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ABSTRACT

In this research, an array of six Quartz Crystal Microbalance sensors (QCM) using fuzzy
similar measurement is proposed to recognize different gases and the percentage of those gases
in a mixed gas. The experiment suggests three different gases, oxygen, helium, and argon as test
gases and the nitrogen as the reference gas. Six QCMs in this array are coated respectively with
six different specific polymers that are selected based on Linear Solvation Energy Relationship
(LSER) method, in order to absorb gas molecules so as to recognize responses of resonant
frequency changes from QCMs. Testing with different gases results in different responding
patterns from QCMs array, which means the possibility of differentiating a gas from the others
by comparing the responding pattern of the gas with other patterns, e.g. the pattern of oxygen is
different from the pattern of helium and argon. Based on the pattern recognition, an idea of
perceiving a correct percentage of a specific gas in a mixed gas is also introduced; this idea is
realized by comparing response patterns with a diversity of percentage of the same gas. Fuzzy
similarity comparison provides an alternative way to deal with the issue of pattern recognition.
The most crucial part of fuzzy similarity comparison is to establish a database of response
patterns which is able to recognize not only the type of the gas detected, but also the percentage

of the gas in the air.

Vi
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CHAPTER 1
INTRODUCTION

The development of biosensors has become a novel and innovative research area to the
highly developed society; the similar characteristics of each biosensor is to perform a function of
detecting a property of analytes and then transferring it to an electronic signal for the purpose of
measuring and analyzing. Currently, the electronic nose (e-nose) based on gravimetric sensors,
for example, is one of the biosensors which have been proposed to mimic mammalian olfactory
system. The application of electronic nose involves detections of a wide variety of odorant and
volatile organic components (VOCs), such as in the food industry, real-time volatile gases

monitoring, and in medical diagnosis, etc.

1.1 Olfactory System
1.1.1 Biological Olfactory System

The biological olfactory system provides an ability to distinguish among different flavors by
sensing a variety of molecules of them. The reason why this system is able to perform this
discrimination is due to three important components, a variety of chemical sensors called the
olfactory receptors, the olfactory bulb which performs signal processing and the olfactory cortex
which is an odor recognition system in the brain. The process of olfactory has the following steps:
First, it begins with sniffing which brings odorous molecules from free air into the olfactory
system and also mixes them into a uniform concentration. Second, these molecules from free air
dissolve in a thin mucus layer which acts as a filter to remove larger particles and transports
odorous molecules to the olfactory receptor neurons. Third, once the molecules chemically
stimulate the receptors, the reaction between molecules and receptor produces signals that are

1



sent by the axon from receptors to the olfactory bulb which is located in the brain. The signals
continue into the olfactory bulb to the olfactory cortex which is located in the brain, and this is
able to perform odor recognition [1]. Figure 1-1 illustrates the main components of the olfactory

system.

To Olfactory Cortex
and Limbic System

Glomeruli

Olfactory
Axons

|‘J“’tlhl

‘haw A I'hTW f}
AN

Olfactory
Receptors

Figure 1-1. The figure of three main components of the olfactory system: olfactory sensors, olfactory bulb and
olfactory cortex.

1.1.2 The Sensing of Odorant

In mammalian olfactory system, the secret of how the olfactory system perceives odorant
was discovered by Richard Axel and Linda B. Buck, the winners of 2004 Nobel Prize in
Physiology/Medicine, and is considered as a great discovery on human sensing system. They
found that around 1000 gens in mice give rise to an equivalent number of types of olfactory
receptor, and 350 types in human. The diversity of olfactory receptor cells is responsible for
odorous detections and each cell contains only one type of receptor. They also found that the

perception of an odorant is basically derived from a specific number of receptors and a specific



combination of receptors that are activated for a certain level. Accordingly, the discovery clearly
proves that any pattern of the receptor signal represents a fingerprint of an odorant and is a

crucial key for mammalian to be able to smell thousands of flavors [2, 3, 4].

1.2 Electronic Nose

Since biological noses have limitations in a variety of odors and vapors due to sensitivity and
toxic issues on them, alternative ways to replace biological noses for discriminating odorants and
vapors are becoming an essential topic in a variety of industries, such as food, drink, perfumery,
and environmental monitoring, etc. Therefore, an artificial gas detector or Electronic Nose is
proposed to mimic biological noses. Basically, the electronic Nose is one of the biosensors
performing similar characteristics to the biological olfactory system. Like an olfactory system, it
mainly consists of two separated systems, a sensing system and a recognition system. The
sensing system includes a set of chemical sensors that sense odorants and turn out responses. By
providing those responses of the sensor system to the recognition system, the fingerprints of
detected odorants can be found based on the different characteristics of them. In the literature,
different kinds of mass variation sensors, for example, quartz crystal microbalance (QCMs),
surface acoustic wave sensor (SAWSs), and bulk acoustic wave sensor (BAWS), are able to
perform similar functionalities that can be applied to electronic nose [5]. Comparing electronic
the nose with the olfactory system, the sensor system represents the receptors that are able to
extract signals and send them to the recognition system, the brain. The following table manifestly
displays an important comparison of the similar functionalities between an olfactory system and

the electronic nose system.



Table 1-1. Comparison of Human Olfactory System and Electronic System.

Sensing System Pattern Recognition
Human Olfactory System Receptors Brain
Electronic Nose System QCM Sensors Database

1.3 Acoustic Wave Sensors

According to different types of needs, there are a variety of acoustic wave sensors developed
for the applications of chemical sensing in both gas and liquid phases. Those acoustic wave
sensors widely incorporate thickness shear mode (TSM) devices, surface acoustic wave (SAW)
devices, leaky SAW devices, surface transverse wave (STW) device, love wave devices, shear-
horizontal acoustic plate mode (SH-APM) devices, flexural plate wave (FPW) devices, thin film
resonators, and thin rod flexural devices [6]. In gas phase application, the important
characteristic of the acoustic wave devices is the sorption step where the reactions between
sorbent film deposited on devices and analytes take place, and the measurable features are able to
change via the process of sorption. The sorption process involves two types, the adsorption
which alters the measurable features while analytes deposit onto the sorbent film, and the
absorption which alters the measurable features while analytes go into the bulk of the sorbent
film. From figure 1-2, the sorption process of the vapor molecules from gas phase to the sorbent
film is clearly illustrated [7]. The vapor in the air changes the measurable features (mass of the

film) by either being absorbed into or adsorbed onto the film.



SORPTION * .

e

\

oy

s

i .

e

1

SORBENT THIN FILM

ACOQUSTIC WAVE SENSOR DEVICE

Figure 1-2. The schematic diagram of the sorption of vapor molecules.

Generally, two different types of acoustic wave sensors are commonly used in the gas
detection, TSM and SAW, and their schematic figures of top view and side view are shown in
the figures 1-3 [7]. In this discussion, the spotlight is mainly focused on the TSM device in the
gas-phase application and the details will be discussed in the later sections. TSM device, also
called bulk acoustic wave (BAW) device or quartz crystal microbalance (QCM), is widely
utilized in a lot of research tasks because of its availability, robust nature, low cost, affordable
electronics, and the physical property of being sensitive to very small mass attaching on the
surface of it, even though FPW and SAW are still considered more sensitive than QCM [8]. The
quartz crystal microbalance (QCM) is essentially a gravimetric device based on the piezoelectric

effect that is able to transfer mechanical properties into electrical signals that can be detected and

analyzed.
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Figure 1-3. Figures of TSM and SAW sensors.

1.3.1 Brief History of QCM

In 1880, the QCM technique was first discovered by the Curie brothers, announcing that the
signal transduction mechanism of QCM is based on the piezoelectric effect. After that, Lord
Rayleigh showed that change of inertia of vibrating crystal results in the change of frequency. In
1959, Sauerbrey proposed an equation demonstrating a linear relationship of the resonant
frequency and the mass deposited on the crystal, and QCM was first used in a sensing
application involving moisture and volatile organic components, environmental pollutants, and
gas-phase chromatography detectors. In the 1980s, the QCM was developed for other
applications which operate in solution mode and a measure of the frequency changes were based

on the changes in viscosity and density in liquid [9].

1.3.2 Characteristics of QCM
The main characteristic of QCM in the gas-phase application is to provide a transduction that

is to transfer physical properties into measurable electronic signals that are able to be acquired by



electronic instruments. Theoretically, quartz crystal is used to manufacture different types of
resonators, for example, thickness shear mode resonant, plate resonant, and flexural resonant,
based on different angles of cutting on crystal, and their eigenfrequencies range from
5x10°? ~3x10° Hz [8]. In the manufacturing of QCM, a raw quartz crystal is processed with
AT-cut which is a cut with an angle of 35°10" with respect to the Z-axis or optical-axis. The
advantage of the AT-cut quartz crystals is to make them fit for electronic devices because they
possess a very high frequency stability, which minimizes a frequency fluctuation to Af / f =107,
Moreover, the temperature coefficient of AT-cut is almost zero which displays a best property
for frequency resonant devices [8]. After the piece of AT-cut crystal is formed, the QCM is
completed by depositing two gold electrodes on two sides of the crystal. Figure 1-4 [9, 8]
illustrates the schematic outline of AT-cut and the manufacture of QCM with the two electrodes

on both sides.

oplical axis

Figure 1-4 a. The schematic graph of the AT-cut crystal.



quartz crystal

glectrodes

Figure 1-4 b. The schematic outline of QCM.

1.3.3 Oscillation/Resonant Frequency of QCM

The resonant oscillation of the QCM occurs when an ac voltage is simultaneously applied to
the two electrodes on both upper and lower lattice surfaces. Figure 1-5 illustrates the mechanism
of the electrical fields applied to the QCM and how the QCM oscillates [10]. Theoretically, there
are different modes of oscillation in the quartz crystal and figure 1-6 [11] clearly shows a
fundamental mode (n=1) and a third overtone mode (n=3) vibration for QCM devices.
However, the QCMs in this discussion are based on the fundamental mode. The commercially
available ranges of QCM resonant frequency are 5-20 MHz. Basically, the frequency range of
QCM varies with the thickness of cutting, or the thickness of the QCM lattice. In other words,
the resonant frequency of QCM will be increased when the cutting thickness is decreased; on the
contrary, frequency will be decreased when the thickness is increased [8]. In application, the
resonant frequency alters due not only to the cutting thickness of QCM but also to the mass that
is deposited on the surface of QCM. The added mass that changes the resonant frequency are
selective thin films coated on QCM or the gas molecules that are absorbed into the film or
adsorbed onto the film. The reason why the additional mass alters the frequency is because of the
increase in the thickness. A mathematical relationship between the added mass on the QCM and
the change of resonant frequency is derived by Sauerbrey based on the condition of thin, rigid,

8



and uniform films, and published in 1959 [12] . The equation was then modified in the following

[6]

Equation 1-1

Where Af (Hz) is the change in resonant frequency, f, (MHz) is the fundamental resonant
frequency of the crystal, Am (g) is the mass of the coating or material that attach on the surface
of QCM and A(cm?) is the piezoelectric active area defined by the two gold electrodes, p is

the density of quartz (2.648 g cm™), u is the shear modulus (2.967x10" dyn cm™).

Resonator Displacement

e S—
" Electrodes
— 1

Figure 1-5. Oscillating mechanism of QCM sensor.

Since the value of p and uare already known, equation 1-1 is simplified in the following

equation

A =—2.26x10° x £2 2™

Equation 1-2

Moreover, in order to discuss the mode of oscillation, Equation 1-2 can be expressed as

9



2
Af. = —2.26x10°° x 1 AM
n

Equation 1-3

Where n represents the mode of oscillation. As depicted in the above cases, n=1 represent the

fundamental mode and the fundamental resonant frequency can be represented as f,; n=3

represent the third overtone mode and the resonant frequency can be written as f,.

T v

I '
= J—

n=1 n=23 __%
_é_.. X = X

Figure 1-6. Fundamental mode and third mode of oscillation.

1.4 Piezoelectric Effect

Since the QCM is made from the quartz crystal, a piezoelectric material, QCM is considered
as a kind of piezoelectric devices. Hence, the piezoelectric effect undoubtedly plays an important
role in the application of QCM. The piezoelectric effect is a phenomenon that occurs when
forces add on the crystal lattice and deform it. This effect can be observed from the current inside
a circuit that is connected to the piezoelectric devices while a pressure makes the crystal to
change its shape. The converse phenomenon called converse piezoelectric effect happens when

an electronic field applied to the crystal induces a change of physical shape. For example, QCM

10



produces a resonant frequency response by repeatedly changing its relative position of upper and

lower surfaces when an ac voltage is applied to the electrodes on the QCM [10].
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CHAPTER 2
BACKGROUND RESEARCH
2.1 Coating Selection

Selective coatings or surface films are very thin material layers that are deposited on the one
side or both sides of the crystal to accomplish the selectivity of adsorption or absorption of
interested analytes [13]. Because the range of various coating materials extends as widely as
analytes, the general concept has been to select a material for a particular analyte. However,
since a full selectivity of a particular analyte is a very impossible goal, which means, it is
impossible for a specific material to response to just one analyte, an alternative way to overcome
the drawback of full selectivity involves the use of an array of sensors with partial selective
coating [14]. Furthermore, in order to measure a maximum diversity of analytes, the concept of
sensor array is also a significant design rather than just a single sensor in that the sensor array is
designed to produce a signal array which is unique to a specific analyte. This way, analytes can
be distinguished by different patterns of signal array. There are currently two most popular
approaches to choosing proper coating materials from a wide variety of materials, one is
Principal Component Analysis (PCA) and the other one is Linear Solvation Energy Relationship
(LSER). The following sections will depict more detail about these two methods and relevant

issues.

2.1.1 Sensor Selectivity

The meaning of selectivity of a sensor refers to that the degree of a sensor response to an
interested analyte is free from the interference of another analyte contained in the sample.
Accordingly, both selective films and the chemical properties of analytes are significant

12



components to selectivity. Generally speaking, selectivity is a measure of the relative
contribution of a measurand to the changes of measured variables compared to the contributions

of other substances [10].

2.1.2 Sensor Sensitivity
The sensitivity of a sensor is basically defined by the change of measured variables caused
by a unit of analyte. In the case of TSM sensor, a calibration plot shown in figure 2-1 is

introduced to explicitly describe the sensor sensitivity.

Lower detection limit

standard deviation
|||
I
EE)

Avarage for Afand

Upper detaction limit /'1"".""0 C‘SOO o

Frequency (f) or Frequency change (Af)

[T]
Average for Af and
standard deviation

Region | Region [I Region Il

Mass or Concentration (Activity) change

Figure 2-1. Calibration plot of QCM sensor.

Obviously, there are three theoretical regions that can depict the response of a TSM sensor
under varying conditions. The lower detection limit between Region | and Region Il is

considered as a concentration point of the measured analyte for which the measured signal, or
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measured frequency deviates from the range of standard deviation of the average signal value of
low concentration in Region I. Like the lower detection limit, the upper detection limit between
Region Il and Region Il is considered as another concentration point of the measured analyte for
which the measured signal starts deviating from the limited range of standard deviation of the
average signal value of high concentration in Region Ill. Hence, the linear concentration region

locates between the lower detection and upper detection limits [10].

In the discussion of the sensitivity, the calibration plot is considered in the linear part and can

be described by the following equation.
Af =-C, (AM/A) Equetion 2-1
Where C, represents the integral mass sensitivity and A represents the active area of the sensor.
Depending on the shape of the sensor, the integral mass sensitivity is derived differently from

the differential mass sensitivity, ¢, =df /dm . For a round shape TSM, the integral mass

sensitivity is expressed as follows [10]

C, = 27r_[0r°cf (r)rdr Equation 2-2

Where r, is the electrode radius.
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For a rectangular shape sensor, the integral mass sensitivity is expressed as follows [10]

C, :J'J'cf (x, y)dxdy Equation 2-3

Where C, is derived from a rectangular area with two dimensional axes x and y .

2.1.3 Principal Component Analysis (PCA) and Hierarchical Dendrogram

In sensor arrays, chemical diversity can be realized by selecting various materials having
various chemical structures that provide a variety of properties and interactions, and now an
approach to achieve such diversity is through the testing of great number of materials [7]. In the
early gas research performed by Lawrence Livermore National Laboratory, techniques of pattern
recognition were developed for the use of 27 quartz crystal sensors coated with different
sensitive films which were chosen from a variety of materials based on stability, reversibility,
selectivity and hydrophobic nature, and then exposed to 14 analytes. Moreover, the primary data
used in their research were the shifts of frequency from the coated sensor responses. The data set
of frequency shifts was used to form a matrix with variables of 27 coatings and samples of 14

analytes. Table 2-1 shows the data from measurements [14].
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Table 2-1. The measured data of 14 analytes from 27 QCM sensors.
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Principal Component Analysis (PCA) was first introduced by Carey, Kowalski and Beebe in
1986 to discriminate a wider range of gases using fewer sensors coated with sensitive materials.
The original data derived from the Lawrence Livermore National Laboratory was utilized in
PCA realization. The purpose of the PCA was to determine the possibility of reducing 27
original coated sensors without getting a significant loss of analytes identification information.
The outcome of the PCA showed that seven principal components described at least 95% of the

data information. The seven coatings recommended by [14] are listed in Table 2-2.

Table 2-2. Possible coating selection using PCA method.

ID No. Component % contribution

22 Poly(caprolactone) 7.1

Poly(butadiene methacrylate) 9.7
4 Polybutadiene hydroxyl terminated 11.0
11 Poly(vinyl isobutyl ether) 20.6
2 Poly(p-vinylphenol) 13.6
17 Poly(methyl chloride) 16.3
12 Poly(vinyl chloride) 47.4

Based on the interactions between analytes and coating materials, a variety of data are
generated. The similarity of coating material can be analyzed using hierarchical cluster analysis
that can be realized by grouping the data according to how similar their responses are across the
data set, and then the result is plotted in a hierarchical dendrogram, as show in Figure 2-2 [7].
The hierarchical dendrogram illustrates hierarchical clusters for 27 sorbent coatings tested on
thickness shear mode (TSM) films. In other words, 6 dissimilar coating groups represented by
the letters “A” to “F” are results from 27 coatings and those coatings within the same group are

similar. The hierarchical dendrogram is able to verify the results obtained from the PCA method

17



by showing that the coating selections of PCA are widely spread on different groups of the

dendrogram, which indicates that both of the methods possess very similar criterion.
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Figure 2-2. Hierarchical dendrogram showing 6 similar groups for 27 materials.

2.1.4 Linear Solvation Energy Relationship (LSER)

As mentioned in the above section, although PCA approach may provide sufficient diversity
for successful chemical analysis, it does not guarantee that it is able to select a maximum
diversity of coating space, for instance, the PCA does not include hydrogen bond acidic polymer
[7]. Another approach to selecting a set of polymers that span all the coating space is suggested
by the Linear Solvation Energy Relationship (LSER) approach which systematically considers
the vapor sorption. The LSER that models interactions contributing to sorption and the value of
the partition coefficient was first proposed by Jay W. Grate et al in 1988 and the coating
selection based on LSER was described explicitly in 1991. The LSER equation was then induced

as the following equation [7]
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logK =c+rR, +sz) +aZa, +bZp) +1logL*® Equation 2-2

Where the coefficients (c,r,s,a,b,l) are related to sorbent polymers; arepresents the sorbent
phase hydrogen bond basicity; b represents the sorbent phase hydrogen bond acidity; sis related
to the sorbent phase dipolarity/polarizablity; | is related to dispersion interactions; ris related to
the ability of the phase to interact with solute n and  electron pairs and provides an indication of
polarizability; cis from multiple linear regression used to obtain the LSER equation. The

parameters ( R,,z) o, , 2By logL'® ) characterize the solubility properties of vapors;
R, provides a quantitative indication of polarizable n and p electrons; z,' measures the ability of
a molecule to stabilize a neighboring charge or dipole; Za}' measures the hydrogen bond

acidity; =)' measures the hydrogen bond basicity; log L'® is a combined measure of exoergic

dispersion interactions [7].

According to the LSER equation, the first priority of the polymer selection includes the
following functionalities [15]:
(a) Maximize dispersion interactions
(b) Maximize polarizability
(c) Maximize dipolarity (minimize basicity)
(d) Maximize basicity (minimize dipolarity)
(e) Maximize both basicity and dipolarity

(F) Maximize acidity (minimize basicity)
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Based on the criterion of LSER form [7], the recommended polymer selection provided by

Jay W. Grate is determined and listed in the following table 2-3 [7] which is considered a

guideline for selecting a set of polymers spanning a wider range of gas chromatography.

Table 2-3. Polymer selection according to LSER method [7].

Interactions and properties

Chemical structures, examples and comments

Dispersion interactions

Alipoatic hydrocarbon polymers or substituents. Fluorination will decrease
dispersion interactions. Poly(isobutylene) (PIB) and ploy(dimethylsiloxane)
(PDMS) are useful examples. These are characterized by large | coefficients
and are useful for sorbing aliphatic hydrocarbons or for distinguishing between

members of a homologous series

Polarizability

Aromatic group increase polarizability relative to aliphatic groups. Phenyl-
containing materials are useful, such as phenyl-substituted poly(siloxanes).
Phenyl-substituted materials such as OV-25 (75% phenyl-25%
methylpolysiloxane) are very good for sensitivity to chlorinated hydrocarbons
and, in combination with aliphatic materials, help to distinguish between
various low polarity vapors such as aliphatic hydrocarbons, aromatic

hydrocarbons, and chlorinated hydrocarbons.

Dipolarity (minimize basicity)

Fluoroalkyl-substituted materials provide modest dipolarity without basicity.
Fluoropropyl-substituted poly(siloxanes) such as OV-202 and OV-215 are
candidate materials. However, the overall value of these weaky sorbent

materials in arrays may not be great and will be application dependent.

Dipolarity allowing basicity

Nitrile groups are highly dipolar groups with only moderate basicity compared
to many other high dipolar functional groups. Polysiloxanes with cyanopropyl
(Silar 10C or SXCN) and cyanoalkyl (OV-275) groups are useful, and
poly(ethylene maleate) (PEM) has also been found to have similar properties.

These help to distinguish vapors with high dipolarity.

Basicity minimizing dipolarity

Aliphatic amines can provide basicity while minimizing dipolarity. In
principle, poly(ethylenimine) (PEI) has secondary and tertiary amines, but
typical commercial samples actually also have quaternary amines serving as
ironic centers that interact with vapors with dipoles. This polymer has been
poorly behaved in various sensor studies. Aminopropyl-substituted

poly(siloxanes) are also candidates. Basicity favors interaction with hydroxyl-
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containing vapors such as organic acids and alcohols, and materials such as PEI

are strong sorbents for water

Basicity and dipolarity

Many function groups are both very dipolar and very basic, including amades,
urethanes, and sulfoxides. Like other basic materials, these sorb acids, alcohols
and water. Poly(vinyl-pyrolidone) (PVP) for example, is a strong sorbent for

water.

Hydrogen bond acidity

Fluorinated alcohols and phenols maximize hydrogen bond acidity and
minimize basicity, while not having the basicity and self-association of
carboxylic acids. Several materials have been synthesized to provide these
properties including fluoropolyol (FPOL), a hexafluoro-2-propanol-substituted
polysiloxane (SXFA), and fluorinated bisphenol materials (BSP3) and (BSP6).
These materials are useful in detection of basic vapors including

organophosphorus compounds.

The structure of the polymer is also a factor that is able to determine a diversity of properties

including the solub

ility properties which can be provided by values of the LSER coefficients [7].

In their research, fourteen polymers selected to span coating space based on their structures were

characterized at 29

8 K using LSER approach. Monomer structures of 12 polymers (Two of the

14 polymers were not considered due to poor physical properties) are shown in figure 2-3 [7].

ou
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Figure 2-3. Monomer structures of 12 LSER polymers [7].
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A potential array of six polymers according to LSER approach is suggested by Jay W. Grate

and their values of LSER coefficients are listed in the Table 2-4.

Table 2-4. The values of LSER coefficients of suggested polymers [7].

Polymer  Polarizability(r)  Dipolarity/Polarizability(S)  Basicity(a) Acidity(b) Dispersion/Cacity(l)

PIB -0.077 0.366 0.180 0.000 1.016
OV-25 0.177 1.287 0.556 0.440 0.885
OV-202 -0.480 1.298 0.441 0.705 0.807
PEM -1.032 2.754 4.226 0.000 0.865
PEI 0.495 1.516 7.018 0.000 0.770
SXFA -0.417 0.602 0.698 4.250 0.718

2.2 Sensor Coating

Generally, the noticeable ability that TSM sensor is able to perceive reactions while the
measured substance is involving, contributes to the selected polymers deposited, or coated, on
the surface of the TSM sensor. Because there is a wide variety of materials that can be used as
selected polymers and the interaction of a specific polymer to different measured substances
varies, the study of coating materials on the sensor surface has become an interesting research
area on sensor development. According to recent research articles of coating process [16, 17],
different topologies can cause different experimental measurements. For example, the different
thicknesses of the coating material result in different responses of sensors under the same
extrinsic condition (the same temperature, gas pressure and concentration). Currently, there are
two popular coating approaches, spray coating and spin coating, used for the coating processes.

These coating methods are introduced in the following sections.
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2.2.1 Spray Coating

The spray coating is an easier and less expensive method to deposit the polymer onto the
sensor substrate. In order to perform a proper coating, this method requires a steady supply of
compressed air, a chamber for mixing the air and the polymer solution, and a good condition
nozzle for the spray. The fabrication of a thin polymeric film begins with dissolving the selected
polymer in a volatile solvent to become a polymer solution. The methodology of the coating is
processed by brushing the sensor substrate with the mist of the polymer solution within a

distance of approximately 10-15 centimeter between nozzle and substrate for 8-10 strokes [13].

The following diagram depicts the experimental setup for the spray coating.

5% wi. polymer
solution

/

8-10 Varizal Strolkies

L

‘

N y,
e

Polymer
Salution

Figure 2-4. The experimental setup of spray coating [13].

A disadvantage of spray coating lies in its difficulty of controlling the thickness of the coated
polymer on the sensor surface. Therefore, if the thickness of the polymer is an important factor
of an experiment, this is not a proper method to coat the sensor. Contrary to this is that, should

the thickness not be so important, spray coating would be a simple and time saving coating

process [13].
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2.2.2 Spin Coating

Spin coating is the other coating approach that is capable of reaching not only a uniform film
but also a desired thin thickness. This process is realized by dropping a droplet of the polymer
solution with a specific concentration onto the sensor substance and followed by spinning the
sensor substance in a constant high speed for a given time. In this way, the droplet will spread
out a uniform thickness while the solvent evaporates. Technically, the concentration of the
polymer solution and the spinning speed are important factors in determining the thickness of the
polymeric film deposited on the sensor. The lower concentration and the higher spinning speed
result in a thicker film and the higher concentration and the lower spinning speed result in a

thinner film.

2.3 TSM Sensor Limitation
2.3.1 Drift

During an experimental process, signal drift, a change of the measured signal of the TSM
sensor without altering any experimental conditions, is inevitable. From the definition of [10],
the drift is a slope of a linear function fitted in the data set which is located in the coordinate of
the measured variable versus time. An example of signal drift is clearly displayed in the figure 2-

4118].
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Figure 2-5. Signal drift in TSM sensors.

2.3.2 Hysteresis

Hysteresis is defined as the failure of the measured signal that has been altered through
changes in ambient conditions to return to its original value when removing the alteration. Hence,
hysteresis usually has kinetics origins. Nevertheless, reversible values of the measured signals

are theoretically expected if the system has enough time to return to its initial condition [10].

2.3.3 Repeatability

Repeatability of the measured signal is determined in repeated experiments under the same
conditions and the standard deviation of the measured signal is called repeatability [10].
According to International Organization for Standardization (1SO), the definition of repeatability
is the precision under repeatability conditions where independent test results are obtained with
the same method on identical items in the same laboratory by the same operators and equipments

within short time intervals (ISO 3534-1). Moreover, repeatability of measurement results is
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defined by International Union of Pure and Applied Chemistry (IUPAC) as the closeness of the
agreement between the results of successive measurement of the same measured and carried out

under the same conditions of measurement.

2.3.4 Reproducibility

According to International Organization for Standardization (ISO), the definition of
reproducibility is the precision under reproducibility conditions where test results are obtained
with the same method on identical items in different laboratories by different operators and

different equipments (1SO 3534-1) [10].
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CHAPTER 3
EXPERIMENTAL METHODS
3.1 QCM Sensor Design

The QCMs used in this research are 5SMHz (part number 151223-5) as shown in the Figure 3-
1, AT-cut with blank diameter of 0.538 inches and electrode diameter of 0.267 inches purchased
from International Crystal Manufacturing (ICM). Although this type of QCM is mounted on a
base with two small metal strips, the electrodes of the QCM are not bounded with strips for a

convenience of separation for a process of spin coating.

Figure 3-1.Figure of 5MHz QCM sensor.

3.1.1 Selection of Experimental Polymers

According to the table 2-3 and availability, the polymers chosen for the sensor array are
poly(isobutylene) (PIB) which maximizes the dispersion interactions, (75% phenyl-25%
methylpolysioxane) (OV-25) which maximizes polarizability, Dicyanoalkylpolysiloxane (OV-

275) which distinguishes high dipolarity, poly(ethylenimine) (PEI) which maximize basicity,
27



polyvinylpyrrolidone (PVP) which have both basicity and dipolarity, and BSP3 which
maximizes the hydrogen bond acidity. Additionally, the reason for choosing the BSP3 polymer
for maximizing the hydrogen bond acidity instead of other possible polymers (FPOL, SXFA and

BSP6) is that BSP3 shows better sensitivity than other candidates [19].

3.1.2 Coating Process

As stating in chapter 2, there are two coating methods, spin coating and spray coating, for
depositing interesting polymers on QCM sensors. For a condition of the same calibrated
parameters, the thickness of every coated polymer in this research is design to be equal on QCM
sensors. Hence, a coating method that is able to fabricate a desired thickness is a critical issue.
Spin coating, therefore, becomes the only candidate of coating selection since spray is not able to

control the coated thickness and also make the coated polymers uniform.

The thickness of coated polymer is a critical parameter that influences the response value of
signals. Therefore, the desired thickness in this study is designed to be 400nm, which is
reasonably and arbitrarily selected according to [16, 17]. The first step of coating polymers on
QCMs is to dissolve polymers in proper solvents with a proper concentration. The concentration
used between solute and solvent is volume-volume concentration (v/v) in this coating. According
to different properties of the polymer, the concentration needed for each polymer solution is
different in order to fabricate the same thickness. After a long testing process, the proper
protocol is found. For PVP, 2% (v/v) concentration is made in chloroform. For OV-25, 9.9% (v/v)
concentration is made in toluene. For PIB, 4% (v/v) concentration is made in hexane. For BSP3,
6.7% concentration is made in chloroform. For PEI, 8.8% (v/v) concentration is made in distilled
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water. Unlike other polymer solutions, PVP and PIB solutions are additionally placed in a
Sonicator and run through sonic pulses to break up the large particles of polymers to get a
smoother coating. The coating process used a Photo-Resistant Spinner from Headway Research
Inc. and spun QCMs at 2000 rpm for 60 seconds to produce polymeric films of 400nm. Those
coated QCMs were then dried in a vacuum chamber except the OV-25 in that vacuum caused an
inconsistent coating film. To measure the thickness of polymeric films, a Sloan Dektek I1A
profilometer is used; a Gaertner L116S ellipsometer is also used for checking the measurement.

All the coatings were done by Sandia National Lab except OV-275.

Table 3-1. Solvents and concentrations for making polymer solution for spin coating.

Polymer Solvent Concentration (v/v)
PVP Chloroform 2.0% (v/iv)

OV-275 Acetone 10.0% (v/v)

OV-25 Toluene 9.9% (v/v)

PIB Hexane 4.0% (v/v)

BSP3 Chloroform 6.7% (v/v)

PEI Distilled Water 8.8% (v/v)

The OV-275 coating was fabricated by the cooperation of the Laboratory for Industrial
Metrology and Automation (LIMA), Nanomaterials Integration Laborotary and Chemistry
department. To fabricate 400nm polymer, 10% (v/v) concentration is made in acetone and the
QCM is also spun at 2000 rpm for 60 seconds. The thickness is measured using a profilometer.

The summary of the protocol for 400nm thickness is showed in the table 3-1. When processing
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the spin coating, the conduction between gold conductor on the crystal and the QCM holder

cannot be block.

Strong hydrogen bond acid

BSP3, x=1
CH,  CH, x=1 BSP3 Tg=60°C
—(—E‘!i—O—(—Sli—O—)—S‘!i x=4 BSP6 Tg=-16 OC
éH3 CH;

Figure 3-2 a. Monomer structure of both BSP3 and BSP6 [20].
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Figure 3-2 b. Monomer structure of PVP [21].
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Figure 3-2 ¢. Monomer structure of OV-275 [21].

The used polymers were from different sources. The low molecular weight PIB and 50%

solution of PEI in water came from Aldrich Chemical Company Inc., PVVP came from Scientific
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Polymer Inc., the OV-25 and OV-275 came from Ohio Valley Specialty, and the BSP3 came
from Oxazogen. The monomer structures of PEI, PIB and OV-25 are shown in Figure 2-3; the

Figure 3-2 shows the monomer structure of other polymers, BSP3, PVP, and OV-275.

3.2 Similarity Measure
In many applications, similarity measure algorithm has been considered as a useful tool to
deal with the issue of pattern classification of unknown patterns. Based on fuzzy set theory,

fuzzy similarity measure is one of the approaches to deal with the pattern classification.

3.2.1 Fuzzy Set Theory

Before going into the fuzzy set theory, classical set is worth to be discussed since fuzzy set is
basically extended from classical set. In classical set theory, all elements in a set belong to only
one classification, a membership or a non-membership, and the differentiation between the
membership and the non-membership is very clear and unambiguous. For example, ages above
70 years old is considered as “old” and ages below 7 years old is considered as “not old” or
“young”. Clearly, the linguistic term “age” is in just one classification, “old” membership or
“young” membership. If a man with 70 years old is considered “old”, what should the man with
69 years old man be considered? According to the above statement, the 69 years old man is
neither “old” nor “young” because the “old” membership exactly defines ages over 70 years old
as “old” and below 7 years old as “not old”. This expression is correct in mathematic inference
but obviously cannot be reasonably accepted by normal logic. Fuzzy set theory then is designed
to deal with this logic conflict. More examples of classical set are: a lock is either “on” or “off”,
a book is either “open” or “close”, the high of a man is either “tall” or “short”, the condition of a
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product is either “good” or “bad” and so on. For any classical set C, the characteristic function

is expressed as the following

1 iffxeC

X) = Equation 3-1
e (%) {0 iff x ¢ C et

where iff represents the abbreviation of if and only if [23, 24].

The concept of fuzzy set theory was first proposed by Zadeh in 1965 [25]. Fuzzy set is a set
of vagueness as the name indicates. For example, let A be the universe set of human age, and
Ao be the subset of A. Giving that Ao= {a e A| a is old}, then Ao is a fuzzy set since it is
vague in the mathematic measure and is not well defined. Different from classical set theory,
fuzzy set theory introduces an idea of continuum amount elements within the set. All elements in

the set are characterized by membership functions. The membership function of a fuzzy set S is

usually represented as u (X) which has the minimum value of 0 and maximum value of 1, and

can also be values varying from 0 to 1. Figures 3-3 and 3-4 are membership functions for the
example of “old” and “young” membership stated above. In the case of Figure 3-3, the age of 70
years old is said to be “old” with a grade of 0.78 and the age of 69 years old is said to be “old”
with a grade of 0.77. Hence, the age of 69 years old is no more undefined. However, the fuzzy
set can be characterized not only by a specific membership function but different membership
functions. In the case of Figure 3-4, the age is characterized by “young” membership function
and 70 years old has a grade of 0.33 and 69 years old has a grade of 0.34. Other than these two
membership functions, more membership functions with different definitions and curve shapes

can be added. For example, “middle young” and “middle old”.
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"Old" Membership Function
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Figure 3-4. The membership function of fuzzy set “young”.
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Usually, the shape of the membership function varies according to the user design. The

frequently used curves are shown below [23].

0.2 02 02

0 10 20 30 40 5 6 70 8 9 100 0 10 2 30 40 50 60 70 8 9 100 0 10 20 30 4 5 60 70 8 9 100

0 10 2 3 4 5 60 70 8 9 100 0 10 20 30 40 5 6 70 8 9 100 0 10 20 30 40 50 60

Figure 3-5. Various shape of membership function.

3.2.2 Fuzzy Sets Mathematic Operations
According to [23, 24, 25], the mathematical operation of fuzzy set is basically extended from
the original set theory. The definition and detail operation is listed in the following.

Empty:
A fuzzy set is empty if and only if the grade of its membership function in the defined set S is

zero. u(x)=0,forall xe X.

Equality:
Let Aand B be two fuzzy setsand x € X, then A=B if and only if z,(X) = x;(x) for all

Xe X.
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Containment:
Let Aand B be two fuzzy sets, then Ais contained in B (Ac B) ifand only if u,(X) < #5(X)
forall xe X .

Intersection (and):

Hag(X) = 1, (X) A g (X)=min (u,(X), 15 (X)), forall x € X . The notation A based on two

valued logic is also called “and” operator.

Union (or):

Hag(X) = 1, (X) Vv g (X)=max (u,(X), ¢z (X)), forall x e X . The notation v based on two

valued logic is also called “or’” operator.

Complement (not):

Hz(X) = 1= p,(x)

3.2.3 Fuzzy Similarity Measure

Fuzzy similarity measurement designed to distinct analytes associated with their own signal
patterns is an algorithm based on the fuzzy membership function. Let Aand B be two fuzzy sets
and the similarity of them is denoted by S(A,B). The value of S(A,B) is between 0 and 1
according to how similar the two sets are. If S(A,B) = 0, A and B are totally dissimilar. If
S(A,B) =1, A and B are identical. The algorithm is originally derived from the basic operation

of fuzzy set [26],

AN B

S(AB) = |AUB|

Equation 3-2
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where | e |, n and U represent the cardinality, intersection and union in the regular set.

Equation 3-2 can be converted into the expression of membership function. Let X = {x;|i=1,

2,3,..., k}, then S(A,B) is expressed as equation 3-3 and equation 3-4

Z[IUA(Xi)/\:uB(Xi)]
S(AB) = 2 Equation 3-3

Z[,UA(Xi )V g (X)]

S(AB) = 2 minfu, (%), 45 ()] Equation 3-4

Z max[e, (%), p (X;)]

where A and v represent operators of “and” and “or” in the fuzzy membership.

Response

Sensor 1 Sensor2 Sensor3 Sensor4 Sensor5 Sensor 6

Figure 3-6. Example of signal bar chart.
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Fuzzy similarity measurement expressed in equations 3-2, 3-3 and 3-4 can further be
modified for the application of signal pattern recognition. Usually, the signal responses of QCM
sensors are displayed with the bar chart as shown in Figure 3-6. Each response from a single
sensor is called the “feature” of the sensor to a measured analyte and the combination of those
“feature” is called the signal pattern of the measured analyte. Therefore, different analytes result

in different signal patterns [20].

The modified fuzzy similarity is based on operating the values of the “feature” instead of the

value of membership function. Let Aand B be two signal patterns, A= {a,|i=1, 2, 3,..., k} and

B = {b|i=1, 2, 3,..., k}. The fuzzy similarity of these two patterns is expressed as [18, 27]

_ 2 min(@,.b,) .
SF(A,B) = W Equation 3-5

3.3 Concentration Effect

The magnitude of a TSM sensor response depends not only on the thickness of the polymer
coated on the surface of the sensor but also on the concentration of the gas present in the
environment. Therefore, apart from the polymer thickness that has been considered as a design
factor, gas concentration is also a crucial issue worthy to be discussed. Theoretically, an increase
of gas concentration causes more molecules to attach onto the sensor surface; thus resulting in a
heavier load of weight on sensors and also amplifies the sensor response. Figure 3-7 illustrates
the calibration graphs of TSM sensors coated with PDMS and also displays the influence of the

concentration effect [17]. Even though Figure 3-7 shows a perfect linear response with respect to

37



the concentration, most calibration graphs, however, show non-linear sensor responses [17, 28,
29].
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Figure 3-7. TSM sensor responds to different analytes with different concentrations.

3.4 Problem State

As stated in chapter 1, the response of a sensor is theoretically caused by the mass of the
interested gas attached onto the coated sensor. The beauty of similarity measurement is to
enable the sensor array to distinguish or “smell” the measured analyte. However, according to
section 3.3, the response of a sensor to a specific gas can vary due to the changes of the gas
concentration; this situation can occur in all chemical components. In other words, the
similarity method based on the pure gas or 100% interested gas will be invalid when the
measured gas is mixed with other unknown chemical components. To overcome this problem,
this research suggests that more database of mixed gases are needed to be established other than

just pure gas database.
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CHAPTER 4
EXPERIMENTAL PROCESSES
4.1 Experimental Setup

This research is designed to use the nitrogen (N,) as a reference gas since it occupies
approximately 78% of the total gases in the surrounding atmosphere. Three interested gases,
oxygen (O, ), helium (He) and argon ( Ar), according to availability are mixed into the
reference gas ( N, ) respectively for the purpose of establishing a database of various

concentrations. Once the database is built, testing gases with different concentrations will be

examined.
Flow-meter QCM chamber
;- ------ EEEEEEEEEEEEEEEEEEEN ......... % D & Gas
H 4 "'--‘.,’. ........... — 1 pussngp| releasing
E __‘.-“ channel
L messsssssss - ettt Gas mixing point & I:I %
H H N———1
. . Flow-meter
E E //I 4 Oscillator array
BNC-2121
Labview System l
(control flow-meter) Labview
system with
PCI-6602 card
Reference Measured Gas (Acquire
Gas(N,) (0,) (He) signals)
and(As) 0 mmmssmmmmmm Gas flow
Sianal flow

Figure 4-1. Experimental setup for electronic nose.
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Figure 4-1 illustrates the significant outline of the experimental setup. To precisely produce a
needed gas, two flow-meters are controlled by Labview program for the purposes of properly
mixing gases in a correct percentage. The mixed gas is introduced into a chamber where six
QCMs are installed, as shown in figure 4-2, and then released from an outlet channel. However
there is a limitation existing in the two flow-meters. The limitation restricts the range of the
mixing ratio which is not able to produce a percentage of above 55% and below 100% due to the
existing condition of the Labview system. In other words, the mixing ratios that can be produced

are from 0% (pure reference gas) to 55% and just 100% (pure measured gas).

4

Figure 4-2. The gas chamber with six 5MHz QCM s installed inside.

The main body of QCM chamber is made from Teflon since Teflon material has an inert
property to chemicals, and the top of the chamber is made from glass that is able to be clamped
to the main body of the chamber. A V-Band clamp is used to tightly seal the chamber. The main

body of the chamber has eight QCM holders which are connected with conductive wires
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extending to outside of the chamber. Figure 4-3 shows the exact components of the chamber: the
main body, glassy top, V-Band clamp, QCM holders, and conductive wires. Nevertheless, a
limitation appears on the chamber. Because the age of the chamber, it is not able to be perfectly
sealed if a vacuum is applied and damage on the chamber could happen. Therefore, this

experiment is designed not to use a vacuum pump to flush gases.

Figure 4-3. The designed QCM chamber used for filling with gases.

The task of acquiring responding signal from the oscillator is accomplished by the
cooperation of NI PCI-6602 card, BNC-2121 and Labview, which are purchased from National
Instruments Corporation. The NI PCI-6602 is installed on the PCI slot in a computer which has a
Labview program installed. The BNC-2121 connected to PCI-6602 card provides BNC and
conductive wire connections that are capable to other instruments. Six QCMs coated with
different polymers are installed in the chamber and are connected to an oscillator array which is

supported by 5V DC power. The BNC-2121 is connected with oscillator array to acquire signals
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generated by oscillator array. Figure 4-4 displays the detail connection of QCM the chamber on

the top left, oscillator array under the QCM chamber, and BNC-2121 on the bottom right.

In order to measure signals from the above setup and control NI equipments, Labview is used
as a software program and the designed interface is shown in Figure 4-5. Due to the limitation of
the PCI-6602 card, only three channels can simultaneously be measured instead of six channels
for all the sensors. Hence, the measurement for six sensors is separated into two groups; the first
group is designed to measure sensors coated with BSP3, PIB, and OV-25; the second group is
designed to measure sensors coated with PEI, PVP, and OV-275. From Figure 4-5, it is clear that
the first group is located on the left column and second group is on the right. Therefore, when

measuring one group, the other group will not have responses.

Figure 4-4. The connection of QCM chamber, oscillator array and BNC-2121.
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4-5. Designed Labview interface for data acquisition.

Three limitations mentioned above are concluded here. First, the flow-meters used produce
the range of gas concentrations from 0% (pure reference gas) to 55% and just 100% (pure
measured gas). Second, vacuum chamber can not be used due to the age of the chamber. Third,

NI PCI-6602 card measures only three sensors simultaneously instead of six sensors.

4.2 Data Acquisition

According to the operational property of the QCM sensor, the data to be acquired is the
change of the frequency with respect to the frequency of the reference gas. The experiment starts
with collecting the actually frequency of the three interested gases (Oxygen, Helium, and Argon)
with percentages of 100% (pure interested gas), 55 %, 50 %, 45%, 40%, 35%, 30%, 25%, 20%,

15%, 10%, and 0% (pure reference gas). Each percentage is measured three times and an average
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is completed to obtain average frequencies. Due to the limited amount of gases, this experiment
measures only three times of each gas percentage. Figures 4-6 and 4-7 show responses of groups
I and Il. From these two group responses, the signal form the QCMs coated with BSP3, PIB, PEI
and PVP are very stable and the fluctuation of the signals is about 1 or 2 Hz, which is far smaller
than the signals. However, the signals from the QCMs coated with polymer OV-25 and OV-275
are unstable and fluctuate greatly. The cause of these unstable signals comes from the physical
property of both polymers. These two polymers coated on the surface of QCM exhibit viscous
fluid phase instead of rigid phase as other polymers (BSP3, PIB, PElI and PVP). This
phenomenon explains that the force of the chemical bonding between the polymer molecules is

not strong enough to allow both polymers stay in the rigid phase.
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Figure 4-6. Responses of group | (include BSP3, PIB and OV-25).

44



Dle [t Yew Project Qpere Iock Window e
|

Canibrol Parel |
Hartig sanghen Despeription | step 1 | stepz |
o /g
-u £ Coreivacs Sancles [smoeaud The inferface & designed I perform a requency counter tn acquine fracuency responsa of
P oot method an areay of Quartz Crystal Mierolialsncas (QCME). Tha folimwing Steps show 1ha ikine of
om0 ok Frecuency s 2 Courbers (T sk this erface
] 1 PL1 1
) - = 0] s Fraqancy chaet oo I
R—,m'" pree
=
s
Seference Frequensy
[4sarizs quﬁm“-
Foramecy
[0 ] I £ asmmase]
e
[rew | Jossosis ] P S S S
M) k0 N0 sd0 s 4
Tise
PIR 3
Fraguency Chart o IR
Charnel 2 r
ene Frequency
uuuuu
Frepmcy
s ]
uuuuu HM0 910 SiF0 S1400 S0 sl4
Tras
ov-25 M ov-zes
Freqmecy Chut o 184
Charmel 4 = = Charmel 5
& = Rowais
Poely Froguny Raferance Fracquanty
[ss4712 =20
Freumncy Fromumey
wow | [ T N BT
Ciference bifersrcn
[oe | oz 70

Figure 4-7. Responses of group Il (include PEI, PVP and OV-275).

4.3 Database Design

Once the data of every concentration are recorded, a database can be established by
calculating the difference of the frequencies of each concentration with respect to the frequency

of the reference gas. Since sensors with polymer OV-25 and OV-275 do not respond well, the

database is built based on only the sensors with BSP3, PIB, PEI and PVP.

Testing data is acquired in the same way as stated in section 4.2 and frequency differences

are then calculated in order to compare their similarity.

45



CHAPTER 5

EXPERIMENTAL RESULT AND CONCLUSION

5.1 Result of Fuzzy Similarity Calculation

As stated in section 3.2.3, the fuzzy similarity measure for signal patterns can be realized by

utilizing equation 3.5 and the value of the measurement SF(A, B) between two patterns A and

B is in the range from 0 to 1. The feature of signal pattern is the difference of the frequency of

each sensor. Tested gases are 10%, 20%, 30%, 40% and 50% of each gas and results are shown

from table 5-1 to table 5-15.

Table 5-1. The result of testing 10% oxygen.

10% 15% 20% 25% 30% 35% 40% 45% 50% 55%  100%
Oxygen 0.3551 0.4432 0.3012 0.2321 0.1866 0.1453 0.1122 0.0751 0.0553 0.0447 0.0276
Helium 0.7319 0.7514 0.5455 0.4083 0.335 0.2456 0.1835 0.1468 0.1216 0.106 0.0728
Argon 0.1616 0.249 0.3488 0.4094 0.4921 0.4278 0.3756 0.3216 0.2737 0.2216  0.15
Testing Gas: 10% oxygen Result: 15% helium
Table 5-2. The result of testing 20% oxygen.
10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%
Oxygen 0.3146 0.8093 0.8224 0.6339 0.5096 0.3966 0.3065 0.2052 0.1511 0.1221 0.0755
Helium 0.3609 0.5632 0.6215 0.5889 0.5543 0.4644 0.3471 0.2777 0.2318 0.202 0.1377
Argon 02387 0.4574 0.6797 0.6628 05402 04643 04  0.3571 0.3032 0.2453 0.1658

Testing Gas: 20% oxygen
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Table 5-3. The result of testing 30% oxygen.

10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%

Oxygen 0.1731 0.4473 0.648 0.835 0.8986 0.7111 0.5568 0.3728 0.2745 0.2219 0.1355

Helium 0.2074 0.3371 0476 0.6261 0.6245 0.5415 0.5625 045 0.3757 0.3274 0.2231

Argon  0.1144 0.2227 0.3147 0.3155 0.3229 0.3428 0.3495 0.3347 0.2842 0.2368 0.1597

Testing Gas: 30% oxygen Result: 30% oxygen

Table 5-4. The result of testing 40% oxygen.

10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%

Oxygen 0.1015 0.2667 0.3924 0.5068 0.6333 0.8109 0.8715 0.6358 0.4681 0.3777 0.2307

Helium 0.1321 0.214 0.3144 0.4126 0.4734 05286 0.6399 0.6918 0.6181 0.5387 0.3671

Argon  0.1029 0.2033 0.3245 0.411 0.4889 0.4925 0.4861 0.4748 0.4756 0.4704 0.4208

Testing Gas: 40% oxygen Result: 40% oxygen

Table 5-5. The result of testing 50% oxygen.

10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%

Oxygen 0.0711 0.1868 0.2749 0.3567 0.4437 0.5701 0.7378 0.8893 0.6669 0.534  0.329

Helium 0.0977 0.1569 0.2434 0.3213 0.3681 0.4167 0.5713 0.7079 0.736 0.7421 0.5158

Argon  0.0693 0.1332 0.2107 0.2656 0.3273 0.401 0.4779 05108 0.5089 0.4984 0.5595

Testing Gas: 50% oxygen Result: 45% oxygen
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Table 5-6. The result of testing 10% helium.

10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%
Oxygen 0.2667 0.3842 0.3037 0.2473 0.1969 0.1661 0.1393 0.1005 0.0796 0.0626 0.041
Helium 0.6545 0.4709 0.3202 0.2396 0.1966 0.1441 0.1077 0.0862 0.0719 0.0627 0.0427
Argon 0.2753 0.3645 0.453 0.524 0.6022 0.5062 0.4282 0.3811 0.3186 0.2578 0.1705
Testing Gas: 10% helium Result: 10% helium
Table 5-7. The result of testing 20% helium.
10% 15% 20% 25% 30% 35% 40% 45% 50% 55%  100%
Oxygen 0.3436 0.6416 0.5495 0.4429 0.3562 0.2933 0.2396 0.1687 0.1303 0.1036 0.0664
Helium 0.4301 0.5674 052 04882 04005 0.2936 0.2194 0.1755 0.1465 0.1277 0.087
Argon  0.3268 0.4624 0549 0.6227 0.513 04317 0.3655 0.3256 0.2725 0.2205 0.1455
Testing Gas: 20% helium Result: 15% oxygen
Table 5-8. The result of testing 30% helium.
10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%
Oxygen 0.2628 0.556 0.6743 0.593 04791 0.3919 0.3176 0.2221 0.1701 0.1358 0.0876
Helium 0.3416 0.4596 0.6483 0.6366 0.5461 0.4004 0.2992 0.2394 0.1998 0.1741 0.1187
Argon  0.4505 0.7295 0.6506 0.4789 0.3722 0.3135 0.2658 0.2372 0.1988 0.1607 0.1053

Testing Gas: 30% helium
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Table 5-9. The result of testing 40% helium.

10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%

Oxygen 0.1551 0.4074 0.5995 0.7778 0.8559 0.6941 0.5502 0.3777 0.2863 0.2308 0.1526

Helium 0.2206 0.3004 0.4246 0.5738 0.6599 0.5696 0.5426 0.434 0.3623 0.3158 0.2152

Argon  0.2976 0.4408 0.4977 0.5184 0.518 0.5159 0.4424 0.3891 0.3216 0.2555 0.1709

Testing Gas: 40% helium Result: 30% oxygen

Table 5-10. The result of testing 50% helium.

10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%

Oxygen 0.0893 0.2347 0.3453 0.448 05573 0.716 0.8669 0.6948 0.5211 0.4203 0.2639

Helium 0.1035 0.1539 0.2301 0.3208 0.3788 0.4372 0.607 0.66 0.6394 0.5573 0.3797

Argon  0.0927 0.189 0.3053 0.3882 0.4805 0.5706 0.5579 0.5417 0.5364 0.5282 0.5135

Testing Gas: 50% helium Result: 40% oxygen

Table 5-11. The result of testing 10% argon.

10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%

Oxygen 0.1976 0.3807 0.4839 05734 0.621 0.5077 0.4106 0.2881 0.2214 0.1755 0.115

Helium 0.3016 0.3983 0.5525 0.7116 0.7332 0.5498 0.4109 0.3287 0.2744 0.2392 0.163

Argon  0.7361 0.6667 0.4337 0.3478 0.2654 0.2236 0.1898 0.1589 0.1315 0.0994 0.0667

Testing Gas: 10% argon Result: 10% argon
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Table 5-12. The result of testing 20% argon.

10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%
Oxygen  0.146 0.3834 0.5643 0.6667 0.7062 0.7143 0.5744 0.4004 0.3052 0.2432 0.156
Helium 0.2156 0.2953 0.4149 0.5589 0.6426 0.694 0.5705 0.4564 0.3798 0.331 0.2263
Argon 0.2677 05202 0.802 0.8578 0.7235 0.5956 0.5106 0.4332 0.3621 0.289 0.1917
Testing Gas: 20% argon Result: 25% argon
Table 5-13. The result of testing 30% argon.
10% 15% 20% 25% 30% 35% 40% 45% 50% 55%  100%
Oxygen 0.1182 0.3104 0.4568 0.5926 0.6895 0.758 0.7077 0.493 0.3748 0.2998 0.1928
Helium 0.1793 0.2527 0.3527 0.4731 0.5456 0.602 0.7095 0.5696 0.4717 0.4113 0.2819
Argon  0.1767 0.3344 05179 0.69 0.8567 0.8628 0.7804 0.6682 0.5545 0.44  0.2961
Testing Gas: 30% argon Result: 35% argon
Table 5-14. The result of testing 40% argon.
10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%
Oxygen 0.1015 0.2667 0.3924 0.5091 0.6333 0.7248 0.7829 0.5795 0.4395 0.3521 0.2243
Helium 0.1476 0.217 0.3043 0.409 04738 05243 0.734 0.6631 0.5499 0.4796 0.3288
Argon  0.1328 0.2582 0.402 0.5188 0.6441 0.7795 0.9156 0.837 0.7273 0.585 0.3913

Testing Gas: 40% argon Result: 40% argon

50



Table 5-15. The result of testing 50% argon.

10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 100%

Oxygen 0.0856 0.2248 0.3308 0.4291 0.5338 0.6858 0.745 0.6892 0.5219 0.4189 0.2648

Helium 0.1193 0.1844 0.2528 0.3436 0.4002 0.4482 0.6306 0.7311 0.6497 0.567 0.3891

Argon  0.1004 0.1951 0.3119 0.392 0.4867 0589 0.7064 0.803 0.8825 0.7583 0.5102

Testing Gas: 50% argon Result: 50% argon

Table 5-16 summarizes the results from table 5-1 to table 5-15 and shows that the database
system can successfully recognize 20% oxygen, 30% oxygen, 40% oxygen, 10% helium, 10%
argon, 40% argon, and 50% argon. The measurement for helium has a large deviation. However,

even some recognitions for oxygen and argon failed, the deviations are not very large.

Table 5-16. The result table of all gases.

10% 20% 30% 40% 50%
Oxygen 15% Helium 20% Oxygen 30% Oxygen 40% Oxygen 45% Oxygen
Helium 10% Helium 15% Oxygen 15% Argon 30% Oxygen 40% Oxygen
Argon 10% Argon 25% Argon 35% Argon 40% Argon 50% Argon

5.2 Result Analysis

The data obtained from the experiments exhibit a tendency of recognizing gases with their
concentrations except for the recognition of helium. The reason for some gases to be
unrecognized is probably the difficulty of the sensors offsets, i.e. the molecules of the gases are
not able to be completely flushed from the surface of the polymer without vacuum condition.

Moreover, polymers coated on the sensor will be looser and looser after a long operation of days,

which result in signal drifts.
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5.3 Recommendation for future works

In order to improve this research in future, five recommendations are suggested in this
research. First, the frame design of the chamber needs to be enhanced so that a vacuum pump
can be used to remove molecules on the surface of the polymer to acquire better signals. Second,
the polymers selected need to be void of surfaces with viscous liquid phases. When the polymers
are coated on the sensors, the properties of the polymers should be solid phase instead of viscous
liquid phase. Third, sensors selected should be able to last longer, and have less drift and
hysteresis so that the result may be consistent. Fourth, the equipment used should extend the
database from 0% to 100%. Fifth, when establishing the database, a smaller scale between two

concentrations is suggested to make precise recognitions.
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