use of inter-
digital capacitors for tissue characterization [44]. Capacitive sensors are particularly good for meas-
uring the humidity or the moisture content in certain materials because water has relatively large
permittivity in comparison with air or structural materials. The inductive coupling means that the sen-
sor can be placed inside the structures, or in materials such as soil or sand. Inductively coupled
passive resonance sensors have successfully been tested to measure the moisture content of con-
struction and civil engineering materials [34], [45]-[47], as well as the humidity inside containers [48].
These measurements can be enhanced by using a humidity-sensitive polymer film on top of the
sensor [49]. In addition, Potyrailo et al. tested temperature compensation based on PCA [49] and
proposed modified RFID tags for multipurpose chemical sensing to detect toxic vapors [50], [51].
Moreover, passive resonance sensors have also been tested to monitor bacteria [52], [53].

The measurand can be also be linked to the resistance in a resonance sensor. Bona et al. reported
on the use of a resistive strain gauge as a sensing element [54]. Manoor et al. tested a graphene-
based resistive sensing element on top of an interdigital capacitor [53], and a resistive ZnO element
has been proposed to measure oxygen in high temperatures [55].

A varactor is a voltage-dependent capacitor. Varactors can be used to convert a voltage measure-
ment to a capacitance measurement and thus enable voltage to be measured using inductively cou-
pled passive resonance sensors. In [56], a passive resonance sensor was used to measure an ECG,
and Horton et al. used a varactor to measure the voltage of pH electrodes [57].

2.5 Inductive coupling

The coupling between two electrical circuits can be described by their mutual inductance, M. The
geometry of the coils, the distance and orientation between them, and the magnetic properties of the
medium determine the mutual inductance. The mutual inductance between two coils cannot easily
be expressed with a single equation in a generalised form because of the multitude of possible coill
design options and the number of parameters required to define a 3-dimensional geometry. Thus,
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separate equations have to be used for specific situations. For example, if the primary coil is much
larger than the secondary coil, the mutual inductance for on-axis circular coils can be calculated by

M = [lNlNZ <7T(T1—Tz)2> , (4)

2(xz+r2)3/2
1

where N1 and Ny are the number of turns of the primary and secondary coils, respectively, x is the
distance between the coils, r; is the radius of the primary coil, r, is the radius of the secondary coil,
and p is the permeability [58]. Analytical calculations of the mutual inductance for coaxial rectangular
spiral coils have been presented in [59], and the effects of misalignment has been studied in [60].

The coupling between two coils can be described by the inductive coupling coefficient, k. The abso-
lute value of the coupling coefficient is between 0 and 1 and can be defined by using the mutual
inductance and the inductance values of the coils,

M

k=75 (5)

where L, is the inductance of the primary coil and L, is the inductance of the secondary coil [27]. The
coupling coefficient can be also approximated based on the distance and orientation between the
coils and their geometry [15], [58].

The effect of the secondary circuit (the resonance sensor) on the primary circuit (the reader coil) can
be modelled with an equivalent impedance in series with the reader coil [27]. The equivalent (or
coupled) impedance is calculated by the equation

_ (wMy?

X
Zs

(6)

where Zs is the series impedance of the secondary circuit and w = 2mf. In the case of an RLC circuit,
Zs is

. 1
ZS=RS+](1)LS+E- (7)

15



Inductively coupled resonance sensors have been modelled using this concept in [40], [56] and a
similar model has been tested in [26].

2.6 Readout devices

Inductively coupled sensors are monitored by measuring the properties of the reader coil using so-
called readout devices (see Fig. 1). Typically, this can be done by feeding excitation energy to the
coil and measuring the response. This response can be, for example, the voltage over the reader
coil. The responses are modified by the impedance of the reader coil and the reflected impedance
of the resonance sensor. The readout methods can be categorized based on the type and frequency
of the excitation signal. A readout device can operate using a single frequency. For example, this
can be done using an envelope detector and a sinusoidal excitation signal at the set frequency [56].
In addition, there are methods where the excitation signal is adjusted to the resonance frequency
using phase-locked detectors [56]. Neither of these readout schemes necessarily requires further
signal processing, because the analog outputs of the devices can be linked to the resonance fre-
guency of the sensor. These methods can also capture rapid changes in the frequency of the reso-
nance sensor. However, the effects of the changes in inductive coupling, or the effects of the Q-
factor, remain unknown in these methods. One problem with the envelope detector method is that
the excitation signal has to be in the right range in comparison with the resonance frequency of the
measured sensor. The frequency range in which a phase-locked system can lock on to the reso-
nance frequency of the sensor is also limited. There are also readout methods where the sensor is
first activated to resonate by using an excitation signal burst. Afterwards, a decaying response signal
can be detected [13], [61].

Readout methods are more often based on frequency sweeps. Collins used a device based on grid-
dip oscillators to measure inductively coupled passive resonance sensors [11]. In this method, the
energy absorption of an LC sensor was measured. The frequency of the excitation signal in this
system was adjustable and constantly altered within a certain range. This allowed the absorption to
be measured as a function of frequency [11]. Alternatively, instead of the continuous sweeps used
by Collins, the responses can be measured at fixed frequencies, which seems like a more intuitive
approach in modern systems that process digital data.

2.6.1 Commercial measurement devices

Inductively coupled passive resonance sensors are often measured using commercial impedance
analyzers [26], [28], [31], [32] or network analyzers [35], [38], [62]. These devices measure electrical
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parameters at set frequencies. The devices have large and adjustable frequency ranges and fast
measurement rate. The disadvantages of these devices are that they are bulky, expensive laboratory
devices and they are not designed to be used in a more demanding environment. The impedance
analyzers can use the I-V method [63], [64] to measure complex impedances. The basic concept
behind this method is to measure two complex quantities: the current passing through, and the volt-
age over, the unknown component. The excitation current is typically created by letting a voltage
force a current through a known impedance and tested circuitry. Then the voltage over the known
impedance can be determined, which allows the current that is fed to the tested circuit to be calcu-
lated. The unknown impedance of the tested circuitry can then be calculated using Ohm’s law. The
implementation of this measurement concept can vary and the actual measurement circuitries are
more complicated than suggested by the basic concept [64]. The impedance analyzer can also made
be made more compact [65]. In the network analyzer method, the unknown impedance can be cal-
culated from a reflection coefficient measurement that is based on measuring incident and reflected
signals [64]. Both measurement methods yield frequency sweep data, which means that a signal
processing stage is needed in order to estimate resonance characteristics, such as the resonance
frequency.

2.6.2 Custom-made readout devices

Commercial impedance and network analyzers are general measurement devices rather than dedi-
cated readout devices for inductively coupled sensors. Various dedicated readout set-ups and de-
vices have been tested. Coosemas et al. proposed readout electronic circuitry where a voltage-
controlled oscillator performed frequency sweeps, and the voltage across the external coil was mon-
itored [29]. They used an envelope detector to demodulate high frequency signals. The main benefit
of this approach is the simple and low-cost detector circuit. Pichorim et al. have presented a system
that is based on three simultaneous excitation signals at different frequencies [66]. This method
includes three coils for the readout and one coil in the sensor. Their method allows the calculation
of the resonance frequency and a quality factor. Nopper et al. proposed a readout method that con-
sists of an analog front end and a digital signal processing unit [67], [68]. The output signal of the
front end is proportional to the real part of the measured impedance. The frequency of the excitation
signal is continuously readjusted by the digital signal-processing unit. By using these modules, the
system was able to detect an estimate for the resonance frequency. In [69], Sardini et al. proposed
a custom-made device that measures both the real and imaginary parts of the admittance. Their
device included a direct digital synthesizer, three analog multipliers for down-mixing high frequency
input, a microcontroller and an analog-to-digital converter. Their data was processed in a PC and
they verified the operation of their device against a commercial impedance analyzer. There are also
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examples of portable custom-made readout devices. Voutilainen tested a hand-held device to meas-
ure humidity sensors in the field [47].

2.7 Signal processing

The form of the processed data

Signal processing is often needed to extract the resonance characteristics from the measured data.
The details of this procedure are dependent on the readout device and measured data. In the case
of impedance and network analyzers, the result of a single frequency sweep yields a vector contain-
ing quantity values at the preset frequencies. The measured quantities are the real or imaginary
parts of the impedance [26], [46], [57], [70] or the phase of the impedance [28], [32], [40]. The quan-
tity in the network analyzer measurements is typically the Si1; parameter [35], [38]. The S1; parameter
is one of the scattering parameters and describesthe input port voltage-reflection coefficient.

The presence of the resonance sensor near to the reader coil will alter the measured values and
causes a resonance curve to appear in the data. The shapes of these curves vary. The position of
the resonance curve in the frequency axis is mainly determined by the resonance frequency of the
sensor, but it can be slightly modified by other factors, such as the coupling coefficient. The width
and height of the resonance curve are affected by the losses in the sensor and the coupling coeffi-
cient.

Pre-processing

The reader coil will also affect the measured values. Since this effect mainly stays constant, the
baseline can be measured and removed before the actual feature extraction takes place [26], [28].
Removing the baseline of the reader coil will make the resonance curve stand out, which is more
amenable to further signal processing. This can be critical when the inductive coupling is very weak
and the resonance curve is hard to detect. If the measurand is considered to be constant during the
measurements, averaging the measured signals before they are processed any further reduces the
effects of random noise [28].

Extracted features

The features can be used to characterize the resonance curve. They can be used to estimate the
resonance frequency of the sensor, the losses, or the coupling coefficient. Because the measured
data and the resonance curves vary, there are many possible features that can be extracted. For
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example, the frequency of the maximum in the real part of the impedance has been estimated in
[26], [70]. In this thesis, the estimate for this frequency is referred as fmax. Another often-used feature
is the frequency of the minimum in the phase of the impedance [28], [32]. This feature is sometimes
referred to in the literature as the phase-dip method [67]. The estimate for this frequency is referred
as fp in this thesis. These features are believed to bear a strong correlation with the resonance fre-
guency of the sensor. The zero-reactance frequency [26] and resonant and anti-resonant frequen-
cies of the imaginary part of the impedance spectrum have been also used as features [70]. Moreo-
ver, Marioli et al. evaluated three resonance frequencies from the magnitude of the impedance [71].
In general, the commercial devices express the measured impedance either in Cartesian or polar
forms. The features have been evaluated from the measured curves as the frequencies of notable
shapes. Typically, a tested feature is either a local maximum (a peak) or a local minimum (a dip) in
the curve. In the case of network analyzer measurements, the detected form has been a dip in the
curve [35], [38]. As an alternative approach, parameter estimation can be used to find resonance
characteristics [31].

The width of the resonance curve can be linked with the losses in the resonance sensor, and espe-
cially with the losses in the resistance of the sensor circuit. The features used to correlate with the
losses are either the bandwidth of the resonance curve or the Q value [31]. In contrast, the height or
magnitude of the resonance curve correlates with the coupling coefficient. For example, the maxi-
mum of the real part of the impedance has been extracted [25].

2.8 Inductive coupling compensation methods

Any variation in the inductive coupling affects the shape and position of the measurable resonance
curves. Thus, it is natural to assume that inductive coupling also affects the resonance frequency
estimates. Typically, inductive coupling is subject to changes in the position, angle or alignment
between the reader and sensor coils. The most obvious effect is the variation of the height of the
resonance curve due to the changing inductive coupling. The significance of errors due to the
changes in inductive coupling depends on the measurement set-up. In some cases, the error is
assumed to be insignificant if the inductive coupling coefficient is estimated to be small [32]. The
problem caused by the changes in the inductive coupling was mentioned by Collins as long ago as
1967 [11]. There are a number of articles that discuss compensation methods for this [25], [71]-[73],
and it is clear that errors due to changes in the inductive coupling and the corresponding compen-
sation methods are topics that have to be addressed.
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The information about the height of the resonance curve can be used to compensate for the changes
in the resonance frequency estimate. For example, Potyrailo et al. used Principal Component Anal-
ysis (PCA) to diminish the effects of the inductive coupling on the measurement [25]. One of the
features used in PCA was the maximum of the real part of the impedance. The other features were
the frequencies identified from the real and imaginary parts of the impedance. The results showed
that one of the estimated principal components correlated well with the measured quantity and, in
addition, the changes in the positioning between the used coils did not have a significant effect on
this component [25]

Marioli et al. have proposed a compensation system where three noticeable frequencies are identi-
fied from the magnitude of the impedance [71]. They stated that two of the frequencies are depend-
ent on the sensor while one is dependent on the self-resonance frequency of the reader coil. They
were also able to derive a compensation parameter based on these three frequencies. The sensor’s
capacitance was then calculated using the compensation parameter, one of the identified frequen-
cies and the constants. This method was later applied to humidity measurements in which the dis-
tance was varied [72].
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3 Readout methods

This chapter presents the readout methods that were developed and tested to improve the feasibility
and accuracy of inductively coupled passive resonance sensors. These methods consist of the
readout device, feature extraction methods, and a method for compensating for the effects of
changes in the inductive coupling.

3.1 Custom-made readout device

The performance of a readout device can be the limiting component in any measuring chain and this
problem has hindered the use and applicability of inductively coupled passive resonance sensors in
the past. Although readout methods such as envelope detectors and phase-locked readout devices
enable fast measurements [56], [74], these devices can only operate within a rather narrow fre-
guency range without the need to adjust or retune the measurement system. This restricts the
choices in sensor design and requires low manufacturing tolerances. A narrow frequency range also
limits the dynamic range of the sensor. Impedance and network analyzers, on the other hand, have
wide and adjustable operating ranges. The major problems with these devices are that they are often
stationary and expensive laboratory devices and the measured target and the sensors have to be
brought to the readout device, rather than vice versa. This is obviously not possible for many appli-
cations. In addition, the memory and the data transfer methods of these devices often seriously
constrain the use of continuous high frequency sampling.

In order to counter the problems of the existing readout systems, a custom-made readout device
was designed specifically to promote the development of inductively coupled passive resonance
sensors. The original design objectives were its feasibility and sampling speed. In addition, the de-
vice would have to be easy to configure and optimize for a range of different sensors. The general
applicability of this measurement system will lead to more testing and more data, which in turn pro-
motes faster sensor prototyping and iteration. Secondly, the device should be portable to allow test-
ing in applications where bulky laboratory instruments are not a feasible option. Thus, our prototype
readout device was implemented using a simplified version of the method used in conventional im-
pedance analyzers. A schematic of our custom-made readout device is shown in Fig. 4a. The hard-
ware of the measurement system was implemented as a USB-device (Fig. 4b) that can be connected
to a laptop computer for post-processing. The electrical operation of the device is explained in detail
in [P1].
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FIGURE 4. a) A simplified schematic of the custom-made readout device. b) The first prototype of the
custom-made readout device.

This readout device takes measurements at preset frequencies, as does an impedance analyzer.
However, instead of a real impedance measurement where the complex current and voltage are
measured, this device merely measures the gain/magnitude ratio and phase difference of the voltage
against a reference channel with an AD8302 detector circuit (Analog Devices) [75]. This means that
our measured values differ from the values measured with a calibrated impedance analyzer. The
voltage is measured after a serial resistor, which is used to transmit the excitation signal to the reader
coil. The device allows fast frequency response measurements that can be used to estimate the
resonance frequency of the sensor. This is possible because accurate measurement of true imped-
ance is not always needed when the measurement is based on the change of the resonance fre-
guency of the sensor.

The software of the device was designed to allow the customization and optimization of the fre-
guency sweep parameters. These parameters have to be adjusted based on the tested sensor. In a
typical application, the measured quantity is linked to the sensor capacitance, whose variation de-
fines the required frequency range. It is important to ensure that the whole resonance curve is within
the measured range. For this reason, the software previews the measured data. The selection of the
frequency sweep parameters, such as the frequency range and the number of data points, is an
optimization problem. The measurement of each data point takes a set amount of time. Therefore,
a frequency sweep that has a minimum number of data points is optimal for fast measurements. On
the one hand, there has to be enough data points to estimate the features in the data. In contrast to
some commercial devices, the software provides a direct and fast interface to the measured raw
data.
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3.2 Signal processing

The data measured with the custom-made readout device consists of frequency sweeps. If there is
a sensor near the reader coil, a specific resonance curve can be found in the measured data (Fig.
5). The shapes of the measured curves vary depending on the measured quantity and the measure-
ment set-up. The measurement set-up comprehends the resonance sensor, the reader coil and its
parallel capacitances (such as a cable), and the inductive coupling between the coils. The reader
coil, its parallel capacitances and the used readout device affect the baseline of the measurement.
In this work, the tested applications were a wireless pressure measurement, monitoring the condition
of ceramic slurry during its production, and monitoring biodegradable polymers during hydrolysis.
The phase difference between two channels was measured in both the pressure garment and poly-
mer monitoring applications, while the voltage gain between the channels was measured in the slurry
fabrication application. Based on the operation principle of the AD8302 it was assumed that phase
data would give a better signal-to-noise ratio. Thus the measurement of phase curve was preferred,
however in suspension monitoring application the shape of the gain curve suited better for estimating
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FIGURE 5. a) Resonance curves of a pressure sensor measured using a large reader coil in [P1], b)
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in the polymer degradation measurement, and d) the resonance curves measured in the
slurry monitoring application [P4].
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the losses in the measured resonance sensor. Each application had specifically designed inductively
coupled sensors and specific measurement set-ups. Fig. 5a shows the resonance curves of the first
pressure sensor we developed measured from two distances using a large multi-turn coil. Figure 5b
illustrates the resonance curves that were measured from two distances using a small, single-turn
reader coil. The resonance curves measured in the polymer degradation experiment at the beginning
of the experiment and after one day are shown in the figure 5c, while Fig. 5d shows typical meas-
urement results (wide dips) acquired in the slurry monitoring application.

3.2.1 Feature extraction methods

The examples in Fig. 5 show that the measured response curves have different shapes depending
on the measurement set-up. Feature extraction methods were used to characterize these curves.
The idea behind this methodology is to compress the measured frequency sweep data into features
that give information about the resonance sensor or the inductive coupling. In an optimal situation,
each feature would only be dependent on one component in the measurement system, but this can-
not always be achieved. The signal processing methods should also be able to handle situations
where the size, shape or position of the resonance curves are significantly altered due to changes
in the measurement set-up.

The measured data contains distinguishable peaks and dips. The frequency of these shapes can be
extracted from the data as frequency-valued features. These features can be used as an estimate
for the resonance frequency of the sensor. However, the values of these features are not necessarily
the same as the resonance frequency of the sensor in free space (fo). Two other features were also
extracted. Inductive coupling affects the height of the resonance curves, so this was one feature to
extract. In addition, the losses in the sensor not only affect the height of the resonance curves, but
they also make them wider, so the widths of the resonance curves were also estimated in some
cases.

The feature extraction methods for the data measured with the custom-made readout device were
developed and tested in [P1], [P2], [P4] and [P5]. The details of the extraction process varied and
evolved over time, but the overall process flow for finding features remained broadly the same. The
generalized feature extraction algorithm consists of the following steps:

Remove the baseline.

Find the data point with a maximum or minimum value from the measured data.
Select data points around the detected maximum or minimum.

Fit a polynomial model to the selected data.

Evaluate the frequency of the maximum or minimum by using the polynomial model.
Evaluate the value of the maximum or minimum (optional).

Evaluate the width of the resonance curve by using the model (optional).

Noo~WNE
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The baseline was subtracted from the data to make the peak or dip stand out. An example figure
that illustrates this operation is given in [P4, Fig. 3]. Similar approaches have been taken in [26], [28].
Some examples of the resonance curves after this procedure are given in Fig. 6. A data point with a
maximum or minimum value was detected from the frequency sweep data. Next, the essential part
of the measured data around the found minimum or maximum was selected, and then a polynomial
regression model was fitted to that data. Third-order polynomial models were used to take into ac-
count the asymmetry of the measured shapes. This allowed an estimate for the frequency of the
shape (a peak or a dip) to be interpolated.

Only a section of the measured data vector was used to make the regression model because the
range of the measured frequency sweeps was relatively wide in comparison with the actual reso-
nance curve. The shapes of the measured curves are intricate, so simple models are only suitable
for a limited range in the neighborhood of the peaks or dips. The rules for selecting the modelled
data points were thus adjusted according to the measured data. In [P1], [P2], [P4] and [P5], the value
of the selected points was a certain percentage of the value of the maximum or minimum. In the
simulated data in [M1] and its verification measurements, 15 points around the found maximum or
minimum were selected to ensure that all the models had the same number of data points (the figures
6¢ and 6d). Another advantage of this method is that, since the model is based on a set of measured
samples, the extraction process of the resonance frequency estimate is less prone to noise from a
single measurement.

The regression model was also used to estimate the value of the local maximum or local minimum.
These estimates were used to calculate the height of the curve, which in turn were used for the
inductive coupling compensation. If the resonance curve had a detectable peak and dip, the height
was calculated by subtracting the value of the local minimum from the value of the local maximum;
otherwise an absolute value of the measured quantity at the frequency of the dip was used (Fig. 6d).
If the application required monitoring the losses in the resonance sensor, the width of the peak or
dip was estimated using the model. The difference between the frequencies, when the value of the
model was 70.7 % of the minimum (or maximum), was regarded as being the width. An example of
this procedure is given in [P4].

The tested features

The feature extraction methods were applied to the measured and simulated data. Examples of that
data and the extracted features are given in Fig. 6. The shapes of the measured resonance curves
were specific to each tested application because the acquired data depicts the characteristics of the
combined measurement set-up, rather than just the sensor. Thus, a set of features were tested to
characterize the curves measured with our readout device.
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In [P1], the most distinguishable shape in the measured phase data was a peak, so the frequency
of the maximum (fnu) of the peak was extracted (Fig. 6a). In the data measured in [P2] and [P5],
there was a dip in the phase data, so the frequency of the dip (fmd) was extracted. The feature fmnq
was also estimated from the simulated data that approximates the measurement set-up in [P2].
These curves are shown in Fig. 6b, 6e and 6d, respectively.

A secondary shape before the dominant shape (either a dip or a peak) was modelled in the com-
pression garment applications as seen in the figures 6a and 6b. In the simulated data shown in Fig.
6¢, the resonance curve has two detectable shapes: a dip and a peak, both of which were modelled.

To find out the height of the shapes, the values of the local maximum (O,) and local minimum (Oq)
in the phase curves were calculated using polynomial models. These values were used to calculate
the total height of the shape induced by the resonance sensor. This height (Om) was defined as the
difference between the local maximum and the local minimum values.
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FIGURE 6. The features used to characterize the measured or simulated resonance curves.
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The voltage gain measurement (Fig. 6f) was utilized in [P4] because the shape of the measured
curve was more suitable for defining its width using a polynomial model. In that case, the extracted
features were the frequency of the minimum (FG) and the width of the dip in the gain curve (BWG).
A similar approach was used in [P5], but there the features were extracted from the phase difference
curve. In this case, the feature BW, estimates the width of the dip in the phase curve (Fig. 6e).

3.2.2 Compensation for an unknown inductive coupling

The values of the features (fmu, fma and FG) are dependent on the resonance sensor, the measure-
ment circuitry and the inductive coupling. These features can be used to approximate the resonance
frequency of the sensor (fo). The difference between f, and a selected feature varies if the inductive
coupling is altered during the measurement. In practice, this means that changes in the reading
distance and the angle between the coils cause measurement errors. Changes in the inductive cou-
pling also affect the relative size of the measured resonance curves (the figures 5a and 5b). Thus,
the height of the resonance curve can be used to compensate for any changes in the inductive
coupling.

The compensation method was based on a tuning procedure where the dependency between the
features fmu Or fna and the feature ©n, were measured, while the inductive coupling was varied and
the measurand was kept constant. An example of the extracted data is given in Fig. 7. The relation
was approximated to be linear (fmd = p1Om+p2) but only within a limited range. The data points that
had a height (Om) within this range were used to create a linear regression model. The lower limit
was set in order to remove uncertain data points where the resonance curve was barely detectable.
The coefficient of this model (p1) can be used to compensate for the changes in the inductive cou-
pling in the actual measurements. The compensated resonance frequency estimate f. was calculated
for the feature fmg using

fc = fmd - p]_ Gm. (8)

A similar compensation process can be applied for the feature fn, and an example of this is given in
[P1].
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3.2.3 Testing of the compensation method

The compensation method was tested in [P2]. The tuning procedure was concluded using a reso-
nance circuit. The initial capacitor in this circuit was 22 pF. The tuning data was collected while the
distance between the coils was varied from 1 mm to 25 mm. This yielded a set of extracted features
(fma @and On). This data is shown in Fig. 7 (uppermost data set). Unfortunately, the dependency be-
tween these features is not totally linear within this range. Thus, only the data points having 6,,
between 3 to 25 degrees were used to create the linear model. Then, discrete 0.5 pF capacitors
ware added in parallel with the initial 22 pF capacitor to change the capacitance of the resonator
from 22 pF to 23.5 pF in steps of 0.5 pF. This mimics the changes of the measurand in the actual
sensors. The resonance circuit was measured in a similar way as was done in the tuning process
after each increment. Thus, the available data consist of four data sets. This data was used to cal-
culate values for the compensated resonance frequency estimates f.. The average of these values

fmd = p1@m + p2
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FIGURE 7. The test data of the inductive coupling compensation method. The features fng and On
were extracted from the data in which the inductive coupling was varied. This was done
with a resonance circuit whose capacitance was altered between the measurements.
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is shown in Fig. 7. In addition to the original tuning process, linear regression models were calculated
for each data set within the valid range. The slope of the regression models appears to increase as
the resonance frequency of the circuit decreases. This may limit the use of this compensation
method, especially in those cases where the resonance frequency of the sensor deviates signifi-
cantly from the initial frequency.

The performance of the compensation method was further studied by investigating the distribution
of the compensated resonance frequency estimates. The differences between each compensated
value fc and the best available estimate for the corresponding resonance frequency were studied in
two extreme cases. In this experiment, the values of p, of each data set were used as the best
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FIGURE 8. The histogram of the difference between each compensated value (f;) and the coefficient
p2 of the corresponding data set. a) Data set measured in the situation where the param-
eter used in the compensation method was defined and b) in the situation where the
resonance frequency of the sensor was altered from this point.
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available estimate for the resonance frequency. In the first case (Cs = 22pF), the data was measured
during the tuning procedure and consisted of 285 valid data points. In the second case, the capaci-
tance of the sensor was 23.5 pF, and the data had 263 valid points. In this latter case, the values of
fc were calculated by using p: from the first case. This imitates the situation where the tuning data
for the measurements is acquired by keeping the measurand constant and afterwards the acquired
p: is used to compensate for the changes in the inductive coupling. A histogram of the differences
in the first case is illustrated in Fig. 8a. The standard deviation of the f. was 3.4 kHz. The histogram
also shows the difference between the uncompensated feature fng and p», in order to demonstrate
the usefulness of the compensation method. The method clearly reduces the effect of the inductive
coupling on the extracted resonance frequency estimates. Fig. 8b shows a similar histogram for the
second case, in which the method still effectively reduces the effect of the inductive coupling. The
standard deviation of the f. was 3.7 kHz. In this case, however, the average of fc was 5.9 kHz higher
than the value that would have been achieved if the p; from the second case had been used in the
compensation. Thus, the compensation creates an error when the resonance frequency of the sen-
sor moves far away from the frequency where the tuning procedure was carried out.

3.3 Discussion on the readout methods

A custom-made device was developed to measure inductively coupled passive resonance sensors.
Although this approach has pros and cons in comparison with the more commonly used approaches,
which utilizes commercial impedance or network analyzers, our device already has the required
functionality to be used as an effective tool for monitoring the resonance characteristics of inductively
coupled passive resonance sensors. The usability and robustness of the device meant that the sen-
sors could be tested in applications where laboratory devices would have been impractical. In [P1]
and [P2], a hand-held readout device allowed measurements to be taken in an application where the
sensors were measured underneath clothing without using wiring or tubes. In [P4], the readout de-
vice was able to measure slurry fabrication in a dirty environment that would most definitely not have
been suitable for delicate RF-instruments. Unlike impedance analyzers, our custom-made readout
device does not measure the true complex impedance. Instead, it measures voltage gain and phase
difference. These quantities are modulated by the complex impedance of the reader coil and the
inductively coupled sensor. When the inductively coupled sensors were measured, the shapes of
the curves clearly differed from the impedance measurements [76]. In [P1] and [P2], it was not nec-
essary to take accurate measurements of the true complex impedance because the important infor-
mation was coupled with the change of the resonance frequency of the sensor, rather than with the
accuracy of the impedance readings. Our readout device is, of course, only one of many possible
approaches, but it can be optimized much further. For example, it has already proved itself in an
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application where fast sampling speed was needed [77]. If this measurement method can be devel-
oped further, or commercialized, then the opportunities offered by using such a simple readout de-
vice will be of immense importance.

The signal processing methods had to be developed to extract features from the data measured with
our readout device. This data includes frequency sweeps, i.e. vectors containing the measured val-
ues of voltage gain and phase difference between two channels at the set frequencies. The reso-
nance sensor will appear as a distinctive curve in the measured frequency responses, and the meas-
urand alters the shape and place of this curve. Since the frequency sweeps are done at discrete
frequencies, and each measurement takes time, estimates for the resonance frequencies were
achieved through interpolation and not by making more dense frequency sweeps. Polynomial mod-
els were used to estimate the frequency of the peaks and dips within a selected part of the measured
resonance curve. An alternative approach would have been to make parameter estimations, as Fon-
seca did for the impedance phase data in [31]. However, parameter estimation requires a good
model for the whole measurement set-up, in addition to which, the speed and success of the esti-
mation is highly dependent on the initial values. Because of the diversity of the measurement data
provided by our device, the decision to use polynomial models was judged to be faster and to require
far less a priori information about the system.

Selecting the modelled part of the curve is not straightforward. Indeed, it was not possible to use the
same procedure and the same limit values for all the tested cases. Although polynomial models are
not ideal for estimating the complex shapes of the resonance curves, they do have the virtues of
being simple and easily adjustable, which makes them a good compromise. The tested models
worked fine if they were used for interpolating the frequencies of the peaks or dips. The polynomial
models also allowed the heights of the resonance curves to be calculated. A drawback with the
polynomial models is that there is a tendency to underestimate the value of the measured quantity
at the maximum frequency, especially if the modelled part of the curve is too long.

A compensation method was created to mitigate the ambiguity in the measurements arising from the
unknown and varying inductive coupling. The method was tested in practice [P1] [P2], and it has
been shown that it significantly reduces the ambiguity caused by the varying inductive coupling. The
compensation method is based on the assumption that the relation between the height of the reso-
nance curve and the extracted frequency value is linear. Based on the measured data, it seems that
this approximation is only adequate within a limited range, although in practice, this range is wide
enough for many applications. Furthermore, the compensation method can be, and is being, im-
proved. For example, Deluthault et al. tested a modified version of the algorithm from [P1], and have
suggested alternative features to improve the compensation method [78].
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In conclusion, the readout methods presented here provide a tried and tested alternative method to
acquire and process data from inductively coupled passive resonance sensors. This method enables
processes to be monitored and measurements to be taken in completely new applications. The
measurement system is a collection of physical and software components, and the overall perfor-
mance of the system is, of course, dependent on their compatibility. It is not realistic to be able to
optimize all the components at once, so some compromises have had to be made. Nevertheless,
the present implementation is robust and straightforward, and the readout device and its signal pro-
cessing are very adaptable.
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4 Simulation of the readout methods

4.1 Motivation and goals

Modelling and simulations were used to study the various readout methods and to understand the
acquired measurement results. Hence, the operation of the inductively coupled passive resonance
sensors was modelled in [P3] and [M1]. The purpose of the modelling in this thesis was to study the
problems arising from the inductive coupling and the reader coil configuration. In addition, the model
was used to investigate how the sensor capacitance and resistance affected the measured reso-
nance curves and thus, the extracted features. The model allowed comparing different readout op-
tions in the same measurement set-up.

4.2 Lumped element model

A lumped element model (Fig. 9) was used to simulate the operating principle of the custom-made
readout device and impedance analyzers. This model assumes that the sensor can be modelled as
an RLC circuit and that the measurement is based on the I-V method, which is used in impedance
analyzers [63]. The inductive coupling was modelled using the equations given in [27]. The lumped
element model, and its application for the impedance measurements, are explained in more detall
in [M1]. In the literature, similar lumped element models and analytical formulas have been created
to understand the operating principle of inductively coupled resonance measurement systems [26],
[31], [74], [79], [80].
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FIGURE 9. The lumped element model used in simulations.

The aim of the tested model was to capture those characteristics of a measurement system that are
obvious when measured data is examined, such as the variations in the measured resonance curves
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due to changes in the inductive coupling. The model is used to generate frequency sweep data that
is similar to the data measured with actual measurement devices. The model does not take into
account many non-idealities that are present in the custom-made readout device, such as the inac-
curacy in the phase-shift circuitry or the parasitic components inside the device. Neither were the
geometry of the coil set-ups or, the true mutual inductance modeled. Instead, the coupling coefficient
was varied within a limited range. It was also assumed that the dimensions of the circuit are much
smaller than the wavelength of the electromagnetic interrogation signal used. This, and the increas-
ing significance of the parasitic components, decrease the performance of this model if the operation
frequency is increased.

Fig. 9 shows the simplified lumped element model for an inductively coupled passive resonance
sensor measurement. The reader coil and the sensor are inductively coupled. The resonance sensor
was modelled as a coupled impedance, X, in series with the reader coil, L;. The impedance X was
calculated with equation (6). This equation includes the mutual inductance, M, and the impedance
of the sensor, Zs. The mutual inductance was modelled using equation (5), and by assigning values
between 0 and 1 for the coupling coefficient, k. This simplification means that the model will not take
into account if all the k values are possible using real physical coils. The impedance of the sensor
was modelled with the inductance (Ls), capacitance (Cs) and resistance (Rs) using equation (7).

The model also contains an ideal voltage source (Vy). The resistance, (R:), models the impedance
of the component that is used to feed the current to the reader coil. The parasitic components of the
reader coil (C; and R;) were added in order to make model valid at high frequencies (HF and VHF
bands), which is where most inductively coupled sensors operate. Thus, the reader coil configuration
is defined with the components L;, C; and R,. The inductances of the coils were estimated with the
methods presented in [30]. The parallel capacitances of the reader coils were modelled based on
the measurement made with the physical coils. In the tested model, the series configuration of the
components Ry, L, and X are in parallel with the capacitor C,. This configuration turned out to be
important when modeling the effects of the inductive coupling. The magnitude and phase of voltage
Vm were solved at the selected frequencies to approximate the frequency sweeps of the custom-
made readout device.
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4.3 Simulations

The lumped element model allows simulating the operation of the readout devices. The emphasis of
simulations presented in this text was to study the operation principle of the custom-made readout
device. The effects of the inductive coupling, the reader coil configuration and the sensor circuit
parameters on the measured resonance curves and the extracted features was simulated. In [M1],
on the other hand, the simulations were used to compare the performance of several readout meth-
ods with each other. First, the effect of the reader coil configuration on the shape of the resonance
curves was studied and illustrated in situations where the inductive coupling coefficient was varied.
Next, the compensation method presented in [P1] and [P2] was investigated using simulated data.
Finally, the relations between the extracted features and the sensor capacitance and resistance were
studied.

4.3.1 Effects of the reader coil configurations

The reader coil has a significant effect on the measured resonance curves. This has been mentioned
in the literature [80] and the phenomenon can be noticed for example comparing the results meas-
ured in [P1] and [P2]. One of the most important factors for affecting the shape of the curves is the
self-resonance frequency of the reader coil (f.r) and its relation to the resonance frequency of the
sensor circuit (fo). This phenomenon was studied in [M1] and three of the simulated cases are pre-
sented here (Case 1, Case 4 and Case 5). In Case 1, the resonance frequency of the reader coil
(332 MHz) is much higher than the resonance frequency of the sensor (fo = 63.6 MHz). In Case 4,
the self-resonance frequency of the reader coil (87 MHz) is above the resonance frequency of the
sensor. In Case 5, the self-resonance frequency (39 MHz) is lower than the resonance frequency of
the sensor. The simulated magnitudes and phases of Vi, are shown in Fig. 10.

The general shape of the simulated magnitude curves was always a dip in the tested cases. In
contrast, the shape of the resonance curve in the phase data varied based on the reader coil con-
figuration. The phase data in Case 1 had a local minimum, or dip, (Fig. 10b). In Case 4, the phase
curve had a more complex shape (Fig. 10d). The shape of the curve in the phase data in Case 5
was a peak (Fig. 10f). The baseline of the simulated curves varied based on the reader coil config-
uration.
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FIGURE10. The simulated magnitude and phase of the complex voltage Vi in three cases where the
reader coil configuration was altered. In the first configuration, the self-resonance fre-
guency of the reader coil was much higher than the resonance frequency of the sensor.
Next, the self-resonance frequency of the reader coil was slightly higher than the reso-
nance frequency of the sensor. In the last tested configuration, the self-resonance fre-
guency of the reader coil is lower than the resonance frequency of the sensor.

4.3.2 Inductive coupling compensation

The inductive coupling compensation method was studied in [M1] by simulations. The resonance
curves were simulated in cases where the reader coil configuration and inductive coupling coefficient
were varied. The coil configurations are the same as those presented in Section 4.3.1. The compen-
sation method is based on finding the relation between the height of the resonance curve and the
frequency estimate. Here, the compensation method was applied to the data that approximates the
measurements of the custom-made reader device and to the data that simulates the measurement
of the real part of the impedance by using an impedance analyzer. The frequency estimates (fmd, fmu
and fmax) and the corresponding heights of the resonance curves were extracted from the data. The
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scatter plots of these features are given in Fig 11. The relation between the features was approxi-
mated using linear regression. In the case of the features fmqd, Or fmy, the relation between the fre-
guency estimates and the heights of the resonance curves is clearly non-linear. Therefore, only the
data where the inductive coupling coefficient was from 0.02 to 0.14 was used in the regression mod-
elling. The linear models are also shown in the figures. The first order coefficients of these models
(p1) were used in the compensation method (equation 8). The differences between the compensated
frequency estimates and fo are given in the figures 11c and 11d. The compensation significantly
improved the resonance estimates based on fmax compared with the uncompensated estimates [M1].
However, the compensation of the features fng, or fmy only works well when the inductive coupling
coefficient is small. In addition, there is always a small difference between f, and the compensated
estimates in all the tested cases.
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FIGURE 11. The compensation was tested in three cases where the coil configuration and inductive
coupling were varied. a) The scatter plot between fnax and the real part of impedance at the
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difference between compensated fmax and fo as a function of the coupling coefficient k. d) The
difference between the compensated resonance estimates and fp as a function of k.

37



4.3.3 Relation between the extracted features and the sensor parameters

The effects of the sensor capacitance and resistance on the resonance curves and the extracted
features were studied in a situation where the reader coil configuration (Case 4) approximated the
set-up used in [P4]. In that case, the environment around the sensor influenced both the capacitance
(Cs), and the resistance (Rs). Afterwards, the features FG and BWG were extracted from the meas-
ured data. In the physical measurement set-up, there was no sure-fire way to test the method by
altering only one parameter at a time, so here the effects of the Rs or Cs on the extracted features

are studied with simulations.
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The figures 12a and 12b show the simulated magnitudes of Vi, when the capacitance Cs was altered
from 22 pF to 24.2 pF, or the resistance, Rs, was changed from 1 Q to 3 Q. The changes in Cs altered
the resonance estimate FG in a fairly linear way in the tested range (Fig. 12c). The effects of the
changes in Rs on the width of the resonance curve (BWG) are shown in Fig. 12d. In addition, two
extracted features (FG and BWG) are illustrated in scatter plots, where each parameter was altered
separately (Figures 12e and 12f). The changes in Cs do not have a significant effect on the feature
BWG, but the Rs does. However, the increments in the Rs slightly affected the feature FG (a 55 kHz
increase was noted within the tested range [1 Q to 3 Q]).

4.4 Discussion on the simulations

The simulations indicated that the reader coil configuration affects the shape of the resonance curves
in the phase data. The simulated and measured resonance curves can be compared in order to
analyse the reliability of the simulations. The shapes of the simulated resonance curves in Case 1
resembled the measured phase data shown in Fig 5b. In both cases, the resonance frequency of
the reader coil was much higher than the resonance frequency of the sensor and the shape of the
resonance curve was a dip. In contrast, the shape of the simulated phase curve in Case 5 is similar
to the data measured shown in Fig. 5a where the resonance frequency of the reader coil was smaller
than the resonance frequency of the sensor and the shape of the resonance curve was a peak. The
magnitude data simulated in Case 4 was similar to the data measured in [P4]. The simulated curves
differ from the measured ones because the modelled configurations are not identical with the con-
figurations used in the measurements. In these cases, the similarity was only in the relation between
fr and fo. The simplified lumped element model does not fully represent the complexity of physical
devices. For example, the baselines of the modelled and measured resonance curves are not the
same. The operation of an impedance analyzer was modelled and simulated in [P3] and [M1]. The
simulation results were in agreement with the measured verification data. The comparison between
the simulated and measured data indicates that the tested model is adequate to predict the shapes
of the resonance curves when the reader coil configuration is varied.

The reader coil configuration and the inductive coupling coefficient affect the resonance curves and
the accuracy of the resonance estimates, so this was obviously a topic to be studied with the simu-
lations. In the literature, there are two popular readout methods for estimating the resonance fre-
guency. The first method is based on estimating the frequency of the maximum in the real part of
the impedance (fmax), While in the second method, the frequency of the phase-dip in the impedance
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curve (fy) is estimated. The performance of these two methods, and the methods developed in this
thesis have been simulated and discussed in detail in [M1]. Based on the simulated data, the accu-
racy of the estimate fmax Was most accurate when the reader coil had the highest self-resonance
frequency. In contrast, the accuracy of the phase-dip method was best in the situation (Case 4)
where the self-resonance frequency of the reader coil was not as high as possible. The same obser-
vation was made in [P3]. The resonance estimates developed in this work (fmd, fmu @and FG) gave
acceptable results when the coupling coefficient was small, but their performance became less reli-
able as the coupling coefficient increased. Moreover, these features had slight differences with fo,
even when the coupling was weak.

The inductive coupling compensation method was tested using the simulations explained in Section
4.3.2 and in [M1]. The simulated and the measured features can be compared when the coupling
coefficient in the simulation and the measurement distance in the test situation are altered. The
behavior of the simulated features (fnd and Or) in Case 1 is very similar to the measured data in Fig.
7. In the simulations, the compensation kept the error in the resonance estimate f. low when the
inductive coupling was small (Fig. 11d). However, this effect weakened as the coupling coefficient
increased. This is because the relation between f,, and On, is non-linear on a larger scale. In addition,
the compensation method was also applied to the resonance estimate fnax. The relation between the
frequency estimate (fnax) and the height of the resonance curve was largely linear, and the compen-
sation yielded very good results.

The features FG and BWG were used to monitor the material around the resonance sensor in [P4],
so two features were studied with the simulations. Two parameters, Cs and Rs, were altered sepa-
rately and a scatter plot of the extracted features was drawn up. In these simulations, the FG was
mainly dependent on the Cs while the BWG was mainly dependent on the Rs. According to the data
in Fig. 12, the relation between Cs and FG and the relation between Rs and BWG was almost linear.
Thus, the features FG and BWG are good candidates for monitoring the changes in the equivalent
capacitance and the equivalent resistance of the sensor in the tested situation. This helps in devel-
oping the methods tested in [P4] because Rs and Cs can be linked to the physical parameters of the
environment near the sensor, especially if the methods presented in [26], [33], [44] are used.

The simulation methods developed in this work have greatly increased our understanding of this
measurement system. The examples presented here indicate that our simulation methods are well
able to predict the actual measurement data. Furthermore, the model can be used to simulate the
outputs of several readout methods in the same measurement configuration with an acceptable de-
gree of accuracy, which allows the readout methods to be compared and optimized.
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5 Application tests

The readout methods developed here were tested in practical applications that could well benefit
from the advantages of measurements based on passive resonance sensors. This chapter describes
and discusses the background to the applications, the tested sensors and the results of the experi-
ments. The applications can be divided into two categories: pressure sensing and material monitor-
ing. In the first application, the pressure under compression garments was measured in [P1] and
[P2]. The second tested case was the monitoring of the manufacturing process of ceramic slurry.
The material was monitored using a sensor installed in the process container [P4]. In the third appli-
cation, the hydrolysis of a biodegradable material was monitored wirelessly in a buffer solution. In
this experiment, simple sensors were encased in the biodegradable materials. These sensors were
monitored from outside closed containers as the materials underwent hydrolysis [P5]. Each applica-
tion had different requirements, which had an effect on the design of the measurement methods.
These applications are also interesting measurement problems, per se.

The tested sensors and their operation principles are shortly explained in this chapter. In the com-
pression garment application, the variable capacitors were used to convert the measured pressure
into the change of the resonance frequency. This approach is often used in the inductively coupled
resonance sensors. However, the electrical fields of inductively coupled passive resonance sensors
are not fully confined inside the sensor or its casing, and therefore they interact with their environ-
ment. For example, the parasitic capacitances between the coil loops reach beyond their thin sensor
casings. The detailed shapes of these parasitic electrical fields are often complicate. A casing or an
electrically isolating barrier around the sensor is needed to prevent short-circuits and to diminish the
dielectric losses due to the nearby media. The dielectric losses alone can be significant if a large
part of the electric field interacts with a conductive material around the sensor, such as a saline
solution. Therefore, the interaction between the electric fields and the environment is typically re-
garded as a source of error. On the other hand, a simple RLC circuit can be used to monitor the
environment. This idea was utilized in the material monitoring applications in [P4] and [P5].

5.1 Pressure sensors for compression garments

5.1.1 Introduction to the compression garment application

Compression garments are items of clothing that are supposed to induce a set pressure on the skin.
These garments are used, for example, to enhance the healing process of burns and to reduce
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swelling in legs [81]. In addition, there are studies to find out if compression garments can be utilized
to enhance physical performance [82], balance [83] or recovery after exercise [84]. Although the
causes and mechanisms behind the observed effects of these garments are not fully understood, it
is clear that the correct pressure is critical for the success of the treatment. While too low a pressure
has relatively little effect, too high a pressure may constrict blood circulation and thus cause damage
to the tissue. The pressure levels required for compression garments can be very precise, and they
vary depending on the standard used [85]. For example, a German RAL standard has four pressure
classes ranging from 18 mmHg to 49 and higher [86].

The generated pressure originates from the elasticity of the garment when it is put on. The elasticity
and pressure can vary because of the garment’s deterioration over time, in addition to which, the
shape of the skin and the firmness of the tissue can also play their part. Thus, with such treatments,
there is a need to ensure that the correct pressure is always being applied by taking measurements
at set points underneath the garment. The pressure can be measured, for example, with commercial
pneumatic systems [87]. However, the tubing required for this is difficult to fit under tight clothing, so
this measurement method is not only cumbersome, but sometimes it is simply not feasible. A wired
capacitive [88] and a piezoresistive [89] sensor have been also tested for this application. In [90] a
wearable device was tested for measuring dynamic pressures during running. The aim of the re-
search in this work is to find out whether inductively coupled passive resonance sensors can be used
to verify the pressure under these kinds of compression garments, and if so, how accurate would
this measurement be.

The two great advantages of inductively coupled passive resonance sensors are that they allow
measurements to be taken wirelessly, and with a very simple sensor. Both of these advantages were
utilized in the compression garments application. The pressure sensor had to be placed underneath
the compression garment, and thus a short-range wireless readout is an ideal solution. In addition,
the simple and potentially cheap construction of the sensor could lead to disposable sensors, which
would be a great advantage in terms of the hygiene requirements of medical devices. The skin under
the compression garment may have sores and wounds, so the same sensor cannot be used for two
patients without proper sterilization. Since the sensors may have to be placed all over the body, a
feasible hand-held readout device is needed to access the sensors. In this application, the coupling
between the reader and the sensor is unknown and can vary, so a means to compensate for the
coupling-related errors had to be developed.
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5.1.2 The tested pressure sensors

Two different sensor structures were tested for monitoring the pressure under compression garments
(Fig. 13). They are both based on RLC circuits, and the sensing property is achieved using pressure-
dependent capacitors. A printed circuit board (PCB) is used as a base for the electrical components
and the variable capacitors (Fig. 14). The bending element of the capacitors was an elastic Polydi-
methylsiloxane (PDMS) membrane which deforms under pressure. PDMS, which is of course an
electrical insulator, was used because it is biocompatible, in addition to which it is easy to mould into
the required shape.

(@)

FIGURE 13.Two version of the tested pressure sensors. Both versions have a flexible PDMS-struc-
ture and rigid supporting PCB. These layers form a pressure sensitive capacitor.
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FIGURE 14. a) A schematic drawing of the cross-section of the first design. b) A schematic drawing of
the cross-section of the second design.

Both designs had electrically conductive surfaces attached to the deforming structures, which acted
as the movable electrodes of the variable capacitors. The structures also had bulk capacitors in
parallel with the variable capacitors to adjust the resonance frequencies. An equivalent electrical
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circuitry of the first design is presented in [P1]. The static electrodes of the variable capacitors were
fabricated on the PCB, and both the sensors had a hole in the PCB that allowed air to escape as the
PDMS membrane was deformed.

The structure of the first pressure sensor is shown in Fig. 14a. The aim of this design was to keep
the sensor as small and thin as possible; in this case the sensor was 34 mm ~ 26 mm ~ 2.2 mm. To
avoid errors arising from the electrical conductivity of the skin or sweat, the metallic parts of the
sensor were kept as far away from the skin as possible. In the first prototype, the cavity (diameter
12 mm, height 0.9 mm) that allowed the deformation of the PDMS structure was drilled into the PCB,
(Fig. 14a). The second version of the sensor (17 mm ~ 17 mm ~ 3 mm) was designed to be even
smaller and more easily fabricated than the first prototype, so it did not have a drilled cavity (Fig.
14b).

5.1.3 Results of the pressure measurements

The basic idea was to measure the relation between the input pressure and the corresponding fre-
qguency shift. In the test set-up, a known air pressure was directed onto the PDMS-structure using a
rubber film, which modelled the contact with the skin. The air pressure was measured with a Beamex
PC105 pressure calibrator. Examples of the measured pressure responses are shown in Fig. 15.
More examples of the pressure responses measured with the second design are given in [91] and
[P2].

y

~ : : :
c 0 o x
= e X@x g
= -0.25 | XQ,,
= R
& 05 X
%) o} Design 1 x
S -0.75 X  Design 2 X
X
) 11 |
g - X
-

0 10 20 30 40 50
Pressure (mmHg)

FIGURE 15. Examples of the pressure responses measured with two tested designs.

The first pressure sensor prototype had a sensitivity of -10.7 kHz/mmHg, which had been deter-
mined by linear regression [P1]. Because the depth of the cavity in the PCB limited the movement
of the membrane, the operation of this sensor was limited to a pressure range of 0 to 30 mmHg. The
second prototype had a wider measuring range from 0 mmHg to 50 mmHg. The drawback of the
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second design was a non-linear pressure response, which meant that an ANFIS model [92] had to
be used to convert the measured frequency shifts into pressure values. The drawback with this
method in this application is that the uncertainty in the measurements increased along with any
increase in the pressure [91].

In the compression garment application, the inductive coupling between the reader coil and the sen-
sor coil is unknown. When the sensors are measured with the hand-held readout device, the coupling
changes along with any change in the distance, angle or alignment between the coils. However, as
these changes will, in turn, cause an error in the estimated resonance frequency, a compensation
method was used. The usefulness of this method is illustrated in Fig.16. In this test, the readings of
the first prototype were measured when the distance of the reader coil from the sensor was changed.
The tested garment was designed to create a pressure of over 20 mmHg on the skin. It is clear from
the results that the compensation method was able to reduce the error. Based on the data in Fig. 16,
without compensation the maximum estimation error would have been roughly 50 mmHg. However,
the compensation method only worked well within a limited range. The linear approximation used in
the method limits its accuracy in the short measurement ranges. The upper range limit is due to the
uncertainty in the extraction of the resonance features from the noisy data when the measurement
distance is long. For the first prototype, the valid measurement range was roughly from 1 cm to 4
cm, while for the second prototype, it was from 6 mm to 16 mm.
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FIGURE 16. The compensated and uncompensated pressure readings measured underneath a com-
pression garment using a resonance sensor and hand-held readout device.
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5.1.4 Discussion of the compression garment measurements

Inductively coupled passive resonance sensors were tested in a compression garment application,
and it was shown that this short-range wireless readout method could well be better than pressure
sensing methods based on air pouches and tubing or wired connection, for a variety of reasons. The
tested prototypes had an adequate sensitivity for the application, and although the pressure range
of the first design was too narrow, the second design covered the typical pressure range required
for compression garments. Thus, the tests show that our pressure sensors do exhibit the required
sensitivities and pressure ranges for this kind of application.

There are many ways in which these sensors can be developed further. The mechanical structure
of the sensors could be improved in many ways to make them more reliable and easier to mass-
produce. The response of the sensor could be made more linear, which would make calibration and
error analysis more straightforward. Sensors based on the second design have been studied in [85],
[91]. The variation in the pressure responses between the handmade sensors is still problematic and
has to be taken into consideration. Because the shape of any sensor disturbs the operation of the
compression garments and thus causes measurement errors, the thinner and smoother the shape
of the sensor, the fewer the errors. However, this topic has not been studied in more detail due to
the lack of a reliable reference method. If a reliable, high-resolution reference method could be de-
veloped, then the sensors could be better tested in realistic measurement situations.

In this application, the inductive coupling is unknown, and may vary when the hand-held readout
device is used to measure the sensors. In addition, the coil design affects the measurement range,
and also the size of the errors caused by the varying inductive coupling. Therefore, compromises
have to be made between the measurement distance and the size of the sensor coil. While in the
first set-up [P1] neither the reader and sensor coil pair, nor the required cables were optimized to
minimize the error caused by the inductive coupling, in the second set-up [P2] a smaller reader coill
with a higher self-resonance frequency was used. The inductive coupling still had an effect on the
resonance frequency estimates. From this, it seems likely that the combination of both an optimized
coil design and a compensation method is needed to reduce the effects of the varying inductive
coupling. It must be noted, though, that the measurement distances were longer in the first tested
case because larger-diameter coils were used.

The main goal of the measurements was to verify that the compression garment works properly
when actually being worn by someone. When the person was stationary, this could be achieved with
our hand-held readout device, at least from a distance of a few centimeters. However, there are
other issues, such as that capacitive sensing is affected by changes in the sensor’'s immediate en-
vironment. Moisture, for example, can cause significant errors [P2], as can the proximity of skin.

46



Therefore, in this study the effect of the skin’s proximity to the sensor was measured and removed
after the sensors had been attached to the skin, as part of the tuning procedure [P1].

Although the tested method has some challenges, such as the size and shape of the sensors and
possible problems with moisture, once it has been further developed, the inductively coupled pres-
sure sensors could provide a competitive (and much more feasible) alternative to sensors that re-
quire pneumatic tubing or electrical cables.
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5.2 Monitoring of particle suspensions

5.2.1 Introduction to suspension monitoring

The continuous monitoring of the quality of suspensions is critical for many current manufacturing
processes, including the production of technical ceramics. A ceramic suspension is a combination
of particles, water and additives, and there are no existing methods which can adequately fulfill the
need for the continuous monitoring of such substances [93]. The typical measurement methods used
in this field are rheological measurement [94], centrifugal sedimentation tests [95], and patrticle size
and zeta potential analysis [96]. The main problem with these methods when they are used in indus-
trial applications is the constant need to take samples for laboratory analysis.

An RLC circuit sensor was tested to monitor colloidal suspensions. The tested suspension was alu-
minum oxide slurry. The composition of a suspension not only has an effect on the resonance fre-
guency of the circuit, but it also affects the losses in the sensor. The tested suspensions contained
ions and other components that interact with an electrical field. This causes losses, which were taken
into account when designing the signal processing for the measurement system. Some problems
can be reduced by the design and encasing of the sensor set-up. For example, the sensor has to be
waterproof in order for it to work in a liquid suspension. In addition, these industrial suspensions are
often continuously stirred to keep them homogenous, which is also problematic for many measure-
ment probes. However, the short-range wireless link makes it possible to embed the sensor inside
the process container while still being able to take continuous measurements as the suspension is
being mixed, which is a distinct advantage for this kind of application. Taking samples and transport-
ing them elsewhere for laboratory tests is not a valid option. It is not only labour-intensive, but the
guality of the samples deteriorates over time if they are not continuously stirred.

The processing environment of a slurry is very demanding. It is not only full of dust and dirt, but there
are strong vibrations and high temperatures which are very problematic for sensitive measurement
devices. Such an environment places demands on the readout electronics, which must be tolerant
of these demanding conditions. Most impedance analyzers are laboratory devices, and they are not
designed to be used in such harsh environments. Therefore, the aims of this study were to design
and test a sensor configuration and readout method that can tolerate the environments of suspension
and slurry manufacturing processes, and to find out whether the data this measurement method
produces can provide useful information that can be utilised to analyze or control such processes.
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5.2.2 The methods for suspension monitoring

A system based on inductively coupled passive resonance sensors was built to enable the monitor-
ing of a suspension during a simple, laboratory-scale, aluminium-oxide slurry fabrication process.
The resonance sensor was embedded at the bottom of a glass container in which the slurry was
processed and stirred continuously. The sensor was measured using the custom-made readout de-
vice and placing the reader coil under the container. The folded structure of the sensor is thin, dura-
ble and it was ensconced at the bottom of the container under a layer of epoxy resin. A diagram of
a cross-section of the sensor set-up and a picture of the embedded sensor are shown in Fig. 17.
The thickness of the epoxy layer is used to control the sensitivity of the sensor and can thus limit the
effect of the losses due to the conductivity of the slurry. Without the epoxy layer, the excessive losses
would dissipate the resonance curve to an undetectable level. Two features were extracted from the
measured data: the frequency (FG) and width (BWG) of the dip in the gain curve (Fig. 6f). These
features were selected because they can both be extracted from the same measured curve. The
changes of FG were linked to the changes in the real part of the relative permittivity of the measured
medium. The changes in the BWG were linked to the changes in the imaginary part of the relative
permittivity, and to the changes of other losses in the system.

The tested slurry contained three components: water, aluminium oxide particles and a dispersing
agent. The components were added incrementally, and mixed into the suspension. In the first part
of the process, the dispersing agent was added to water. Then, aluminium oxide was mixed into the
suspension in small batches. The response curves were measured after each increment, once the
added material had been fully mixed. The same process was repeated, and before the actual meas-
urements were taken, a sample of isopropanol was measured to check if the response of the moni-
toring system to a known liquid remained consistent. A more detailed description of the slurry fabri-
cation, measurement set-up, signal processing, and more results, can be found in [P4].

(a) BET i (b)

FIGURE 17. a) A diagram of the cross-section of the folded sensor structure. b) A picture of the sensor
embedded in epoxy at the bottom of a container.
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5.2.3 Results of the slurry monitoring test

The estimate for the resonance frequency FG was found to be a good indicator for the added dis-
persing agent and aluminium particles because of the nearly linear responses (Fig. 18). It should be
noted that the aluminium oxide alone is not soluble in water and cannot be mixed in water in large
guantities without a dispersing agent. Thus, the measured response is characteristic of this suspen-
sion, but not of a pure mix of aluminium oxide and water. Each added increment of the dispersing
agent decreases the FG and each increment of aluminium oxide increases the FG. When measuring
the shift due to the dispersing agent, the initial values for FG in water were 76.78 MHz and 76.76
MHz for series 1 and series 2, respectively. When measuring the aluminium oxide, the shift was
calculated by comparing the FGs with the point at which all the dispersing agent had been added to
the water. The values of FG at these points were 76.22 MHz and 76.16 MHz for series 1 and series
2, respectively.
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FIGURE 18. a) The resonance frequency estimate FG decreases as dispersing agent is added. b) The
feature FG increases as the aluminium oxide is added to the suspension.
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The state of a complex suspension cannot be adequately explained with one single feature, so a
more complex analysis was needed. A scatter plot was made using the features FG and BWG, as
shown in Fig. 19. These features were calculated from the same two experiments discussed above.
The data points in the scatter plot illustrate the state of the two monitored fabrication processes. The
results are similar, although not exactly the same. The actual process was started by pouring deion-
ized water into the container. Next, the diluted dispersing agent was added to the solution. Each
increment is clearly detectable. Once all the dispersing agent had been mixed into the solution, the
aluminum oxide was added in small increments in order to create the suspension. There was a
distinct difference between the two series of measurements, especially when the aluminum oxide
was added.
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FIGURE 19. A scatter plot of the extracted features was made to illustrate the two monitored alumin-
ium oxide fabrication processes. The data points illustrate the states of the processes
where a portion of either dispersing agent or aluminium oxide was added and mixed into
the suspension. The isopropanol was measured as a reference before each process.
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5.2.4 Discussion of the suspension monitoring

There are a number of manufacturing processes which could benefit from continuous measurements
and monitoring, but it is a challenge to develop and introduce reliable and easy-to-use measurement
systems for industrial applications. The monitoring method presented here is simple and robust, and
thus has great potential as an on-line monitoring system. The extracted features can be linked to the
constituents of the suspension, and the results showed that the different states of the suspension
manufacturing processes tested here can be monitored.

There was a discernible difference between the two tested processes. The most likely reasons for
this are the dosage of the added ingredients and the mixing process of the aluminum oxide, as the
reference measurement with isopropanol only showed a very slight difference. At this stage of its
development, the repeatability of the measurement system and the discernible differences in the
measurement results when the suspension was altered can be regarded as a good starting point. It
seems more than likely that this method can be used to detect differences in similar sequential fab-
rication processes. This would mean that problematic intermediate steps in the process can be mon-
itored and, hopefully, corrected before they alter the final product, when it is too late to react.

Obviously, the two features extracted in these experiments cannot completely capture the chemical
and physical complexity of any suspension. The links between these features and the state of the
suspensions in the process need further study. This would entail linking the chemistry and the phys-
ical phenomena in the suspension to its permittivity. In theory, the state of the suspension could even
be expressed as a change of the components in the RLC resonator model. However, this link in the
measuring chain would have to be specific to each type of suspension, and to one sensor structure.
It is clear that modelling the link between the suspension and RLC circuit is important, but this is a
complex task which is beyond the scope of this research.

Another problem is that the measurement method presented here is sensitive to the temperature,
and is thus much better suited to processes which use a regulated temperature. In addition, any
unknown impurities in the solution, like salts, will also affect the state of the suspension and thus
make the analysis more complex. Each suspension process will have its own individual effect on the
extracted features, so the method has to be verified separately for each process.
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5.3 Monitoring of biodegradable polymers in vitro

5.3.1 Introduction to the monitoring of biodegradable polymers

Small yet robust inductively coupled passive resonance sensors were tested to monitor the proper-
ties of biodegradable materials. The sensors can be embedded directly into the materials under test,
and wireless measurements can be taken from a distance of a few centimeters. Thus, the material
can be placed in a sealed container where its environment can be controlled. The biodegradable
materials studied here are used as orthopedic implants and scaffolds in tissue engineering. One of
the challenges of working with these materials is that their degradation rate can vary according to
their environment [97], yet such biodegradable materials have to maintain their properties for a pre-
determined time. Thus, medical biodegradable materials are extensively tested in vitro before they
are put to their intended use. In an ideal world, the implants would be monitored in vivo, since the
degradation process may differ from person to person [97], but this is rarely practical. The in vitro
testing of biodegradable materials is typically done by taking samples at set intervals and analyzing
them later in a laboratory. Typical testing methods include mechanical testing and weighing dried
samples to measure their water absorption. In addition, measurements of viscosity and differential
scanning calorimetry are also used to characterize biodegradable polymers in hydrolysis. Most of
these methods either consume or alter the tested sample, so the monitoring cannot be continuous
[98]. In this research, one of the goals was to see whether biodegradable polymers can be monitored
using inductively coupled passive resonance sensors, and to find out whether these measurements
match up to the results from existing methods.

5.3.2 Methods for monitoring polymers during hydrolysis

The wireless monitoring set-up that was used to test biodegradable polymers is shown in Fig. 20a.
This set-up was based on the initial experiments presented in [99]. The resonance sensor circuits
were made using a 4-layer printed circuit board process. Hence, the sensors do not have any exter-
nal components or soldered joints, as seen in Fig. 20d. This approach was taken in order to enable
the sensor to withstand the encapsulation process. Interdigital capacitors were used to monitor the
polymer as seen in the figures 20c and 20d.

The resonance circuits were embedded in the polymers (Fig. 20b). The encapsulation process is
described in [100]. The tested polymers were Poly(L-lactide-co-glycolide) (PLGA 80/20) and poly-
DL-lactide-co-glycolide) (PDLGA 85/15). These polymers are similar chemically, but have different
degradation rates. Next, the samples were placed in a Sérensen buffer solution kept at 37 °C. The
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resonance circuits were measured using a reader coil placed under the container. The custom-made
readout device was used to measure the reader coil and the embedded resonance circuit.
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FIGURE 20. a) The measurement set-up. b) The sensor embedded in in the tested polymer. c) A sche-
matic of the sensor circuit. d) The drawing of the cross-section of the embedded sensor.

5.3.3 Results of the polymer degradation tests

Five samples for each tested material (PLGA 80/20 and PDLGA 85/15) and the reference series for
conventional measurements were prepared. According to the reference test results, PLGA 80/20
degraded only slightly within 60 days, whereas over the same period, the PDLGA 85/15 decayed to
such a degree that it lost its mechanical properties. The results of the reference measurement meth-
ods can be found in [P5] and in more detail in [100]. The change of the estimated frequency of the
minimum in the measured phase curve fnq is shown in Fig. 21a. The changes were calculated by
comparing the extracted features with the situation just after immersion in a buffer solution. Both
materials had rather monotonic signals after a short drop during the first days in hydrolysis. The
feature fmg Of the circuits in PDLGA started to decrease significantly after approximately six weeks.
The change in the estimated width of the measured phase curve BW; is illustrated in Fig. 21b. Here,
the signal from PDLGA 85/15 is not monotonic but has three different phases. Interestingly, the
changes in BW, did not occur simultaneously with the changes of the fya.

Although the shape of the circuit eased the encapsulation process, a significant increase in the fea-
ture BW, between adjacent data points indicated that four of the encapsulations (two samples of
each material) had failed, at least partially, during the encapsulation. This phenomenon was more
easily detectable from the samples in PLGA 80/20. Despite the partial failure, the measurement
signals from the circuits were still detectable in many cases, although they cannot be fully relied
upon to represent the degradation of the tested material. The compromised signals are represented
by the light gray color in Fig. 21.
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FIGURE 21. a) The estimated frequency of the minimum in the measured phase curve (fmg) indicates
the initial water absorption and possibly the degradation process of PDLGA after 6 weeks
in hydrolysis. b) The estimated width of the measured phase curve (BWp) of PLDGA sam-
ples had multiphase behavior. The samples in PDGA had monotonic responses with this
timescale.

5.3.4 Discussion on polymer degradation monitoring

A novel method for monitoring biodegradable polymers in vitro was tested. The method yields two
features (fna and BW)) that change as the hydrolysis proceeds. The shifts of these features are
typical for each tested polymer. The hydrolysis series indicated that the method may provide data
that cannot be easily captured by conventional measurement methods, which are typically based on
sampling. Our method was generally able to distinguish the changes that occurred within a day,

which shows as a steady drift in the measured signals. Conventional monitoring methods yield much
sparser data.

Based on the reference measurements [100], the PLGA 80/20 material did not degrade significantly
during hydrolysis within 60 days. There was only a slight decline in the measured viscosity [P5], and
although the inductively measured signals showed a detectable drift, there were no major changes
(Fig. 21). In contrast, the signals from the PDLGA 85/15 samples had significant changes, in addition
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to which, neither of the two signals (fna and BW,) changed at the same time. The data in Fig. 21b
indicates that the hydrolysis of PLGA 85/15 has several phases. The drop in the feature fnq coincided
with the drop in class transition temperature [P5]. The sampling frequency of the reference monitor-
ing methods in this test series was inadequate for a more detailed analysis. The presented monitor-
ing method may become useful if, for example, the effect of the environment on the rate of hydrolysis
is studied. The environment of the encapsulated polymer can be varied, and the changes in the
features could be monitored continuously online.

This monitoring method may also be useful for biodegradable implants. A sensor made of biode-
gradable materials could predict the premature failure of the implants. However, such applications
are extremely demanding and may require significant investment in research and development be-
fore practical commercial devices can be produced. Future biodegradable implants may well be
based on the technologies tested in [32], [37], [101]-[103]. According to the data measured in [P5],
the modulus of the PDLGA declined throughout the experiment, but this data was so sparse that it
was impossible to determine if the mechanical state of the polymer can be detected from the induc-
tively measured features. Linking the measured features to the changes in the polymers is still an
open question and requires further research.

The monitoring method presented here still needs improvements. In order to encapsulate the test
circuits, there has to be a reliable way to process the material to be tested. This may be a problem
with newer, more interesting materials, since typically there is a limited amount of the material avail-
able and the processing parameters have to be experimented with. In addition, our tests showed
that the encapsulation around the circuits is prone to cracking. This causes the features to shift
unexpectedly, which makes them more complex to interpret, and therefore less reliable. The ex-
tracted features are also prone to changes in the test environment, such as the temperature and the
conductivity of the hydrolysis solution.
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6 Conclusions

The objective of this research was to study a measurement method based on inductively coupled
resonance sensors. This method has two distinct advantages over other measurement methods. It
not only provides a way to take short-range wireless measurements, but the construction of the
sensor itself is very simple. The measurement distance is, by and large, limited to the dimensions of
the colils in the inductive link. The inductive coupling can be optimized, but the measurement distance
remains a very limiting factor. This means that our method is not a general-purpose wireless meas-
urement method, as most radio-based systems have longer communication distances. However, our
method provides an easy way to take measurements in applications where the measurement target
is just underneath the surface of a material. The inductive coupling allows the signals to be transmit-
ted through thin materials without compromising the structural integrity of the material by using wires
or cables. One obvious constraint with this method is that the magnetic field of the inductive link does
not penetrate metallic materials. Nevertheless, by utilizing an analog inductive link, the sensor does
not require connectors, cables, semiconductor components or power management circuits. This sim-
plicity makes the method favorable in applications where the sensor has to be disposable, and thus
cheap to manufacture. In addition, the robust structure of the sensor can withstand harsh environ-
ments.

Recent developments in instrumentation, materials and signal processing have prompted a review
of measurement methods based on inductively coupled passive resonance sensors. The importance
of the sensor element for the overall performance of a measurement system is obvious. There are
many sensing elements whose resistance, inductance or capacitance is altered by the measurand,
and so they can be used in inductively coupled sensors. These elements are very similar to the ones
used in conventional measurement systems, so their performance is not the main limiting factor.
Therefore, the limitations of these methods are likely to exist elsewhere in the measurement chain.
The performance of the readout device and the signal processing methods may have a significant
effect on the feasibility, versatility and reliability of an inductively coupled measurement system.
Therefore, the readout methods for inductively coupled passive resonance sensors were analyzed
and developed in this thesis, as shown in the included publications. In addition, the functionality of
the methods was evaluated by simulations. The developed readout methods were also applied to
three practical measurement problems.
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The first research question was: What kind of readout methods are needed to increase the feasibility
and versatility of inductively coupled passive resonance sensors?

This question was answered by specifying and producing a custom-made readout device and by
developing the signal processing. The developed methods were then tested and improved in various
applications. The readout method of the custom-made device is simpler than the method which
measures true impedance. The custom-made reader device can make repeated fast frequency
sweeps. The impedances of the reader coils and the resonance sensors modify the gain and phase
curves, which are measured against a reference channel. The implementation of the readout elec-
tronics is straightforward and compact. The advantage of using a custom-made readout device is
that the measurement system can be more easily configured and modified to suit the requirements
of the application. Being able to access raw measurement data is an advantage for signal processing
development, as the use of current commercial measurement devices is restricted by technical spec-
ifications and data types which have already been determined by the original designer. The main
drawback with custom-made devices is the difficulty of reproducing the experiments elsewhere, be-
cause not all research groups have access to the similar devices.

Methods were developed to process the measurement data from the custom-made readout device.
The core principles of the signal processing are presented in [P1], where the method was success-
fully used to estimate the resonance frequency of an inductively coupled RLC circuit. The signal
processing methods were later modified in order to account for the losses in the resonance circuit,
in [P4, P5]. The shape and the position of the measured resonance curves can vary significantly in
the tested applications, but our methods were found to be robust and easily adjustable. A key feature
of the developed methods is the interpolation of the resonance characteristics from discrete data
using polynomial regression. This method does not require detailed information about the compo-
nents in the measurement system. The tested readout methods are a compromise between simplic-
ity, performance and accuracy, and have yet to be further optimized.

The second research question was: “How do the properties of the reader coil and the variations in
inductive coupling affect the measured resonance curves and the extracted features?”

The effects of the coil configuration and inductive coupling on the resonance curves were simulated
and examined in [P3] and [M1], as well as in Chapter 4 of this thesis using a lumped element model.
The basic functionality of the simulation was verified by the measurements. In addition, the simula-
tion was able to predict the shape of the measured curves when the inductive coupling was varied.
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The simulation allowed the methods developed in this work to be compared with those methods
presented in the literature in the same measurement configuration.

Based on the simulations, there was no single method that would have been the best in all the test
cases. The readout methods based on measuring the frequency of the local maximum in the real
part of the impedance and the frequency of the phase dip worked well when the reader coil configu-
ration had been set to favor those methods. In a real measurement situation, however, these condi-
tions cannot always be achieved. In addition, these methods worked fine when the inductive coupling
coefficient was very small. All the tested methods worked fine in situations where the inductive cou-
pling was kept constant and the sensor capacitance was varied to simulate changes in the measur-
and [M1]. The performance of the readout methods presented in this thesis was fairly similar regard-
less of the reader coil configuration. Three of the configurations used in [M1] are similar to the meas-
urement set-ups used in [P1], [P2] and [P4] and the simulation results were in agreement with the
results measured in the publications. The lumped element model and the simulation methods pro-
vide a useful tool for testing and optimizing the signal processing in known measurement configura-
tions. Furthermore, simulations can be used to optimize the measurement configuration and thus
help avoid errors and ambiguities in the resonance estimates.

The third research question was: Can the effects of an unknown inductive coupling on the estimates
for the resonance frequency be compensated for?

The variations in the inductive coupling can cause significant errors in the estimates of the resonance
frequency. The influence of this phenomenon can be mitigated by measuring the height of the reso-
nance curve and using it to compensate for the error. This principle was utilized in the compensation
algorithm that was introduced in [P1] and further studied and tested in [P2]. The method was able to
reduce the effects that the variations in inductive coupling had on the resonance frequency estimates.
The compensation was valid within a certain range of inductive coupling coefficients, but problems
arose when the measurement distance was very short. The simulations were used to test the com-
pensation scheme in [M1], and these simulations indicated similar behavior to what had already
been detected in the measurements in [P1, P2]. The compensation method was also applied to one
of the readout methods presented in the literature. The compensation method gave very good results
when it was applied to resonance estimates that are based on the measurement of the real part of
the impedance.

The developed readout methods were designed to test inductively coupled passive resonance sen-
sors in new applications. These applications were selected in order to demonstrate the potential
benefits of the measurement method. In the first case, the pressure underneath a thin compression
garment was measured [P1, P2]. For hygienic reasons, this application would benefit from the use
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of cheap, simple disposable sensors. This application also required compensation for the inductive
coupling, because the measurement distance is bound to vary when using a hand-held readout de-
vice. The compensation method kept the errors in the resonance estimates relatively small in com-
parison with the sensitivity and accuracy that a capacitive sensor needs for this application, so it can
be stated that the performance of our measurement method was acceptable for this application.
However, the sensor part would have to be redesigned to improve its mechanical durability and to
make it suitable for mass production before one can achieve the benefits of the original idea of using
disposable sensors.

The robustness of the sensor part was utilized in two applications where the sensor was encapsu-
lated into a material in order to detect changes in the permittivity of its environment. In the particle
suspension application, the sensor was installed into a container in which a fabricated slurry was
being constantly mixed [P4], so the measurements were taken during the mixing. Initial testing indi-
cated that the method was sufficiently sensitive to monitor the composition of the slurry well enough
to be able to utilize the measurements for, say, control feedback for the manufacturing process. So
there is a proof of concept that the developed methods can be used for monitoring liquid suspensions
in industry, but further testing with a large number of different suspensions is needed to fully deter-
mine the usefulness and limitations of the method.

Small wirelessly measured bio-stable sensors were encapsulated in different biodegradable poly-
mers. The encapsulated sensors were monitored during hydrolysis to find out if changes in the pol-
ymers could be detected. The measurement of biodegradation is important, because this process is
known to vary in vivo, so the safe use of biodegradable implants requires highly controlled degrada-
tion. A monotonic drift was observed in the measured resonance signals, which indicates that this
method may provide a means for more continuous monitoring of biodegradable implants if the link
between the measured changes and the biodegradation changes in the polymer can be confirmed.
The method was also able to detect a difference between two similar polymers that had different
degradation profiles. However, the relationship between the measured features and the physical and
chemical parameters of the polymer during the hydrolysis still require further study. In addition, in
order to monitor biodegradable implants, this measurement method needs biodegradable sensors
that remain stable longer than the lifetime of the implant.

Further development of this measurement method and its use in different application domains re-
quires multidisciplinary optimization and problem solving. There are many ways to implement
readout devices, and this thesis has only investigated a few of them. New signal processing options
can be developed and optimized using modelling. For example, optimizing the feature extraction in
cases where the number of measured data points are minimal and noise is included in the model
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could make the measurements faster. Perhaps one of the most interesting aspects for any re-
searcher developing these kinds of systems is to identify which part of the measurement chain cre-
ates problems, and how they can easily be solved.
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