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ABSTRACT

The main focus of this thesis is on the design and development of novel fiber optic
devices for relative humidity (RH) sensing with emphasis on high sensitivity, a wide

humidity range, low temperature dependence, fast response time and good stability.

Novel RH sensors based on fiber bends are fabricated by coating the surface of the
buffer stripped bent fiber with selected hygroscopic materials such as Polyethylene
oxide or Agarose. It is shown that the Polyethylene oxide coated device has a high
sensitivity in a narrow RH range while the Agarose coated fiber bend shows a linear RH
sensitivity in a wide RH range. Both of these sensors demonstrate a fast response (in the
order of milliseconds) to RH variations. The limitations of fiber bend based humidity

sensors are also discussed in the thesis.

A novel RH sensor based on a reflection type photonic crystal fiber interferometer
(PCFI) is presented which does not rely on the use of any hygroscopic material. The
operating principle of a PCFI sensor based on the adsorption and desorption of water
vapour at the silica-air interface within the PCF capillaries is discussed. The
demonstrated sensor shows a good RH sensitivity in the higher RH range. Furthermore
this RH sensor is almost temperature independent and can also be used in a high

temperature and high pressure environment for humidity sensing.

In order to improve the sensitivity of a reflection type PCFI over a wider RH range an
alternative sensor is developed by infiltrating the microholes of the PCF with the
hygroscopic material Agarose. The demonstrated novel sensor has a good sensitivity, a
fast response time and a compact size. The temperature dependence of the device is also

investigated. A novel hybrid device based on Agarose infiltrated PCFI interacting with a




fiber Bragg grating is also presented which can simultaneously measure RH and

temperature.

A novel RH sensor based on a transmission type photonic crystal fiber interferometer
coated with Agarose is also presented and discussed. This structure is used to study the
effect of Agarose coating thickness in such a sensor on the RH sensitivity. It is
demonstrated that the RH sensitivity of the sensor has a significant dependence on the
thickness of the coating. An experimental method is also demonstrated to select an
optimum coating thickness to achieve the highest sensitivity for a given RH sensing
range. The sensor with the highest demonstrated sensitivity shows a linear response in
the RH ranges of 40-80 % and 80-95 % with a sensitivity of 0.57 nm/%RH and 1.43

nm/%RH respectively.

Finally, a comparison of the four RH sensing devices is presented, based on their size,
operating range, RH sensitivity, temperature dependence and response time, in the
context of selecting suitable devices for end-user applications. Two examples of
applications are presented: dew sensing and breathing monitoring. The reflection type
PCFI which does not use any hygroscopic material is selected for dew sensing and the
dew response of the device is presented and discussed. Finally a novel breathing sensor
based on the Agarose infiltrated PCFI is developed, which due to its immunity to
interference from electric and magnetic fields, is suitable for breath monitoring of

patients during medical procedures such as a magnetic resonance imaging scan.
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Development of Novel Fiber Optic Humidity Sensors and Their Derived Applications PhD Thesis

CHAPTER 1. INTRODUCTION

This chapter introduces the background, motivation and objectives of the research,
along with the research methodology employed and an overview of the layout of the

thesis.
1.1 Background to the research
1.1.1 Humidity sensing

Humidity refers to the water vapor content in air or other gases. It is one of the most
frequently measured physical quantities. Humidity measurements can be stated in a
variety of terms and units. The three commonly used terms are absolute humidity,
dew/frost point and relative humidity (RH). Absolute humidity is the ratio of the mass
of water vapor to the volume of air or gas in which the water vapor resides. It is
commonly expressed in grams per cubic meter. Dew point is the temperature (above 0
9C) at which the water vapor in a gas condenses to form liquid water. Frost point is the
temperature (below 0 °C) at which the vapor condenses to ice. Dew/Frost point is
expressed in °C or °F and is a function of the pressure of the gas but is independent of
temperature, therefore it provides a better absolute measurement of water vapor content.
The ratio of the percentage of water vapor present in air at a particular temperature and
pressure to the maximum amount of water vapor the air can hold at that temperature and
pressure is called relative humidity (RH). It is often expressed as a percentage using the

following expression,

RH = S—W*100% (L1)
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where P, is the partial pressure of the water vapor and Py Is the saturation water vapor
pressure. RH is a function of temperature, and thus it is a relative measurement. Most of

the humidity sensors available on the market are RH sensors.

Measurement of humidity is required in a range of areas, as illustrated in Fig. 1.1,
including meteorological services, the chemical, textile and food processing industry,
civil engineering, air-conditioning, horticulture, automotive industry and electronic
processing. For example in manufacturing highly sophisticated integrated circuits in the
semiconductor industry, humidity or moisture levels are constantly monitored in wafer
processing. There are also many domestic applications, such as intelligent control of the
living environment in buildings, cooking control for microwave ovens, and intelligent
control of laundry drying etc. In the automobile industry, humidity sensors are used in
rear window defoggers and motor assembly lines. In the medical field, humidity sensors
are used in respiratory equipment, sterilizers, incubators, pharmaceutical processing,
and biological products. In general industry, humidity sensors are used for humidity
control in chemical gas purification, fuel cells, dryers, ovens, film desiccation, paper
and textile production, and food processing. In agriculture, humidity sensors are used
for green-house air-conditioning, plantation protection (dew prevention), soil moisture

monitoring, and cereal storage.

Meteorological

Food processing \

Agriculture s

Civil engineering

~__—7 Semiconductor
“{ Humidity \—

Automotive «— T Textile industry

Air conditioning ' Chemicalindustry

Medical and health

Fig. 1.1. Examples of applications of humidity sensors in different areas.
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A review of conventional techniques for humidity sensing is given in [1-7]. They can be
classified with respect to the sensing material used into ceramic, electrolyte,
semiconductor, and polymer humidity sensors [1-4]. In terms of the transduction
techniques they can be classified into mechanical, resistive, capacitive, optical,
gravimetric, piezoresistive, and magnetoelastic sensors [5-6]. Optical humidity sensors
can be based on a colour changing hologram [8-9], grating/prism coupler [10-12],
chilled mirror hygrometer [13] and optical fibers [7, 14-85]. The most important
parameters of a humidity sensor are its accuracy, repeatability, long-term stability,
ability to recover from condensation, resistance to chemical and physical contaminants,
size, cost effectiveness, operating RH range, temperature dependence and response
time. Given the wide range of industrial humidity measurement sensors available it is

clear that no single measurement technique is suitable for all applications.
1.1.2 Fiber optic humidity sensor

Optical fiber humidity sensors offer specific advantages by comparison to their

conventional electronic counterparts. They are:

Immune to radio frequency interference and electro-magnetic interference
No explosion risk in volatile atmospheres
Remote operation possible

Multiplexing of different sensors is possible

+

+

+

+

+ Excellent corrosion resistance
+ Compact size and weight

+ High accuracy possible

+ Fast response time

+

Ease of interfacing to interconnecting optical fibers
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+ Potentially resistant to ionizing radiation

+ Non-metallic and MRI compatible
A wide range of optical fiber humidity sensors have been reported in the literature [7]
and a summary overview of their main features and specifications is shown in tabular
form in appendix A, classified by the technique used for sensing under the headings:

direct spectroscopic, evanescent wave, in-fiber grating and interferometric types.

a. Direct spectroscopic based sensors

Direct spectroscopic method based humidity sensors started to appear in the literature
from 1988 onwards. Typically such sensors detect the optical signal obtained from the
sensor head and relate the absorption [14-19] or fluorescence [20-22] or luminescence
[23] resulting from the presence of water vapor to the concentration of this water vapor,
thus allowing for the measurement of RH. Most of the sensors are based on moisture
sensitive reagents attached to the sensing fiber, usually with the aid of a polymeric
material to form a supporting matrix. Some examples of the reagent materials used for
absorption based sensors are CoCl, [14,15], Crystal violet [16], Rhodamine B [17], etc.
Examples of the reagent materials used for the fluorescence based sensors are perylene
dyes [20], an aluminium/morin metal ion—organic complex [21], Lithium-treated Nafion
membrane [22], etc. Different fiber configurations have been used by various authors
and include sensing material attached to the tip of the fiber [20], an air gap between an
input and output fiber [17], air-guided photonic crystal fiber [18,19], etc. The typical
operating RH ranges of these sensors vary from a narrow range of 8% RH change to
wide range of 100% RH. The response time of these sensors is relatively slow and

varies from ~118 seconds to a few minutes.
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b. Evanescent wave based sensors

Since 1985 onwards several evanescent wave (EW) based humidity sensors have been
reported. This sensing method allows the optical fiber to be used as an intrinsic sensor
where the EW field generated at the fiber interface interacts with the humidity sensing
material surrounding the fiber which in turn allows for the detection of the
attenuation/insertion loss [24-48] or the resonant wavelength shift [49-53] of the fiber
structure due to the change in refractive index, optical absorption, or scattering of the
sensing material with respect to the ambient RH. Again a number of fiber structures
have been proposed by various authors, for example a U-bent fiber [24,30-31,33-34],
side polished fiber [28,38,49], tapered fiber [32,39,42], etched fiber [50], plastic optic
fiber [35,41,43], cladding removed plastic cladded silica fiber [40,48], fiber hetero
structure [44,45], etc. A wide variety of sensing materials have also been used and
include gelatine [24,27,29,31,42,], polyethylene oxide (PEO) [28,29], polyvinyl alcohol
(PVA) [34,37,47], agarose [32,36,40,50,], TiO, [49,48], sol-gel silica [38,46,48],
chitosan [40], polyaniline [43], nanocoating formed by electro static self assembly or a
layer-by-layer technique using different materials [39,44,51,52,53], etc. The RH
changes that can be measured by these sensors vary from a range as low as 20% to as
high as 90% over the full RH range of 0-100% RH. The response time of these sensors

typically varies from a few milliseconds to several minutes.

c. In-fiber grating based sensors

The first RH sensor based on an in-fiber grating was reported by Giaccari et. al. in 2001
[54]. The in-fiber gtratings are created by inducing periodic refractive index modulation
of the fiber core. Depending on the grating period they can be classified as fiber Bragg

grating (FBG) or long period grating (LPG) sensors. An FBG based RH sensor
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commonly uses a sensing material that will expand and induce strain on the FBG with
respect to RH [54-61]. LPG based RH sensors are realised by coating the fiber with
hygroscopic materials whose refractive index change with respect to RH [62-70].
Examples of sensing materials used with FBGs for RH sensing are polyimide [54-59]
and pyralin [61]. Popular materials used along with LPG for RH sensing are carboxy
methyl cellulose [62], gelatine [63], PEO [64], PVA [65,66], silica nano spheres [67-
69], etc. The typical response time of an FBG based RH sensors vary from a few
seconds to several minutes. The reported response time of an LPG based RH sensor is
between 30 ms and 80 s. The RH changes that can be measured by these sensors vary

from a range as low as 9% to as high as 95% over the RH range of 0-99% RH.

d. Interferometric sensors

The sensing mechanism of an interferometric type fiber optic RH sensor relies on the
perturbation of the phase properties of the light signal travelling in an optical fiber
introduced by the humidity change. The detection of the phase change is realised by
mixing the signal of interest with a reference signal, consequently converting the phase
difference between the two signals into an optical intensity change or wavelength shift.
The different type of fiber interferometers used for RH sensing are Fabry-Perot (F-P)
interferometer [71-78], Michelson interferometer [79-80], modal interferometer [81-82],
micro-ring interferometer [83-84], and Sagnac interferometer [85] configurations.
Examples of materials used to induce phase change are: SiO,—TiO,-SiO, [71], SiOp—
(Au:PDDA+ /poly (sodium 4-styrene-sulfonate) (PSS)-) [72], Polyurethane urea -
PEO/poly(propylene oxide) [79], SiO,—(PDDA+ /Poly S119-) [73], Poly R-478- PDDA
[74], SiO, Nanoparticles [75], PEO [81], chitosan [77,85], PVA [80], etc. The RH

changes that can be measured by these sensors vary from a range as low as 38% to as
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high as 97% over the full RH range of 0-100% RH and the response times are in the

range 120 milliseconds to 1 minute.

In summary the available fiber optic humidity sensors require complex processing of
the fiber to allow the light to interact with the water vapor, such as fabrication of
gratings, cladding removal, side polishing, tapering, chemical etching or formation of a
fiber Fabry-Perot cavity, etc. Also these sensors work on the basis of a hygroscopic
material deposited on the optical fiber to modulate the light propagating through the
fiber. The chemical process required for the preparation and deposition of these
hygroscopic materials on the fiber structures also requires a complex process. Finally in
terms of sensor specifications such as operating range, response time, temperature
dependence and mechanical stability the performance of these sensors are in many cases
limited. The research presented in this thesis set out to address these issues. The fiber
structures investigated in this thesis are chosen for their fabrication simplicity and by
the use of a hygroscopic material for the sensors that can be easily prepared and coated
on the fiber. A fiber optic RH sensor that does not utilise any hygroscopic material is

also proposed in this thesis.

1.2 Motivation and aims of the research

The motivation for this research is to investigate a number of approaches to humidity
sensing using optical fiber which both overcome the disadvantages of existing fiber
optics sensors and which also allow fiber humidity sensors to be applied in new
application areas. This study aims to achieve humidity sensors with simple fabrication
procedure, wide operating range, good stability and repeatability, fast response time,
and high sensitivity. Another goal of this study is to develop a dew sensor and a

breathing sensor utilising a suitable potential RH sensor developed in this research. The
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novel fiber structures under investigation are an optical fiber bend and different
configurations of a photonic crystal fiber interferometer. Since the fabrication of the RH
sensors based on these structures is simple and low cost, disposable humidity sensors
can be developed using them which is useful to overcome the contamination effects by
simply replacing the sensor. Sensor contamination over time is a serious problem that

needs to be addressed in the case of any fiber optic humidity sensor.

1.3 Overview of fiber structures used for RH sensing

The following subsections introduce the fiber structures used for RH sensing in this

thesis

1.3.1 A macro-bend single mode fiber

Since the advent of optical waveguides the phenomenon of bend-induced losses has
been recognized [86-87]. Macro-bend loss is the radiative loss that occurs when the
bend radius is relatively small. Bend loss in single mode fiber is usually regarded as an
adverse effect in the context of optical transmission, but utilizing the bending loss in
fiber has led to the development of many fiber devices with a variety of applications
[88-94]. Theoretically, bend loss in optical fibers has been shown to be a monotonic
function of wavelength, assuming a cladding of infinite extent [95]. A finite cladding
thickness leads to an oscillatory bend loss as a function of the bend radius (R) and
wavelength. This oscillation in bent optical fibers has been attributed to so-called
Whispering Gallery mode resonance and been studied by several authors experimentally
and theoretically [96-98]. A strong resonant dip was demonstrated with a jacket-
removed cladding-thinned optical fiber in [99] for high temperature sensing. An
alternate approach to the physical description and quantification of bend loss in a bent

single mode fiber, based on the coupling of the fundamental mode to cladding modes
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caused by curvature change, was demonstrated in [100-105]. A variety of sensing
applications of a macro bent optical fiber have been demonstrated, which include
wavelength measurement based on macrobending singlemode fiber [88-90],
temperature sensor [91], refractive index sensor [92], displacement sensor [93], and a

voltage sensor [94].

For the purpose of humidity sensing, since a buffer stripped fiber bend is sensitive to
ambient refractive index, a humidity sensor is possible using a fiber bend structure by
coating its surface with a hygroscopic material whose refractive index changes with
respect to the ambient humidity. Unlike other fiber optic humidity sensors with a
hygroscopic coating a bent SMF does not require any complex processing of the fiber

itself.

1.3.2 A photonic crystal fiber interferometer

Photonic crystal fibers (PCFs), which are also called microstructured optical fibers or
holey fibers, have been extensively investigated and since they appeared in the mid
1990s [106-108] have considerably increased the range of applications possible
compared to traditional optical fiber. PCFs have a periodic array of microholes that run
along the entire fiber length. They typically have two kinds of cross sections: an air-
silica cladding surrounding a solid silica core or an air-silica cladding surrounding a
hollow core. The light-guiding mechanism of the former is provided by means of a
modified total internal reflection (index guiding), while the light-guiding mechanism of
the latter is based on the photonic band gap effect (PBG guiding). The number, size,
shape, and the separation between the air-holes as well as the air-hole arrangement are
parameters which define the guiding mechanism and modal properties of PCF [109].

The structure is what gives PCF many of its unique properties such as single mode
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operation over a wide wavelength range [110], very large mode area [111], and
ultraflattened chromatic dispersion with low losses [112]. Because of the very many
design variations developed with novel wave-guiding properties, PCFs have been used
for a number of novel fiber-optic devices and fiber-sensing applications that are difficult

to realize using conventional fibers.

While traditional optical interferometers offer high resolution in metrology applications,
the use of fiber optic technology additionally offers some advantages such as
mechanical stability, compactness and absence of moving parts for the construction of
interferometers. The two common approaches to building of a fiber optic interferometer
are: two-arm interferometer and modal interferometer. A two-arm interferometer
involves splitting and recombining two monochromatic optical beams that propagate in
different fibers which requires several meters of optical fiber and one or two couplers. A
modal interferometer on the other hand exploits the relative phase displacement
between two modes of the same fiber. In modal interferometers by comparison to their
two-arm counterparts, the susceptibility to environmental fluctuations is reduced
because the modes propagate in the same path or fiber. The unique properties of the
photonic crystal fibers offer many interesting possibilities for the design of fiber
interferometers and as a result have attracted much interest from the optical fiber sensor
community. The design of PCF based interferometers in particular is interesting owing
to their proven high sensitivity and wide range of applications. Some photonic crystal
fiber based modal interferometers reported to date include PCFs in a fiber loop mirror
[113], interferometer built with long period gratings [114], interferometers built with
tapered PCFs [115], and interferometers fabricated via micro-hole collapse [116-118].
The latter technique is really simple since it only involves cleaving and splicing. The

different configurations reported so far are a PCF with two collapsed regions separated
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by a few centimetres [116,117], a short section of a PCF longitudinally sandwiched
between standard single mode fibers by fusion splicing (transmission type) [118] and a
stub of PCF with cleaved end fusion spliced at the distal end of a single mode fiber
(reflection type) [119]. The advantage of the last two configurations is that the modal
properties of the PCF are exploited but the interrogation is carried out with conventional
optical fibers, thus leading to more cost-effective interferometers. Therefore the latter
two configurations (see Fig. 1.2 and 1.3) are investigated in this thesis for humidity
sensing. The different structures investigated for humidity sensing are a reflection type
PCF interferometer without using any hygroscopic material, an Agarose infiltrated
reflection type PCFI and an Agarose coated transmission type PCFI. Several aspects of
PCFI based sensors are investigated in this thesis; including the relation between
lengths of PCF and the fringe spacing, temperature dependence, response time, and

effect of Agarose coating thickness on the sensitivity of the sensor.

PCF
cross section

Micro-hole collapsed region

|

SMF PCF

Fig. 1.2. A drawing of a reflection type PCF interferometer and a diagram of the cross
section of the PCF employed. (SMF- single mode fiber, PCF- photonic crystal fiber).

Micro-hole collapsed region

.
“_ s

SMF PCF SMF

Fig. 1.3. A drawing of a transmission type PCF interferometer (SMF- single mode fiber,
PCF- photonic crystal fiber).
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All these structures can provide humidity information by either spectral measurements
or measurements of intensity/power variations of the transmitted/reflected light. The
sensors demonstrated also have a fast response compared to other mechanical/electronic
humidity sensors and can, for example, be used as a breath monitor in medical
applications and potentially in many other chemical, biological and industrial

applications.

1.4 The objectives of the research

In line with the motivations and aims of the research outlined previously, the specific

objectives of the research are as follows:

A. Develop and characterise RH sensors based on a fiber bend

This will involve the investigation of the RH response of a PEO and an Agarose coated
fiber bend along with the investigation of the temperature dependence and the response

time of an Agarose coated fiber bend.

B. Develop and characterise an RH sensor based on an open ended PCFI

This will involve the investigation of the effect of length of PCF on the fringe spacing
of a reflection type PCFI, investigation of the RH response of an reflection type PCFI

and the investigation of the temperature dependence of the reflection type PCFI.

C. Develop and characterise an RH sensor based on an Agarose infiltrated reflection

type PCFI

This will involve the investigation of the RH response of an Agarose infiltrated
reflection type PCFI, investigation of the response time of an Agarose infiltrated

reflection type PCFI, investigation of the temperature dependence of an Agarose

12
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infiltrated reflection type PCFI, and investigation of a new method for the simultaneous
measurement of RH and temperature using an Agarose infiltrated reflection type PCFI

and an in-line fiber Bragg grating.

D. Develop and characterise an RH sensor based on an Agarose coated transmission

type PCFI

This will involve the investigation of the effect of coating thickness on the sensitivity of
a humidity sensor based on transmission type PCFI, the investigation of the RH
response of an Agarose coated transmission type PCFI, investigation of the temperature
dependence of an Agarose coated transmission type PCFI, and the investigation of the

response time of an Agarose coated transmission type PCFI.

C. Carry out a performance comparison of the RH sensors developed and use this

comparison to select suitable devices for dew sensing and breathing monitoring

This will involve the investigation of the dew response of a reflection type PCFI and

investigation of breathing response of an Agarose infiltrated reflection type PCFI.

1.5 Research methodology

For the various research strands pursued in this thesis, the typical research methodology

employed consists of a sequence of steps as follows:

I. Carry out an analysis of light propagation in the sensor.

Analysis of light propagation in the fiber structure to underpin the development of an

explanation and understanding of the operation of the sensor.
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I1. Develop techniques to fabricate the sensor head.

In this research, all the fiber structures were fabricated using a Fujikura CT-30 cleaver
and a Sumitomo type-36 fusion splicer. The specific methodologies involved for the

different sensors are:

a. Fabrication of a fiber bend:

First, the input SMF and the input end of a high bend loss fiber (1060XP) were cleaved
and spliced together. The cleaver was then used again to cleave the other end of the high
bend loss fiber to the required length. The output end of high bend loss fiber section was
spliced to the cleaved end of the output SMF. Finally, a fiber bend with a desired bend
radius is achieved by fixing the fiber on to a semicircular rod of desired outer diameter

or by attaching the bend fiber between a fixed and a translating support.

b. Fabrication of a PCFI:

A required length of PCF with its protection coating removed and both ends cleaved is
taken. The cleaved end of the input SMF and the input end of the PCF are fusion spliced
together to form a reflection type PCFI. The transmission type PCFI can be formed by
again fusion splicing the output end of the PCF section to the cleaved end of the output

SMF.

I11. Develop techniques to allow coating or infiltration

Chemical processes:

It involves the preparation of a hygroscopic material solution and coating the fiber with
the solution. The PEO/Agarose solution is prepared by dissolving a suitable quantity of

PEO or Agarose in distilled water. The PEO coated fiber bend is fabricated by coating
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the buffer-striped portion of the fiber with a PEO solution. The Agarose coated fiber
bend is fabricated by passing the buffer-striped portion of the fiber through a hot
Agarose solution. The Agarose infiltrated PCFI is fabricated by infiltrating the
microholes of the reflection type PCFI with hot Agarose solution via capillary action.
The Agarose coated PCFI is fabricated by passing the transmission type PCFI through a

hot Agarose solution.
IV. Develop an experimental set-up to study the RH response of the sensors
a. Controlling the humidity environment:

The humidity response of the sensors is studied by placing the sensor in a controlled
environment chamber (Electro Tech Systems inc., Model 5503-00 with Package F). The
operating system of the environment chamber consists of a closed loop desiccant/pump
dehumidification system, ultrasonic humidification system, solid state thermo electric
cooling system and an electric strip heating system. The control system consists of a
microprocessor based control unit and the feedback sensors for RH and temperature.
Using this system both the temperature (range = 10-55 °C, accuracy > +1 °C) and
relative humidity (range = 0-100% RH, accuracy = +2% RH) inside the chamber can be
varied and controlled. Saturated salt solutions are used as an RH standard to verify the

readings of the electronic hygrometer.
b. Optical characterisation of the sensors:

To characterise sensors the generic experimental setup takes one of two forms,
depending on the sensor type. The generic setup for transmission type sensors is
composed of a light source, sensor head and a light detector as shown in Fig. 1.4. For an

end type sensor head such as open ended PCFI, a fiber optic coupler/circulator is used
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to couple the light between source, sensor head and the detector as shown in Fig. 1.5.
The light sources used are either a broadband light source, SLED (COVEGA
Corporation, SLD6593) or a single wavelength light source, Tunable laser (Anritsu,
Tunics plus CL/WB). The light detector used to monitor the response of the sensor is
an optical power meter (PX Instrument Technology, PX2000-306) or an optical

spectrum analyser (Advantest, Q8384).

RH calibration chamber

Light source | | Light detector
SLED/Tunable Sensor head Optical power
laser | | meter/OSA

Fig. 1.4 Block diagram of the generic experimental set-up to study the RH response of
the transmission type sensor

RH calibration chamber
Lightsource | e

SLED/Tunable

|

laser | :
Fiber optic I

. P Sensor head |

coupler/circulator | |

| |

| |

Light detector
Optical power
meter/OSA

Fig. 1.5 Block diagram of the generic experimental set-up to study the RH response of
the reflection type sensor

V. Carry out a performance comparison of the developed RH sensors

A performance comparison of the relative humidity sensors developed is carried out
based on parameters such as RH range, RH sensitivity, response time, sensor size,

temperature dependence, advantages and limitations of the sensor. As an outcome of
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this determine the best sensor configuration for two candidate applications: Dew point

sensing and human breath monitoring.

1.6 Layout of the Thesis

This dissertation is focussed on the design and experimental demonstration of humidity

sensors with an emphasis on high sensitivity, fast response time and wide range.

Chapter 1 is this introduction chapter which introduces the background, motivation and
objectives of the research. The research methodology and an overview of the layout of

the thesis are also included.

Chapter 2 presents the studies of fiber bend based RH sensor with a focus on achieving
high sensitivity in a wide operating range. A PEO coated fiber bend and an Agarose
coated fiber bend are studied in this chapter. The operating principle of the sensor, the
RH response of the sensor, temperature dependence and the response time of the sensor

are discussed in this chapter.

Chapter 3 presents the studies of a RH sensor based on open ended reflection type PCFI
with the key advantage that no hygroscopic materials are needed. The fabrication,
operating principle of the sensor, RH response and temperature dependence of the

sensor are discussed in this chapter.

Chapter 4 presents the studies of an RH sensor based on an Agarose infiltrated
reflection type PCFI. The novel concept for achieving an improved sensitivity with a
miniature size of the sensor is demonstrated in detail. The operating principle, RH
response, repeatability, long term stability, temperature dependence and response time

of the sensor are explained in this chapter. This chapter also demonstrates a fiber optic
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hybrid device using an Agarose infiltrated PCFI and an in-line fiber Bragg grating for

simultaneous measurement of humidity and temperature.

Chapter 5 presents the studies of an RH sensor based on an Agarose coated transmission
type PCFI. This chapter experimentally demonstrates the effect of coating thickness on
the RH sensitivity of the sensor. The fabrication, operating principle, RH response,
repeatability, long term stability, temperature dependence and response time of the

sensor are discussed in this chapter.

In Chapter 6 a performance comparison of the relative humidity sensors developed is
provided in terms of RH range, RH sensitivity, response time, sensor size, temperature
dependence, advantages and limitations of the sensor. Based on the advantages such as
wide RH range of operation, high sensitivity, fast response time, dispensing with the
need for a hygroscopic material/silica only sensor head, type of the probe (end-type or
in-line), disposability of the sensor head, small sensor head size, low temperature
dependence, the sensors for suitable derived application are identified in this chapter.
The chapter also presents the dew response of an open ended PCFI and the breathing

response of an Agarose infiltrated PCFI.

Finally the conclusions arising from the research and future research plans are presented

in Chapter 7.

Two appendices are also provided detailing other information such as overview of the
various fiber-optic sensing techniques for humidity detection, the LabVIEW program

for the breathing analysis application and details of the equipment and accessories used.
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CHAPTER 2. RELATIVE HUMIDITY SENSOR BASED ON

A FIBER BEND

2.1. Introduction

Most fiber optic humidity sensors work on the basis of a hygroscopic material coated
over the optical fiber to modulate the light propagating through the fiber [1]. The
available fiber optic humidity sensors require complex processing of the fiber to allow
the light to interact with the water vapor, such as fabrication of gratings [2,3], cladding
removal [4-6], side polishing [7,8], tapering [9, 10], formation of a fiber Fabry-Perot
cavity [11], or a hetero structure [12]. The use of a simple bent optical fiber has been
previously demonstrated by D. C. Bownass et al [13] for the detection of the gross
humidity state (dry or humid) in telecommunications networks using a bent standard
single mode fiber coated with a hygroscopic material. A bend loss based humidity
sensor is attractive because the fabrication of the sensor head does not require special
treatment of the fiber itself. In the paper by D.C. Bownass et al, conventional low bend
loss SMF fiber is used which results in low sensitivity, also the selection of a suitable

coating to maximise the sensitivity and range of operation was also not considered.

In this chapter we present a detailed study of such a bend loss based sensor with a focus
on significantly improving the sensitivity and operating range. In our study we observe
that in a buffer-stripped bent single mode fiber, due to the coupling of the fundamental
mode to cladding modes, resonant peaks will occur in the transmission response. This
response is oscillatory with respect to the bend radius and wavelength and also varies
with ambient refractive index. If the surrounding refractive index of the bend fiber is
changed, it will lead to a change in the coupling conditions and results in a shift in the

wavelength of the resonant peaks. In order to achieve improved sensitivity for the
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humidity sensor we used a high bend loss fiber (1060XP). We characterised the spectral
response of this bent fiber as a function of surrounding refractive index (RI) to establish
the effect of wavelength on the sensitivity of the sensor. An additional advantage of
using a high bend loss fiber is that the sensor bend radius can be much larger than the 6
mm used by Bownass et al [13] with standard SMF, resulting in a much lower

probability of stress-induced breakage of the fiber.

2.2. Operating principle of the sensor

When an uncoated fiber is bent the effective refractive index profile is changed [15-17].
Light propagating on the outside of the bend has further to travel and this effect can be

modelled as a tilt applied to the refractive index profile of the fiber [17], given as:

n(x) = no(X)[1+(1+y)x/R] 2.1)

where no(x) is the refractive index profile when the fiber is straight, R is the bend radius,
X is a transverse coordinate along a line joining the centre of curvature and the centre of
the fiber, with the origin in the centre of the fiber and with x increasing in a positive
fashion toward the fiber outer surface (Fig. 2.1). The factor y = -0.22 for silica fiber [17]
accounts for the strain-optic effect. According to coupled mode theory the fundamental
core-guided mode can couple with a cladding mode with a peak intensity at the outer
rim of the fiber bend [15, 16], which propagates along the fiber bend as a Whispering
Gallery mode. With increasing bend curvature the refractive index profile of the bend
fiber becomes more tilted and the effective index for the cladding modes increases,
reaching a maximum at the outer edge. At some critical bend radius, the effective index
of the cladding modes equals the effective index for the core-guided mode. If there is
sufficient overlap between the core mode and a cladding mode at this point, the core

mode and a cladding mode will be coupled together. At tighter bends the core mode will
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couple to other cladding modes. In the straight portion of the fiber following the bend
region, the conventional fiber buffer coating suppresses the cladding modes so that the
power coupled to the cladding mode is absorbed and is not re-coupled to the core mode.
Therefore at certain bend radii and wavelengths, there are dips in the transmission
spectrum of the macro bend fiber that are a function of the degree of coupling of the
fundamental mode to the cladding modes [14]. The phase matching condition for mode
coupling also depends on the ambient refractive index at the bend. If the surrounding
refractive index of the bent fiber is changed, this will lead to a change in the coupling
conditions and will result in a shift in the resonant wavelength. To utilise such a bent
fiber as a humidity sensor the buffer-stripped fiber bend can be coated with a
hygroscopic material, whose refractive index changes with respect to the ambient

humidity.

Fig. 2.1. Schematic diagram of a fiber macro-bend

In practice the simplest mechanical configuration for such a sensor is a simple fiber
bend where the number of turns is less than one. Because of the low bend sensitivity of
standard fiber such as SMF28, a sensor fabricated from such a fiber will need to utilise
very low values of bend radius ~6 mm [13] to achieve a reasonable sensitivity,
increasing the risk of stress-induced fiber breakage. To improve sensitivity and increase
the bend radius so as to reduce the risk of fiber breakage, a high bend loss fiber such as

1060XP is much more suitable.
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2.3. Experimental RI characterisation of the fiber bend

Initially an experimental characterisation of the fiber bend was carried out to enable the
selection of a suitable polymer coating for humidity sensing. The fiber used in the
experiment was a 1060XP singlemode fiber, a high bend loss fiber that allows for the
fabrication of a compact sensor head. Since it is known that suitable humidity sensitive
coating materials usually have RI values that range from below the fiber cladding RI
(1.456) to above the cladding RI, it was important in this experimental study to
characterize the spectral response of a bent fiber surrounded by materials with Rl
values in the range around 1.456. For this purpose a 35 mm length of the buffer coating
was stripped from the middle section of a longer length of the fiber and the fiber was
fixed on to a semi circular rod of outer diameter of 30 mm forming a bend angle (0) of
about 133°. We selected this bend radius and bend angle experimentally as it was found
that this is the highest bend radius and smallest bend angle that results in strong
resonant dips in the measurable wavelength range of our experiment. A high bend
radius is desirable in order to minimise the risk of fiber breakage. Light from a Super
Luminescent Diode was launched in to the fiber from the input side of the bend and the
output from the bend was connected to an Optical Spectrum Analyser. The transmission
response of this bent fiber was studied by immersing it in different Rl solutions
prepared by precisely mixing Dimethyl sulfoxide (DMSO) and water with different
volume concentrations. The RI of the prepared solutions is obtained from an Abbe

refractometer.

The transmission responses of the bent fiber for different ambient Rls are shown in Fig.
2.2 for the measurable wavelength range in our experiment. For ambient RIs below the

value of the refractive index of the fiber cladding, resonant dips are observed in the
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transmission response. As shown in Fig. 2.3, when the RI increases the resonant

wavelength shifts to a shorter wavelength.

When the surrounding R1 matches or exceeds the RI of the fiber cladding the loss dips
disappear from the transmission spectrum; the surrounding liquid acts as an infinite
cladding, effectively absorbing the leaky modes. In this range of ambient RIs, resonant
peaks are suppressed and the transmission loss increases monotonically with

wavelength and the ambient R1 as expected.
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Fig. 2.2. Transmission response of the bent fiber for different ambient refractive indices.
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Fig. 2.3. Resonance wavelength shift as a function of the ambient refractive index.
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The study of the ambient refractive index of a fiber bend suggests that it is sentive to RI
values in the range 1.33 — 1.48. Therefore it is possible to use this structure for humidity
sensing by coating its surface with a hygroscopic material whose RI changes with
respect to RH and where the RI of this hygroscopic material is in the range 1.33-1.48.
Since Polyethylene oxide has a reported RI value in this range [13], initially it is

selected for RH sensing using a fiber bend.

2.4. Relative humidity sensor based on Polyethylene oxide coated fiber bend.

As a confirmation of the suitability of using a high bend loss fiber bend as a sensitive
humidity sensor, a sensor using a 1060XP fiber bend coated with polyethylene oxide
(PEO) is implemented and studied. The utilisation of a simple ratiometric power
measurement scheme for interrogation is demonstrated and also the optimum operating
wavelength to maximise sensitivity using such a scheme is determined. The sensor
offers a competitive humidity sensitivity utilising a cost effective ratiometric power
measurement system. The response of the humidity sensor is found to be reversible and
repeatable. Finally, we also study for the first time the time response of such a sensor
and we show that the response to a humidity change is very fast by comparison with

existing electronic sensors.

2.4.1. Experimental results and discussion

To utilise this structure as a humidity sensor the buffer-stripped fiber bend was coated
with a hygroscopic material, whose refractive index depends on the ambient humidity.
A humidity sensitive polymer, polyethylene oxide (PEO), was chosen as a polymer
coating with a refractive index in the range 1.4-1.5 with respect to humidity [13]. Such a
range of RIs makes it a potential choice for a coating for a single mode fiber bend

sensor, given the refractive index of silica. The refractive index of the PEO decreases
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with increasing humidity and this change is reversible. PEO also has the advantage that

it can be easily coated on to the fiber due to its high adhesion with silica [2].

The sensor head is fabricated by dip coating the buffer-striped portion of the 1060XP
fiber in a PEO solution prepared by dissolving 6 wt% PEO (Sigma-Aldrich) in distilled
water. No thickness control is used, since the function of the coating is simply to act as
a variable refractive index layer. The coated fiber is kept for one day at room
temperature until it is partially dehydrated and reaches equilibrium with the ambient
room humidity. To make it mechanically stable the probe is then fixed on to a semi-
circular rod of outer diameter 30 cm forming a bend of about 133°. Since the fiber is
bent after the coating was applied there is a chance of inducing a small strain in the bulk
of the coating. While this is not investigated here it is suggested that taking an SEM
image of the coated fiber before and after bending is likely to provide a more
comprehensive insight in to the uniformity of the coating or its micro-structure and the
changes that occur as a result of bending. A schematic diagram of a PEO coated fiber

bend is shown in Fig. 2.4.
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Fig. 2.4. Poly(ethylene oxide) coated fiber bend.

The humidity response of the fabricated sensor head is studied at room temperature and
normal atmospheric pressure by placing the sensing element in a customised climate

chamber shown in the Fig. 2.5. It consists of a sealed acrylic chamber with a dry/wet
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air flow system that can vary the internal humidity in the chamber. A calibrated
electronic humidity sensor (model: 11-661-21, make: Control company) is used for

monitoring the temperature and humidity inside the chamber.

Electronic Hygrometer probe

PEO coated fiber bend \ Hygrometer
Dry air \ 2 2 Z
-
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Wet air —— M»Customlsed climate chamber
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Fig. 2.5. Experimental setup for studying the humidity response of the PEO coated fiber

bend.

We have observed the transmission response of the PEO coated fiber bend for a range
of humidity values from 30% RH to 95% RH. No resonant dips were observed in the
transmission spectrum for ambient humidity values below 85% RH, which is shown in
Fig. 2.6. As concluded from the results in Fig. 2.2 and their discussion, this is due to the
fact that the RI of the coated PEO film is above the RI of the fiber cladding and
therefore the PEO coating is acting as an absorption coating. As surrounding humidity
value increases above 85% RH resonant dips appear in the transmission spectrum. The
appearance of these loss dips in the transmission spectrum in a PEO coated fiber bend is
due to resonant mode coupling at particular RI values as shown in Fig. 2.7. (It should be
noted that the blue shift of the curves shown in Fig. 2.7 is probably an anomaly because
the total RH range shown in the figure is < 2.5% RH and the accuracy of the climate
chamber is £2% RH). The reason for these resonant dips is that around this humidity

value PEO undergoes a physical phase change from a semi-crystalline structure to a gel
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with a large decrease in its index of refraction to a value below the RI of the fiber
cladding and as we have shown in Fig. 2.2 this will result in resonant dips in the
transmission spectrum as the surrounding RI of the fiber bend is below the cladding RI.
At higher humidity values, the RI of PEO is below the refractive index of the fiber
cladding (1.456) and the resonant wavelength shifts to a higher wavelength with respect
to humidity as shown in Fig. 2.8 and as predicted by our experimental RI

characterisation of the fiber bend in Fig. 2.2.

The variation in the RI of the PEO layer modulates the intensity of the light propagating
through a fiber bend with respect to ambient humidity. From Fig 2.7 it is observed that
at 85% relative humidity the refractive index of the PEO layer is just above the cladding
refractive index of the fiber and the loss will be higher at higher wavelengths. At 87%
RH the PEO layer RI value is below the cladding Rl and mode coupling takes place and
hence resonant dips appear in the transmission spectrum at around 1550 nm.
Furthermore it is observed that between RH values from 85% to 87.35% a large power
variation occurs in the transmission loss over the wavelength range from 1590 to 1630
nm. While it is possible to utilise an OSA to determine the shift in the resonant dip
wavelength in this RH range in order to monitor RH, the large power variation in the
1590-1630 nm range suggests a much simpler, more economic, approach to
interrogating the sensor based on power measurement. To demonstrate the feasibility of
this an experimental setup was developed based on a ratiometric power measurement
scheme, with a tunable laser at fixed wavelength as a source. A ratiometric scheme is
used to avoid errors induced by fluctuations in the optical source power, resulting in
more stable and accurate results. Experimentally it is found that the optimum
wavelength that offers the highest RH sensitivity using this interrogation scheme is

1620 nm. The tunable source was therefore set to 1620 nm for this experiment.
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Fig. 2.6. Humidity response of the PEO coated fiber bend for RH below 85%.
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Fig. 2.7. Appearance of loss dips in the transmission spectrum in a PEO coated fiber
bend at RH above 85% due to resonant mode coupling at particular R1 values of the
coating.
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Fig. 2.8. Resonant wavelength shifts to higher wavelengths with the increase of

humidity.
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The input signal from the fixed wavelength tunable source using a 50:50 coupler is split
into two equal power signals, one goes to the fiber sensor bend and the other is the
reference signal. Two photodiodes with associated electronics and data logging are used
to measure the power at the outputs of the corresponding arms. By measuring the power
ratio of the two signals the transmission loss of the PEO coated fiber bend can be
obtained. The output power variation of the PEO coated fiber bend is shown in Fig. 2.9.
The two curves represent the measurements taken with a time gap of one week, which
shows the good repeatability and long term mechanical stability of the sensor head. A
large power variation of approximately 20 dB is observed above 85% RH so that the
sensor as expected behaves as a humidity dependant optical switch. The developed PEO
coated bent single mode fiber based humidity sensor can be applied to monitor changes

in humidity in the range from 80 to 95% with a very high sensitivity.

To estimate the response time of the sensor, the coated fiber was exposed to an
environment with rapid changes of the RH. First the RH in the chamber was maintained
at 70% RH and then the cover of the chamber was removed quickly in order to rapidly
expose the sensor to a measured environmental RH of 90%. The measured time-
dependant response of the sensor is shown in Fig. 2.10. The sensor has a very fast
response to humidity variations and the estimated response time (from 10% to 90% of
the signal maximum) from the Fig. 2.10 is circa 780 milliseconds when the RH changes
from 70% to 90%. In this study the effect of coating thickness on the response time is

not considered, but it is expected that a thinner coating could yield a faster response.

The experimental results presented in this work suggest a practical motivation to
investigate inexpensive and disposable PEO-based fiber optic sensors with a simple
fabrication technique and fast response for relative humidity control. For example,

relative humidity above 85% must be maintained in food refrigerators to protect
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vegetables and fruit against rotting and to preserve their freshness for an extended time

period.
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Fig. 2.9. Humidity response of the PEO coated fiber bend.
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Fig. 2.10. Time response of the fiber-bend based humidity sensor.

The demonstrated sensor behaves as a humidity dependant optical switch in this region
of RH values with a large power variation of about 20 dB at around 85% RH. Because
of this large power variation at around 85% RH and since we know the normal room
humidity is below 85% RH and the relative humidity of the human breath is above 90%

RH it can also be used as a human breath rate monitor. To prove the feasibility of using
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it as a breath rate monitor we placed the PEO coated fiber bend at a distance of about 2
cm from the tip of a volunteer’s nose and the resulting breath RH response of the sensor
Is as shown in Fig. 2.11, for a time span of 60 seconds. This result also confirms the
fast recovery and repeatability of the sensor. A fiber optic humidity sensor is suitable as
a breathing monitor for patients during a magnetic resonance imaging (MRI) scan
because of its immunity to magnetic field interference. Additionally given that humidity
Is being monitored using an intensity variation, there is the possibility of utilising an
optical time domain reflectometer (OTDR) based interrogation scheme to allow for
multiplexing of several sensors along a single fiber for distributed RH sensing but the
number of sensors that could be multiplexed is limited by the optical power budget of

the sensor system.
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Fig. 2.11. Continuous human breath response of the PEO coated fiber bend based
sensor.

In this section of the chapter a highly sensitive all-fiber humidity sensor based on power
measurement at an optimised wavelength and bend radius is demonstrated. The sensor

behaves as a humidity dependant optical switch between 85% and 90% RH and its

45

—
| —



Development of Novel Fiber Optic Humidity Sensors and Their Derived Applications PhD Thesis

response is fast and reversible in nature. The sensor also offers the advantages of simple
structure and low cost. Since the demonstrated fiber bend responds to refractive index
variation the same configuration can be used for sensing humidity in various RH ranges

if different suitable hydrophilic polymers are used as coatings.

2.5. Relative humidity sensor based on an Agarose coated fiber bend

Even though the humidity sensor based on a polyethylene oxide (PEO) coated fiber
bend demonstrated in the above section showed significantly improved RH sensitivity,
due to the limitation of the coating material, the sensor behaved as a humidity
dependent optical switch, operating between 85% and 90% RH and thus showed only a

narrow range of operation, but with a high sensitivity.

In this section a detailed study of such a bend loss based humidity sensor is presented
with the objective of achieving a significantly improved operating range and linearity.
The selection of a suitable hygroscopic coating and also the influence of bend radius on
sensor performance are investigated. The sensor demonstrated in this section shows for
the first time, a wide linear response using a fiber bend instead of the narrow range
operation showed above. The measured response time of the sensor is about 50 ms,
which is faster compared to other fiber optic humidity sensors. We show that the
humidity sensitivity of the sensor is wavelength dependent and that higher sensitivity is
observed at higher wavelengths. The response of the demonstrated humidity sensor also

showed good reversibility.

2.5.1. Selection of a suitable coating

A suitable coating for this sensor must satisfy a number of criteria. Firstly it should be

hygroscopic and should have a suitable RI change with respect to ambient humidity.
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Another important requirement is that the preparation of the coating solution and the
coating process should be simple. The material should also possess a good adhesion to
silica and finally the coating material should have a low evaporation tendency at higher

humidity and should exhibit good long term stability.

There are a number of possible hygroscopic coating materials. Sol-gel silica offers a
wide humidity operating range but the preparation and coating process for this material
is difficult and there is a tendency for cracks to develop in the coating reducing the
uniformity of the coating and thus compromising the operation of the sensor. Polyvinyl
alcohol (PVA) dissolves in water and offers a simple coating procedure but it is not
suitable for sensing in a wide humidity range. The reason is that the PVA film dries
completely when it reaches a RH value of ~50% so that a subsequent decrease in the
environmental humidity has no effect on the coating. PEO is a possible candidate and is
highly sensitive but we have already shown above that PEO does not provide a linear
response and because PEO is soluble in water, long term exposure to high humidity
levels is likely to damage the coating. The materials Agarose and Gelatin are potential
candidates; both offer a wide operating humidity range with a simple coating procedure.
However compared to Gelatine, Agarose is a more consistent product with fewer
impurities and less ethical concerns. It has a higher melting point than the Gelatin and
also is a more stable material with respect to temperature. Agarose shows a linear
change in its R1 with respect to humidity [18]. Agarose is an unbranched polysaccharide
obtained from the cell walls of some species of red algae or seaweed. Chemically,
Agarose is a polymer made up of subunits of the sugar galactose. Agarose has an added
advantage of low material degradation compared with the materials used in [13]. Since
Agarose is soluble in hot water [4, 6] the preparation and coating procedures are simple.

Agarose also has a good adhesion to silica and easily forms a thin coating film on silica
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fiber. All these factors make it a suitable choice as a coating for the fiber optic humidity

sensor considered here.
2.5.2. Experimental results and discussion

To investigate the humidity response of the fiber bend the buffer stripped fiber bend
was coated with Agarose. The sensor head is fabricated by coating the buffer stripped
portion of the 1060XP fiber with hot (>35 °C) Agarose solution. The solution is
prepared by dissolving 1.5 wt% Agarose in distilled water. To dissolve the Agarose in
distilled water the beaker containing the mixture is placed on a heater combined with a
magnetic stirrer. The temperature of the heater is set to 65 °C and at the same time the
mixture of Agarose and water inside the beaker is stirred until the Agarose is
completely dissolved. After this, if the mixture is cooled, the gel polymerizes and once
the gelling point is reached (~35 °C) the mixture assumes its hydrogel form and will not
be liquid again until is heated and reaches its melting point. For these reasons, the
Agarose mixture has to be deposited on the optical fiber when the temperature of the
solution is above the gelling point, that is, when the mixture has not gellified yet, and is
still in liquid form. In order to undertake this process the fiber is fixed straight and
horizontally above a translation stage. Below the fiber a heater is fixed on a translation
stage. A small container placed at the top of the heater is filled with hot Agarose
solution, forming a hemispherical dome of solution projecting outside on the top of this
container. The position of this container can be adjusted to pass the fiber through the
projected solution. The temperature of the heater is set at 65 °C. The fiber is drawn
through the hot Agarose solution using the translation stage which is software
controlled using a computer. This arrangement allows for good repeatability of the
coating parameters and by varying the drawing speed of the fiber through the solution

the coating layer thickness can be varied. The coated fiber is kept for one day at room
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temperature until it is partially dehydrated and reaches the equilibrium with the ambient

environment.

The fiber with Agarose coating is fixed between a stable and translating surface as
shown in Fig. 2.12. This arrangement allows for an accurate control of the bend radius
of the fiber bend. The humidity response of the Agarose coated fiber bend (ACFB) is
studied at room temperature (22+0.5 °C) and normal atmospheric pressure by placing
the sensing element in a controlled environment chamber (Electro Tech Systems inc.,
Model 5503-00 with Package F). Initially the transmission response or the insertion loss
at different wavelengths of the ACFB is observed for different bend radii by connecting
one end of the ACFB to a broad band source, a super luminescent diode (SLD) with an
optical bandwidth of 54.5 nm and a center wavelength of 1544.5 nm (COVEGA
Corporation, SLD 6593), and to an optical spectrum analyser (OSA) at the other end. To
achieve a linear wide range of operation for an ACFB, apart from selecting a material
with a linear RI change with respect to humidity, it is also important to select a bend
radius such that there is no resonant dip in the transmission spectrum. Even though the
RI of the Agarose is greater than the RI of the fiber cladding the effective refractive
index of the coating will be less because its thickness is very small (~1 um) so at a
certain bend radius and operating wavelengths the power coupling from the
fundamental core mode to the cladding mode will be high (resonant mode coupling at
phase matched condition) [14]. In the case of the PEO coated fiber bend demonstrated
above, the selected bend radius of 15 mm gives resonant dips in the 1500-1600 nm
wavelength range when the RI of the coating is less than the RI of the fiber cladding
(1.456). Also a dominant decrease in the RI of the PEO coating occurs at ~85% RH
which brings the coating RI < 1.456 at this RH value. This results in the appearance of

the resonant dip at ~85% RH, therefore its humidity reponse is non linear and shows a

49

—
| —



Development of Novel Fiber Optic Humidity Sensors and Their Derived Applications PhD Thesis

switch like RH response. This work is focussing on achieving a wide linear RH
response for the sensor; hence the appearance of a resonance dip in the wavelength
range of interest must be avoided for a wide RH range.Therefore to achieve a linear
spectral response in the range 1500-1600 nm we need to select some bend radii for
which there are no resonant dips in the spectral range of interest. We have observed that
there are no resonant dips in the transmission spectrum of the ACFB with bend radii
circa 13.2 mm and 16.7 mm. The transmission responses of the ACFB with measured
bend radii of 13.25 mm and 16.75 mm show relatively flat responses at an ambient
humidity of 40% RH as shown in Fig. 2.13. As expected when the bend radius

decreases the loss increases for the ACFB.

Humidity and Temperature Controller

Controlled Environmental Chamber
¥

Translation Stage

Agarose Coated Fiber Bend
~ ¥

SLD 0SA
— e s£ S,
s 9 9 e — o 0 0

Fig. 2.12. Experimental arrangement to study the humidity response of the Agarose

coated fiber bend.

We have also studied the transmission response of the ACFB at these bend radii for
varying RH values and observed that the larger bend radius offers an improved linearity
and a wide RH range, therefore a bend radius of 16.75 mm is selected for further study.
As an additional benefit, such a relatively high bend radius selected in our experiment

results in a much lower probability of stress-induced breakage of the fiber. The

50

—
| —



Development of Novel Fiber Optic Humidity Sensors and Their Derived Applications PhD Thesis

transmission response of the ACFB with a bend radius of 16.75 mm and for a range of
humidity values from 25% to 90% RH is shown in Fig. 2.14. No resonant dips were

observed in the transmission spectrum for ambient humidity values below 90% RH.
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Fig. 2.13. Transmission response of the ACFB with bend radii 13.25 mm and 16.75 mm

and at an ambient humidity 40% RH.
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Fig. 2.14. Transmission response of the ACFB at different ambient humidity values.

In our experiment it is observed that the sensitivity of the ACFB to humidity changes is
different at different wavelengths. The variation in insertion loss with respect to
humidity is high at higher wavelengths. There is a large insertion loss variation of more

than 5 dB at 1600 nm for a change in humidity of 65% RH. But for this same humidity
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change the insertion loss variation at 1520 nm is negligibly small. The insertion loss
variation with respect to humidity at different wavelengths for a humidity range of 25-
90% RH is shown in Fig. 2.15. The insertion loss variation increases monotonically as
the wavelength increases and it is observed that the humidity response of the ACFB is
linear in the wide humidity range of 25-90% RH for the wavelengths from 1530 nm to
1560 nm and for wavelengths above 1560 nm this linear range decreases as the
wavelength increases to 1600 nm. The average humidity sensitivity of the ACFB with
respect to wavelength is shown in Fig. 2.16. The sensitivity increases as the wavelength

increases from 1530 nm to 1600 nm.

—+— 1550 nm
—+— 1560 nmy
—— 1570 nm
—— 1580 nn
—— 1590 nm
—— 1600 nm|

30 40 50 60 70 80 90
Relative humidity (%RH)

Power (dB)

Fig. 2.15. The insertion loss variation with respect to humidity in the ACFB at different

wavelengths.

When the surrounding humidity value increases above 90% RH resonant dips appear in
the transmission spectrum. The appearance of these loss dips in the transmission
spectrum in an Agarose coated fiber bend is due to resonant mode coupling at particular
RI values. A resonant dip in the insertion loss at an ambient humidity 95% RH is shown
in the Fig. 2.17. The study reveals that by selecting a suitable wavelength for

interrogation it is possible to monitor the change in humidity at levels above 90 % RH
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with good sensitivity. In the case of a wavelength of 1520 nm there is very little change
in insertion loss up to an ambient humidity of 90% RH but above this humidity due to
the appearance of loss dips, a large change in the insertion loss is observed. Thus by
using a dual wavelength interrogation technique, with one wavelength for operation at
or below 90% RH and a second wavelength for RH values above 90%, the range of
operation of the ACFB might be extended to higher humidity values while maintaining

good sensitivity.
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Fig. 2.16. The humidity sensitivity of the ACFB with respect to wavelength.

To study the repeatability of the ACFB performance as a humidity sensor, a tunable
laser output is applied to the input of the sensor and the sensor output is connected to an
optical power meter. The sensor response is observed for a humidity cycling from 60%
RH to 80% RH and is shown in Fig. 2.18. Here the insertion loss is observed at the
highest sensitivity wavelength, 1600 nm. At each humidity value the sensor response is
observed for about 10 minutes and this humidity cycling is repeated a number of times.
The response shows that the insertion loss exactly retraces the initial values in each
cycle. This shows the good reversibility of the ACFB. The small variation in the

insertion loss at each set humidity value is due to the fact that the climate chamber
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requires some settling time to achieve a constant humidity value. During this time it
produces damping oscillations in the humidity value, so corresponding damping
oscillations are observed for the insertion loss also, with an amplitude <0.1 dB. Such an
amplitude is relatively small compared to the large power variation of >2dB obtained

for the humidity cycling with a ARH of 20%.
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Fig. 2.17. Transmission response of the ACFB at humidity values above and below 90%

RH, shows a loss dip at 95% RH
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Fig. 2.18. Humidity cycling (60-80% RH) response to show the repeatability and

stability of the ACFB.
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The temperature dependence of the ACFB is observed by setting the ambient relative
humidity value at 60% RH and is shown in Fig. 2.19. Since both propagation in the
fiber bend [19] and the Agarose layer are temperature dependent the result observed is a
combined effect of both dependencies. An insertion loss change of +0.5 dB is observed
for a temperature variation of 14 °C. The error bars shown in Fig. 2.19 are calculated
from the data obtained from four experimental measurements taken for the temperature

dependence of the ACFB.

A change of humidity inside the environment chamber from an initial value to a final
value and back requires several minutes. The response time of ACFB sensor itself is
observed to be much faster. Such a slow rate of RH change using the chamber is not
suitable means for studying the response time of the sensor. Instead we applied a step
change in humidity to the ACFB by directing a 0.5 s long breath exhale to the sensor;
the resultant time dependent response is shown in Fig. 2.20. The ambient humidity
during the study was 60% RH and the temperature 20 °C. The estimated response time
(base line to 90% signal saturation) of the sensor is about 50 ms, when RH jumps from
60 to >90%. The recovery time of a humidity sensor depends on how fast the water
vapor is removed from the sensor which is proportional to the air flow surrounding the
sensor. The estimated recovery time (90% signal saturation to 20% baseline) of the

sensor is 700 ms, which decreases if a flow of dry air surrounds the sensor.

The results show that the sensor has a fast, linear, wide reversible response with respect
to humidity. The experimental results presented in this section suggest a practical
motivation to investigate inexpensive and disposable Agarose-based fiber optic sensors
with a simple fabrication technique for relative humidity control. The fast response time
of the sensor also suggests that the sensor can potentially be used as a human breath rate

monitor in a clinical situation. For example a fiber optic humidity sensor is suitable as a

55

—
| —



Development of Novel Fiber Optic Humidity Sensors and Their Derived Applications PhD Thesis

breathing monitor for patients during an MRI scan because of its immunity to magnetic

field interference.
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Fig. 2.19. Temperature dependence of the ACFB at an ambient humidity of 60% RH.
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Fig. 2.20. Time response of the ACFB obtained by applying a step change of humidity.
2.6. Limitations of the fiber bend based humidity sensor

The optical transmission of a fiber bend depends on the bend radius and the wavelength
of the propagating light. In practice there exists a difficulty in reproducing the exact
bend radius of the fiber bend. Hence the fabrication repeatability of the humidity sensor

based on fiber bend is also difficult. Furthermore, the mechanical stability of the fiber
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bend based RH sensor is poor and airflow or a strong acoustic noise or some
displacement to the fiber bend could result in erroneous measurement of RH. The
optical transmission level of the fiber bend itself is temperature dependant so
temperature compensation is required for the fiber bend based humidity sensor. It is also
recognised that a limitation of a fiber bend based humidity sensor is that the sensor size
is limited to the diameter of the bend. A small fiber bend will cause the stress induced
breakage of the sensor head. Because of all these limitations alternative RH sensors
based on a photonic crystal fiber interferometer are investigated in the following

chapters.

2.7. Summary

In this chapter a detailed study of two disposable all-fiber humidity sensors based on a
fiber bend are presented. The first sensor is a fiber bend coated with polyethylene oxide
and the second one is a fiber bend coated with Agarose. A high bend loss fiber
(1060XP) is utilised in this study to enhance the sensitivity of the sensors while keeping
the bend radius of the sensors large to avoid the stress induced breakage of the fiber.
The fundamental details of light propagation in a bent fiber are discussed. The spectral
response of this bent fiber as a function of surrounding refractive index (RI) is
characterised to enable the selection of a suitable polymer coating for humidity sensing

and to establish the effect of wavelength on the sensitivity of the sensor.

The demonstrated sensor, polyethylene oxide coated fiber bend, based on power
measurement at an optimised wavelength and bend radius showed a high sensitivity to
RH variation. The sensor behaves as a humidity dependant optical switch between 85%
and 90% RH. The sensor has a very fast response to humidity variations and the

estimated response time is 780 milliseconds for a 20% RH change.
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The selection of Agarose as a suitable hygroscopic coating for an RH sensor based on a
fiber bend is explained and the influence of bend radius on the performance of such a
sensor is discussed. The demonstrated sensor based on an Agarose coated fiber bend
showed a linear change in its insertion loss for a wide humidity range, 25-90% RH. The
measured response time of the sensor is circa 50 ms for a 30% RH change. It is shown
that the humidity sensitivity of the sensor is wavelength dependent and high sensitivity

is observed at higher wavelengths.

Both the sensors demonstrated in this chapter show a fast and reversible response to RH
variations. Also it is shown that the typical humidity responses of the sensors are
suitable for using them as a human breath rate monitor. Finally the limitations of the

fiber bend based RH sensor are discussed in brief.
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CHAPTER 3. RELATIVE HUMIDITY SENSOR BASED ON

A PHOTONIC CRYSTAL FIBER INTERFEROMETER

3.1. Introduction

In this chapter a novel relative humidity (RH) sensor is presented based on a reflection
type photonic crystal fiber (PCF) interferometer. The existing fiber optic humidity
sensors are either polymer based or require the use of a hygroscopic material to detect
humidity (Table A.1). The sensor proposed here has the unique advantages that it does
not require any special coatings to measure humidity and the sensor head is made of
single material (silica). Because of these advantages the sensor proposed in this chapter

is suitable for use in harsh and high-temperature environments.

As a basis for the sensors demonstrated in subsequent chapters, this chapter starts by
presenting the relevant background material for a reflection type photonic crystal fiber
interferometer (PCFI) such as the fabrication operating principle and the dependence of

the interferometer’s fringe spacing on the length of the PCF.

This chapter also discusses the water vapor adsorption/desorption phenomena of a silica
surface, the working principle of a relative humidity sensor based on an open ended
PCF interferometer. The humidity response of such a PCF interferometer and the

temperature dependence of the device are then presented and discussed.

3.2. Photonic crystal fiber interferometer

Photonic crystal fiber interferometers based on micro-hole collapse have attracted
significant interest in recent times due to the simple fabrication process involved and

excellent sensing performance [1-7]. A reflection-type PCFI consists of a stub of PCF
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fusion spliced at the distal end of a single mode fiber. The key element of the device is
the hole collapsed region in the vicinity of the splice point. In addition to simplicity of
fabrication, because such PCF interferometers are fabricated using only a splice, they
have the advantage of high mechanical stability at high temperatures and over an

extended period.

3.2.1 PCFI Working Principle

In a PCFI the excitation and recombination of modes is carried out by the hole collapsed
region of the PCF [1-3]. A microscopic image of the PCFI and a schematic of the
excitation and recombination of modes in the PCFI are shown in Fig. 3.1. The
fundamental SMF mode begins to diffract when it enters the collapsed section of the
PCF. Because of diffraction, the mode broadens; depending on the modal characteristics
of the PCF and the hole collapsed region, the power in the input beam can be coupled to
the fundamental core mode and to higher order core modes [2,5,8] or to cladding modes
[1,4,9] of the PCF. The modes propagate through the PCF until they reach the cleaved
end from where they are reflected. Since the modes propagate at different phase
velocities, thus over a certain length of the PCF the modes accumulate a differential
phase shift. Therefore constructive or destructive interference occurs in the PCF.
Because of intermodal dispersion the phase velocities and phase differences are
wavelength dependent; therefore the optical power reflected by the device will be
maximum at certain wavelengths and minimum at others [6]. When the reflected modes
re-enter the collapsed region they will further diffract and because the mode field of the
SMF is smaller, the core acts as a spatial filter and picks up only a part of the resultant

intensity distribution of the interference pattern in the PCF.
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Fig.3.1. Microscope image of the PCFI (upper) & a schematic of the

excitation/recombination of modes in the hole collapsed region (lower).

A regular interference pattern in the reflection spectrum of the PCFI usually suggests
that only two modes are interfering in the device. In the reported works of PCF
interferometer there is an inconsistency in opinions as to whether the interfering modes
are core only modes or core and cladding modes. In our earlier reported work [7] on a
PCFI using an LMA 10 type fiber and also the works in [2,5,8], based on the fact that
higher order modes can exist in the core of a PCF with a short length [10,11], the
interfering modes in the PCF are considered as two core modes. However in a later
experiment, which involved varying the refractive index surrounding the cladding of a
PCFI, good ambient refractive index sensitivity is observed for a PCFI fabricated using
the same LMA 10 fiber. This suggests that the interfering modes are a core mode and a
cladding mode of the PCF, a conclusion that is supported by [1,9] for an LMAL0 fiber.
Thus considering a core mode and a cladding mode as the interfering modes of the PCFI
and designating the effective refractive indexes of the core mode as n. and cladding
mode as ng, the accumulated phase difference is 2zAn(2L)/%, where An=n¢-ng, A the

wavelength of the optical source and L is the physical length of the PCFI [5]. The power
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reflection spectrum of this interferometer will be dependent on cos(4zAnL/%). The
wavelengths at which the reflection spectrum shows maxima are those that satisfy the
condition 4xAnL/2=2mm, with m being an integer. This means that periodic constructive
interference occurs when Am = (2AnL/m). If some external stimulus changes An (while L
is fixed) the position of each interference peak will change, an effect which allows the

device to be used for sensing.

3.2.2 PCFI Fabrication

Fusion splicing of the PCF to the SMF is undertaken using the electric arc discharge of
a conventional arc fusion splicer. During the splicing process the voids of the PCF
collapse through surface tension within a microscopic region close to the splice point. In
fabricating such an interferometer, one critical condition for good sensor performance is
achieving a regular interference pattern and good interference fringe visibility. The
visibility of the interferometer depends on the power in the excited modes, which in turn
depends on the length of the collapsed region [8]. A long collapsed region length causes
activation of many cladding modes and therefore degrades the sinusoidal nature of the
interference patterns and furthermore increases the splice loss. Therefore to improve
sensor performance, the excitation of a single cladding mode is preferred due to its
simple interference with the core mode. The collapsed region length can be controlled
by the arc power, arc duration [8] or by number of arcs. The microscope image of
splice points given in Fig 3.2 clearly demonstrates the increase in the microhole
collapsed region length with respect to number of arcs under a constant arc power and
duration. The splicer used for the experiment is Sumitomo type-36 fusion splicer and its
settings are arc power = 1 and arc time = 1 sec. The measured microhole collapsed

region length is plotted against the applied number of arcs in Fig. 3.3.
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Fig. 3.2 Microscope image of the splice point showing the increase in the microhole

collapsed region with respect to number of arcs.
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Fig. 3.3 Microhole collapsed region length with respect to the applied number of arcs.
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In our experiments, PCF (LMA10, NKT Photonics) designed for an endless single-
mode operation was used. It has four layers of air holes arranged in a hexagonal pattern
around a solid silica core as shown in Fig 3.1. The light guidance mechanism in such a
fiber is by means of modified total internal reflection. The dimensions of the LMA-10
PCF simplify alignment and splicing with the SMF with a standard splicing machine
and minimize the loss due to mode field diameter mismatch compared to other PCFs.
For the interferometer fabricated in our study the total length of the collapsed region is
~200 um. After fusion splicing, the PCF was cleaved using a standard fiber cleaving

machine so that the end surface of the PCF acted as a reflecting surface.
3.2.3 PCFI fringe spacing Vs length of PCF

Initially to investigate the influence of the length of the PCF on the fringe spacing of a
reflection type interferometer, thirteen PCFIs were fabricated with lengths ranging from
3.5 mm to circa 100 mm. As an example Fig. 3.4 shows the measured reflection spectra
of three PCFlIs in the 1500-1600 nm wavelength range with lengths of 92, 10.5 and 3.5
mm. The reflection spectra of the interferometers exhibit regular interference patterns
with a period or fringe spacing inversely proportional to the length of the PCF section.
A modulation of the expected sinusoidal pattern is observed for the spectra shown in
Fig. 3.4 possibly due to excitation of more than one cladding modes or due to
polarization dependence of the intermodal interference [12]. Fig. 3.5 shows the
measured fringe spacing or periods of the fabricated PCFIs spectra as a function of
length of the PCF section. The measured spectral periods agree well with those
expected for a two-mode interferometer and are given by the approximate expression,

2
P~ A
2AnL

(3.1)
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The value of An obtained based on the experimental data is ~4.2x10™ where the source

wavelength is assumed as 1550 nm and the ambient medium as air.
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Fig. 3.4. The reflection spectra of interferometers with L = 92 mm, 10.5 mm and 3.5

mm in the wavelength range of 1500-1600 nm.
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Fig. 3.5. The fringe spacing as a function of length of PCF observed for a reflection

type interferometer.
3.3. Relative humidity sensor based on a PCFI

A wide range of optical fiber humidity sensors have been reported in the literature and

most of these fiber optic humidity sensors work on the basis of a hygroscopic material
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coated over the optical fiber to modulate the light propagating through the fiber (Table
A.1). A polymer optical fiber has been adapted for humidity sensing [13] without the
use of a hygroscopic coating but the fiber is highly temperature dependent and
moreover is not suitable for high-temperature applications. An all-glass fiber-optic
relative humidity sensor which does not require any special coatings to measure
humidity using a reflection-type two-mode photonic crystal fiber interferometer is
presented in this section of the chapter. The spectrum of the PCFI device exhibits good

sensitivity to humidity variations.
3.3.1 Experimental characterization of the sensor

The proposed sensor system is composed of a broadband light source (SLED), a fiber
coupler/circulator (FOC), the PCF interferometer or sensor head, and an optical
spectrum analyser (OSA) as shown in Fig. 3.6. The free end of the PCF in the sensor
head is exposed to ambient air. The humidity response of the device was studied at
room temperature (25 °C) and at normal atmospheric pressure by placing it in a
controlled environmental chamber as shown in Fig. 3.6. Fig. 3.7 shows the changes in
the reflection spectrum with respect to ambient humidity for a device with L=40.5 mm.
The curves in Fig. 3.7 show the position of a zoomed section of the device spectrum at
relative humidity values of 30, 60, 80 and 90 %RH. When humidity increases the
interference pattern shifts to a longer wavelength and this shift is more significant at
higher humidity values. To study the effect of reducing the length of the PCFI a second
PCFI was fabricated with a shorter length of 17 mm. Fig. 3.8 shows the peak shift of the
interferometer with respect to humidity, obtained for two devices with L=17 mm and

40.5 mm.
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It is observed from the Fig. 3.8 that the sensitivity of the device to humidity decreases
as the length of the device decreases. This is due to the fact that for a small device the
fiber length available for interaction between the cladding mode with the adsorbed
water vapor is less so the acquired phase difference between the interfering modes will

be smaller.

Humidity and Temperature
Controller

0SA Controlled Environmental

_ Chamber

Fig. 3.6. Experimental arrangement for the characterisation of the PCFI with respect to

relative humidity.
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Fig. 3.7. Reflection spectrum of a 40.5 mm long PCFI at different humidity values.
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Fig. 3.8. Interference peak shift of photonics crystal fiber interferometers with L= 40.5

mm and 17 mm with respect to relative humidity.
3.3.2 Operating principle of the sensor

A bare silica PCF is used for the fabrication of the PCFI, its surface is hydrophilic and
therefore the adsorption of water vapor on the surface occurs when it is exposed to
humid air. Two types of water-vapor adsorption mechanisms occur in sequence at the
SiOs-air interface. The chemisorption of water vapor first modifies the SiO, surface,
resulting in a surface with silanol groups (Si-OH). The second type of adsorption,
physisorption, occurs on these silanol groups. A schematic illustration of the water-
vapor adsorption is given in Fig. 3.9. At room temperature the physisorption is a
reversible function of the relative humidity of the surrounding air, while the
chemisorption appears to be irreversible [14], hence in the following discussion only the
physisorption is considered. Adsorption is usually described through isotherms, that is,
the amount of adsorbate on the adsorbent as a function of its pressure (if gas) or
concentration (if liquid) at a constant temperature. Awakuni and Calderwood [15]
investigated the adsorption of water vapor on the SiO, surface. They measured the

amount of adsorbed water as a function of the partial vapor pressure at a constant
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temperature. It appeared that this so-called adsorption isotherm can be described very
well by the BET (Brunauer- Emmett- Teller) adsorption theory [16] that describes the
multilayer adsorption of an adsobate on the adsorbent. That means the amount of water
vapor adsorbed on the silica surface increases in an exponential-like manner with

respect to the increase of the partial pressure of water vapor.

The evolution of an adsorbed water layer structure on silicon oxide at room temperature
is demonstrated by David and Seong in [17]. They determined the molecular
configuration of water adsorbed on a hydrophilic silicon oxide surface at room
temperature as a function of relative humidity using attenuated total reflection-infrared
spectroscopy. A completely hydrogen-bonded network of water, which is ice-like,
grows up as the relative humidity increases from 0 to 30%. In the relative humidity
range of 30-60%, the liquid water structure starts appearing while the ice-like structure
continues growing to saturation. Above 60% relative humidity, the liquid water
configuration grows on top of the ice-like layer. This structural evolution indicates that
the outermost layer of the adsorbed water molecules undergoes transitions between
different equilibrium states as humidity varies. Also the adsorption isotherm given in
[17] shows that the thickness of the adsorbed layer at room temperature increases in an

exponential like manner above 60% RH.

u —O0—Si—O0—si — —O0—Si—O0—si—
| | | 1
o o o o

chemisorption physisorption

Fig. 3.9 Schematic representation of water vapor adsorption mechanisms on an SiO,

surface (reproduced from [14] )
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Tiefenthaler and Lukosz [18] have shown that adsorption and desorption of water vapor
by the surface of a SiO,/TiO, waveguide changes the effective refractive index (RI) of
the guided modes, in their case for a humidity sensor based on an integrated optical
grating coupler. In the case of a PCFI a similar adsorption of water vapor changes the
effective refractive index (n¢) of the interfering cladding mode propagating in the PCF.
Since this adsorption/physisorption is a reversible process, a modulation of the ng
occurs with respect to the ambient humidity values which in turn change the position of
the interference pattern accordingly. An increase in humidity increases the effective
index of the cladding mode which causes the shift of the interference pattern of a PCFI
toward longer wavelengths. The value of this interference peak shift is exponential-like
with respect to relative humidity that means it is identical to the adsorption isotherm of
water vapor on silica given in [15,17]. The shift of the interference pattern is mainly due
to the adsorption and desorption of H,O molecules along the surface of holes within the
PCF, at the interface between air and silica glass. Since the whole device is exposed to
humidity the adsorption and desorption of water vapor on the PCF outer surface and on
the end face also contribute to the shift of the interference pattern. But considering the
field distribution of the interfering cladding mode shown in [9,11] and below the dew
point temperature the main contribution to the interference shift is considered to be due
to the adsorption of water molecules within the voids of the PCF. The adsorption on the

end face mainly causes a shift in the overall power level of the interference pattern.

3.3.3 Performance analysis of the RH sensor

The device sensitivity is estimated by dividing the experimentally measured PCFI
response to humidity given in Fig. 3.8 into three humidity regions: 27-60 %RH, 60-80
%RH, and 80-96 %RH. From Fig. 3.8 the average sensitivity values observed for the

PCFI with a length of 40.5 mm in these regions are 3.7, 8.5 and 64 pm/%RH
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respectively and for a 17 mm long PCFI they are 1.7, 3 and 23 pm/%RH respectively.
Even though the PCFI with a longer length appears more sensitive, it is likely that
increasing the length of the PCFI to a much longer length is not practical because in a
longer device the infiltration of water molecules may take a long time. Furthermore,
since the propagation loss of the interfering cladding mode is high the fringe visibility
will diminish on increasing the length of the PCF section. Also for a longer device the
fringe spacing will be shorter which limits the measurement range of the device.
Decreasing the length of the PCFI to a much shorter length is also not appropriate
because as seen from Fig. 3.4 & 3.5 if the length is less than 3.5 mm the fringe spacing
will be greater than 100 nm, the bandwidth of a typical SLED spectrum, and therefore
not suitable for accurately determining the shift in the interference spectrum. Selecting
a shorter length will also result in a reduced sensitivity but that can be improved by

infiltrating the microholes with suitable hygroscopic materials.

The RH response of the PCFI device is studied number of times and it is observed that
the device shows a good repeatability for humidity changes. This is because the
chemisorption happens only once when the PCF is exposed to air for the first time,
which results in the formation of a single layer of a silanol (Si-OH) group on the surface
of the PCF material (requires heating to desorb). On this silanol group the physisorption
takes place, it can form multiple layers of water molecules on the PCF surface and also
it is a reversible process at room temperature in eqgilibrium with the ambient RH.
Therefore it is concluded that the physisorption is the dominant process responsible for
the reversible spectral shift of the interferometer with respect to the ambient RH. Under
laboratory conditions the sensor is reusable, but the measurement of humidity means
that the sensor must be exposed to the local environment, which for this sensor, which

relies on narrow silica microholes, has implications for contamination and degradation
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of the sensor in varying degrees depending on the nature of the environment. Possible
contamination agents are dust particles and chemical vapors. So a further study of the
sensor head contamination in different process environments and the observation of the
shift in its response in such conditions are required in order to get a better understanding
of the long term stability of our sensor in field applications. In the case of a PCFI based
sensor this limitation can be overcome by different ways; a recalibration of the sensor
head after a certain period of time and a subsequent reuse of the sensor head during
another time interval, or, since the fabrication of the PCFI based sensor head is simple
and cost effective, replacing the sensor head or attaching some filters to the sensor head
by which it can be protected from contamination. An ultrasonic cleaning with
subsequent heating (which should remove the contaminants such as dust particles
without damaging the sensor head) is another method to make the sensor reusable after

contamination.
3.3.4 Temperature dependence of the device

Since the PCF is composed of fused silica only, it is expected to have minimal thermal
sensitivity. The temperature dependence of the device was determined by observing the
peak shift of the interference spectrum of the device for a temperature variation from 25
°C to 60 °C. The ambient humidity during the study was set to 40 % RH. When the
temperature is increased from 25 °C to 60 °C the interference peak is shifted slightly to
higher wavelengths. Fig. 3.10 shows this temperature dependence for two devices with
L=17 mm and 40.5 mm. As expected the thermal sensitivity of the PCFI is very low and
is further reduced for a device with the shorter length of the PCF section. The thermal
sensitivity obtained in the experiment for a device with L= 40.5 mm is 9.5 pm/°C and

that for L= 17 mm is 6.2 pm/°C.
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The study of cross sensitivity to temperature reveals that the PCFI based humidity
sensor is almost temperature independent. Conventional glass fiber relative humidity
sensors require coatings and thus are always temperature dependent and, furthermore,
since the majority of such sensors use polymer materials as coatings, they are not
suitable for use in high-temperature applications. One significant advantage of the
sensor discussed here is that the sensor head is made of single material silica. This
suggests that in addition to low and room temperature applications the PCF
interferometer based humidity sensor can also be used in harsh and high-temperature

environments to monitor humidity.
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Fig. 3.10 Interference peak shift with respect to temperature for interferometers with

PCF lengths L=40.5 mm and 17 mm.

3.4. Summary

A brief overview of the operating principle and the fabrication of a reflection type PCF
based modal interferometer is presented in this chapter. The dependence of the
interferometer fringe spacing on the length of the PCF section is also discussed and
demonstrated experimentally. The experimental investigation and demonstration of a

humidity sensor based on a PCF interferometer are presented in the chapter with a brief
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explanation of the operating principle of the sensor. The water vapor
adsorption/desorption phenomena on silica surface are briefly addressed to explain the
operating principle of the sensor. The chapter includes the experimental investigation of
the relative humidity response of the sensor and the dependence of its sensitivity on the
length of PCF. It is shown that a device with a longer length of the PCF section is more
sensitive to relative humidity changes. The chapter also presents the temperature
dependence of the PCF interferometer and the dependence of its sensitivity on the

length of the PCF.
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CHAPTER 4. RELATIVE HUMIDITY SENSOR BASED ON

AN AGAROSE INFILTRATED PHOTONIC CRYSTAL

FIBER INTERFEROMETER

4.1. Introduction

In the previous chapter it is proposed to use a photonic crystal fiber interferometer
(PCFI) operating in reflection mode for relative humidity (RH) sensing, with the
benefits of simplicity, low cost and the need for only one interconnecting fiber to an
interrogation system. The sensor head fabrication was also simple since it involved only
cleaving and splicing. The sensor showed a shift in its interference pattern due to the
adsorption and desorption of water vapor with respect to ambient humidity. But the
length of the sensor was relatively long (~ centimeters) and its humidity measurement
resolution was relatively poor. In this chapter a new PCFI based relative humidity
sensor is proposed with a focus on achieving an improved sensitivity, a very
significantly reduced length and a wider humidity range. The sensitivity of the sensor is
improved by infiltrating the micro holes of the PCF with a hygroscopic material.
Furthermore it is shown that a suitable selection of a sub-periodic portion of the
interferometer’s spectrum allows a reduction in the length of the sensor head making it
suitable for monitoring RH in situations when the space available is constrained. An
additional advantage of selecting a compact length for the sensor is that such a sensor is
more mechanically stable in the presence of vibrations and air flow currents. The
selected hygroscopic polymer Agarose is proven to change its refractive index over a
wide humidity range; hence a wide measurement range for the sensor is expected. The

chapter also aims to study the performance of this RH sensor in terms of its sensitivity,
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repeatability, long term stability, measurement accuracy, response time and temperature

dependence.

In this chapter a novel fiber optic hybrid device for simultaneously measuring
temperature and humidity is also investigated. The device is composed of an in-line
fiber Bragg grating (FBG) and a reflection type PCFI infiltrated with humidity sensitive
material Agarose. The Agarose infiltrated PCFI is used to monitor the RH and an in-line
FBG is used to monitor the temperature. The RH and temperature response of the
hybrid device and the cross sensitivity of the device to these measurands are also

investigated in this chapter.

4.2 RH sensor based on Agarose infiltrated PCFI

4.2.1 Operating principle of the sensor

The fundamentals of light propagation in a reflection type photonic crystal fiber
interferometer are given in section 3.2.1 of chapter 3. A small region of the micro holes
of the PCFI is infiltrated with Agarose. The effective refractive index of the cladding
mode depends on the refractive index of the Agarose material infiltrated into the PCF.
Since the Agarose material is infiltrated in to the microholes where the intense field of
the cladding mode is present, it is expected that the thickness change of the infiltrated
Agarose is the dominant factor which determines the effective RI of the material (for
more details on the effect of thickness on the RI of the material please refer to chapter 5,
section 5.4). Therefore the effective refractive index of the infiltrated Agarose increases
with an increase in the ambient relative humidity, which in turn changes the modal
propagation constant of the cladding mode. As a result a phase change is induced
between the interfering core and cladding modes which in turn causes the shift of the

interference pattern. Thus the relative humidity level can be measured by monitoring the
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humidity induced changes in the interference fringes in the reflection spectrum of the
Agarose infiltrated PCFIl. Compared to the sensor demonstrated in the previous chapter
the infiltrated Agarose in this case causes an amplified effective RI change of the
interfering cladding mode with respect to an RH change. Therefore a higher RH

sensitivity is expected for the Agarose infiltrated PCFI demonstrated in this chapter.
4.2.2. Experimental investigation of the sensor & discussion

The fabrication process of the reflection type photonic crystal fiber interferometer used
in this experiment is similar to that given in chapter 3. In this experiment the microhole
collapsed region length for the device is about 250 um and the calculated modal index
difference An is ~3.64x10. From equation (3.1) it is clear that when the length of the
PCF is less than 3 mm the period will be greater than 100 nm. Therefore for a small
sensor length only a narrow sub-periodic part of the interference pattern with a 100 nm
span can be observed. In this experiment a compact length of 1 mm for the sensor head
is selected. The fringe spacing of a PCFI with a 1 mm length calculated using the
equation (3.1) is about 330 nm. This allows the use of a broadband source such as a
super luminescent diode (SLED) for the interrogation of the device in the optical power

domain.

An additional advantage of choosing a compact length is that if the length of the PCF
section of the interferometer is relatively large the spectra observed may be unduly
perturbed by mechanical vibrations and air flow currents. This is because bending or
lateral strain of the PCFI may cause a shift in the interference pattern that is not related
to humidity and this phenomenon becomes more significant as the PCFI length
increases. For a sensor head with a short length of 1 mm it is observed that the spectrum

is very stable when subjected to vibrations and air flow. The tolerance in the fabrication
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of such a compact PCFI using a conventional cleaver is possible with a ~10% error in

its length.

The complete sensor system is composed of a super luminescent diode, a fiber
coupler/circulator (FOC), the Agarose infiltrated PCF interferometer as a sensor head,
and a photo detector (PD)/optical spectrum analyzer (OSA). A drawing of the sensor
head is given in Fig. 4.1. The light from the optical source is launched into the sensor
head through a circulator. The experimental arrangement for the calibration of the

sensor is similar to the one given in the previous chapter (Fig 3.6).

Micro-hole Agarose
SMF collapsed region PCEinfiltrated region
i

L=lmm —

Fig. 4.1. A drawing of the sensor head for an Agarose infiltrated photonic crystal fiber

interferometer.

In order to confirm that the humidity sensitivity of a compact PCFI is mainly due to the
RI change of the infiltrated hygroscopic material, it is useful to initially study the
relative humidity response of a compact PCFI prior to infiltration with a hygroscopic
material. This was done at room temperature (23.1+0.2 °C) and at normal atmospheric
pressure by placing it in the controlled environmental chamber. Fig. 4.2 shows the
changes in the reflection spectrum with respect to ambient relative humidity for a PCFI
with length ~1 mm. A small change in the reflected signal power (< 0.25dB for a

humidity change of 58 %RH) is observed at higher relative humidity values. Therefore
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it is concluded that an uninfiltrated PCFI with a compact length has only a weak
sensitivity to relative humidity changes. Also this is in agreement with the results given
in chapter 3, that when the length of PCF decreases the RH sensitivity of the PCFI

decreases (see Fig. 3.8).
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Fig. 4.2 The change in the reflection spectrum of a compact PCFI with length ~1 mm

with respect to different ambient relative humidity values.

In order to improve the humidity sensitivity of a compact PCFI the micro holes of the
PCF were infiltrated with hygroscopic polymer Agarose by immersing the tip of the
PCF in a hot Agarose solution. The factors that make Agarose a suitable choice as a
hygroscopic material are discussed in section 2.5.1 of chapter 2. The Agarose solution
in this study is prepared by dissolving 1 wt% Agarose in distilled water at a temperature
of 65 °C. Then keeping the solution at the same temperature the open end of the PCF is
immersed in this solution for about 20 seconds. The outer portion of the fiber is wiped
using a dry lens cleaning tissue immediately after the fiber is pulled out from the
solution. When the infiltrated mixture is cooled, the gel polymerizes and once the
gelling point is reached (<30 °C) the mixture assumes its hydro-gel form and will not

take a liquid form again unless it is heated and reaches its melting point (> 60 °C). The
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initial infiltration length depends on capillary forces, the length of the PCFI and the
temperature. At a constant temperature it is the balance between the capillary forces and
the forces exerted by the pressure of the air inside the silica holes. In this case the air
inside the micro holes compresses as a result of the sudden cooling from 65 °C to room
temperature of 23 °C after the fiber is taken out of the solution and this results in an
increase in the infiltration length inside the microholes of the PCFI. For the sensor
presented here the infiltration length was estimated using a polarizing microscope to be
about 100£5 pum. The tip of the PCF is cleaned again using a scotch tape, before
characterization. The Agarose infiltrated fiber is kept for one day at room temperature
until it is partially dehydrated and reaches the equilibrium with the ambient
environment. A schematic of the fabricated sensor is shown in Fig. 4.1. The size of the
sensing element is 1 mm in length and 125 pm in diameter, the length includes both the

250 um hole collapsed region and approximately 100 um Agarose infiltrated region.

The humidity response of the sensor was studied at a typical room temperature
(23.1+0.3 °C) and at normal atmospheric pressure by placing it in a controlled
environmental chamber. Fig. 4.3 shows the changes in the reflection spectrum with
respect to ambient relative humidity. The power level of the data shown in Fig. 4.3 is
normalized to the reflected power from the cleaved end of a SMF at each wavelength.
When humidity increases, the Rl of Agarose increases and the effective index of the
interfering cladding mode increases and as a result the interference pattern shifts to
longer wavelengths. Therefore the reflected power decreases for the sensor in the
observed wavelength region, which is a sub-periodic portion of the interference
spectrum. The reflection spectrum of the sensor measured by an OSA shows a high
sensitivity to humidity variations with an average change in the reflected power of about

7 dB for a humidity change of 65 %RH as shown in Fig. 4.3. In order to determine the
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shift of the interference spectrum with respect to humidity in the case of an Agarose
infiltrated PCFI, experiments were carried out using infiltrated PCFI’s with different
PCF lengths (L > 4 mm), and it is observed that the interference spectrum shifted to
higher wavelengths with an increase in ambient relative humidity. That is for an
increase in the refractive index of the Agarose layer with respect to relative humidity

[1], the interferometer spectra shifts to higher wavelengths.
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Fig. 4.3. Spectral response of Agarose infiltrated PCFI at different relative humidity

values (% RH).

In practice it is not necessary to use an OSA to interrogate the sensor. In this
experimental setup to demonstrate humidity measurement an SLED having an optical
bandwidth of 54.5 nm and a center wavelength of 1544.5 nm (COVEGA Corporation,
SLD 6593) and an optical power meter (PX Instrument Technology, PX2000-306) are
used to determine the changes in the reflected power induced by humidity changes. Due
to the large fringe spacing (>300 nm) of the PCFI the SLED used is suitable for
interrogation of the humidity sensor. It should be noted however that a more effective
approach is to replace the broadband SLED with a simple single-wavelength optical

source which also reduces the cost of the system. Appropriate selection of the sensor
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operating wavelength is important; in an ideal case the operating wavelength should be
at the center of a selected linear region in the interference spectrum. If the source
wavelength is fixed it is possible to adjust the spectral response for the sensor by
controlling the PCFI length and the length of the air hole collapsed region by adjusting
the arc power and arc duration during splicing. Fig. 4.4 shows the reflected power
variation of the sensor with respect to humidity. The error bars shown in Fig. 4.4 are
calculated based on the data obtained from six experimental measurements taken for the
humidity response of the sensor. This error in measurements is found to be mainly due

to the hysteresis observed for the forward and reverse response of the sensor.

The response shows two regions of different sensitivity. A wide humidity range from
14-86 %RH with a sensitivity of 0.06 dB/%RH and a small range of 86-98 %RH with a
higher sensitivity of 0.6 dB/%RH. Assuming only two modes are interfering in the
sensor, the change in slope and thus sensitivity in Fig. 4.4 mainly arises because of the
rate of change of refractive index of Agarose with respect to relative humidity above 80
%RH, where the rate of change increases and becomes non linear. Considering the error
in the measurements observed for the sensor, the accuracy of the sensor in the range 14-
86 %RH varies from £1 to +7%RH and in the range 86-98 %RH the accuracy is about

+2 %RH.

In order to study the long term stability of the Agarose infiltrated PCFI sensor, a second
series of experiments are carried out after 60 days from the initial experiments. A
similar experimental condition is maintained for both these measurement series. In
order to compare these results the averaged relative humidity response obtained for the
sensor during these two series of measurements is plotted in Fig. 4.5. The relative
humidity responses obtained are similar, confirming good long term stability for the

sensor.
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Fig. 4.4. Relative humidity response of the sensor (error bars shown are calculated

based on the data obtained from six experimental measurements).
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Fig. 4.5. Relative humidity response of the sensor taken with a time interval of 60 days

showing the long term stability of the sensor.
4.2.3 Temperature dependence of the sensor

The temperature dependence of the Agarose infiltrated PCFI sensor was observed by
setting the ambient relative humidity value at 50 % RH and is shown in Fig. 4.6. The
error bars shown in Fig. 4.6 are calculated from the data obtained from four

experimental measurements. A change in the reflected power of about +/-0.66 dB is
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observed for a temperature variation of 10 °C. Since PCF is made of single material
silica, the PCFI itself is almost temperature independent. Therefore this small power
variation of 0.066 dB/°C is attributed to the temperature dependence of Agarose. The
thermally induced variation of the refractive index (RI) for different polymeric materials
was reported in [2,3]. According to these references the RI of polymeric materials
usually decrease with an increase in temperature. Similarly the RI of the Agarose also
decreases with an increase in temperature which in turn results in this small power
variation in the reflected signal of the sensor. While the temperature induced variation is
relatively small, it is likely in an environment with large temperature changes that
temperature monitoring to allow for correction of the measured RH would be required.
However many applications of humidity sensors involve room temperatures, where

temperature fluctuations are smaller.
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Fig. 4.6. Temperature dependence of the sensor.
4.2.4 Time response of the sensor

In order to study the response time of the sensor a step change in humidity to the sensor

is applied by directing a ~ 1.5 s long human breath exhale to the sensor; the resultant
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time dependant response is shown in Fig. 4.7. The ambient humidity during the study
was ~60 %RH and the temperature ~23 °C. The reflection power level for the sensor
shown in Fig. 4.7, at RH >90% is not a constant. This is because of the fluctuations in
the humidity (95+5%) around the sensor due to the prevailing air current resulting from
the applied breath exhale. The estimated response time (10% to 90% signal maximum)
of the sensor is about 400 ms, when RH jumps from 60 to >90%. The method used in
this experiment to provide a fast change in the humidity gives one low RH level ie room
RH (60%) and one high RH level (>90%) so the time taken to stabilise the sensor
reading for the higher RH can only be an estimate and cannot be found accurately by
this experiment. The estimated recovery time (90% signal maximum to 10 % baseline)
of the sensor is 500 ms, which decreases if a flow of dry air surrounds the sensor
because the recovery time of a humidity sensor depends on how fast the water vapor is
removed from the sensor, which in turn is proportional to the air flow surrounding the

sensor.

>90 %RH
Rise time ° ~ Recovery time

400 ms -—— . ——= 500 ms

Power (dBm)

Time (sec)

Fig. 4.7. Response time of the sensor.
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4.2.5 Fabrication repeatability of the sensor

Finally the repeatability of sensor head fabrication is studied. It is important to note that
a slight change in the sensor’s length results in a small variation in the spectrum of a
PCFI. In this experiment the control of the device’s length was achieved by using a
conventional fiber cleaver. Since the exact repeatability of the length is difficult with
this method, the fabrication of a sensor with improved tolerance would require a
modified cleaver with precise length control to set the length exactly. To determine how
much the relative humidity response of the device varies with a 10 % change in PCFI
length, a second Agarose infiltrated PCFI with a length circa 900 pm is fabricated. The
infiltration length of the Agarose material within the sensor is ~100 pm. Fig. 4.8 shows
the relative humidity response of the new device. The humidity response of the new
device is different from the device with a 1 mm length, but there is still a strong
variation in power level with RH evident and with an appropriate calibration each
device can function effectively as a humidity sensor. Also for some possible
applications such as breath rate monitoring this slight difference in humidity response is
not a problem because only two states of humidity (room humidity level and a high

humidity of > 90 %RH) need to be determined to measure the breathing rate.

Compared to the existing optical fiber based RH sensors, the sensor proposed in this
chapter has the advantages of a very compact length, low cost and ease of fabrication.
The end-type sensor head configuration offers advantages in terms of operating in
environments which demand a compact probe and also reduced system complexity as
only one interconnecting fiber is needed. Since the size of the actual sensor head is in
micrometers, the reported sensor is suitable for sensing humidity in space constrained

environments.
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Fig. 4.8. Relative humidity response of the Agarose infiltrated PCFI with a length of

900 pm.

4.3. Simultaneous measurement of humidity and temperature using an Agarose

infiltrated PCFI and FBG

Most of the sensors available on the market provide the humidity measurement values
in relative humidity units. For a constant volume of air and at constant pressure if the
temperature changes the RH will change even though the water vapor content of the air
remains the same. Therefore a sensor for simultaneous measurement of humidity and
temperature is an important requirement for a variety of applications including
meteorological services, the chemical and food processing industries, fruit and
vegetable storage, comfort systems for indoor environmental control, electronic
processing, pulmonary diagnosis and fuel cells. Because of their unique advantages
several sensors capable of simultaneous measurement of temperature and humidity
based on an optical fiber have been reported to date: a sensor head composed of a

cholesteric liquid crystal cell and a corner cube prism coated with cobalt chloride [4], a
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sensor head composed of a fiber Bragg grating and a low-finesse Fabry—Perot
interferometric cavity [5], a sensor comprising of two Bragg gratings recorded in silica
and polymer fiber [6], a sensor based on an etched fiber, polymer-coated FBG and
uncoated FBG [7] and a sensor based on a SiO, -nanospheres film deposited on a long-
period grating in-line with a fiber Bragg grating [8]. In this section a novel fiber optic
sensor design for simultaneously measuring temperature and relative humidity is
proposed. The device is composed of an FBG and an Agarose infiltrated photonic
crystal fiber interferometer (AlI-PCFI) where the AI-PCFI is used to monitor the RH and
an in-line FBG is used to monitor the temperature. The sensor proposed in this section
offers a high RH sensitivity, equal or better temperature sensitivity and minimal cross

sensitivity compared to other reported sensors.
4.3.1. Operating principle of the hybrid sensor

The use of an AI-PCFI for sensing is demonstrated in section 4.2 and the sensing
mechanism of the FBG is well known [9]. The hybrid sensor reported here is formed
from the in-line combination of an FBG and an AI-PCFI and is implemented as follows.
Optical radiation from a broadband source is inputted into the combined FBG and Al-
PCFI sensor head (as shown in Fig. 4.9). The FBG reflects optical power with a
reflection maximum centered at the Bragg wavelength. Monitoring this wavelength will
allow temperature to be measured. The FBG also behaves as a stopband optical filter, so
optical wavelengths outside of the Bragg grating window are transmitted with negligible
attenuation and thus a portion of the broadband optical source power reaches the
humidity sensor. The optical signal reflected by the AI-PCFI will change depending on
the humidity level. The reflected optical power from the AI-PCFI again passes through
the Bragg grating, this time in the opposite direction. The FBG passes the reflected

signal with very low attenuation since this reflected signal matches the transmission
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window of the Bragg grating. Therefore, by monitoring the reflected optical power it is
possible to measure intensity changes corresponding to variations in the humidity. Thus
in summary, the temperature may be measured by detecting the spectral shift in the
central wavelength of the fiber Bragg grating spectrum in nanometers and the humidity

may be independently measured by monitoring the reflected optical power in dBm.
4.3.2. Experimental investigation of the hybrid sensor and discussion

The hybrid sensor system is composed of a super luminescent diode (SLED) (COVEGA
Corporation, SLD1005), a fiber optic coupler/circulator (FOC), the AI-PCFI (RH
sensor), the FBG (temperature sensor) and an optical spectrum analyzer (OSA), as
shown in Fig. 4.9. The fabrication process for the AI-PCFI is given in section 4.2 while
the size of the fabricated AI-PCFI is similar to the sensor demonstrated in the section
above. The dimensions are 1 mm length and 125 um diameter; the length includes both
the 250 um hole collapsed region and approximately 100 um long Agarose-infiltrated
region. The calculated fringe spacing for the sensor is ~330 nm, therefore only a narrow
sub-periodic part of the interference pattern could be observed in this experiment. The
large fringe spacing of the AI-PCFI makes the selection of FBG wavelength trivial as
the spectral width of the reflected FBG spectrum is much smaller than that of the

interference pattern.

A commercial FBG (Alxenses Company Ltd.) with a centre wavelength (Ag) of 1540
nm, 3 dB bandwidth of 0.5 nm and a reflectivity at Bragg wavelength larger than 70 %
is used for temperature monitoring. One end of the FBG is spliced to the SMF side of

the AI-PCFI and the other end is connected to the FOC as shown in Fig 4.9.

The performance of the fabricated FBG-AI-PCFI hybrid sensor is evaluated at normal

atmospheric pressure by placing it in a controlled environmental chamber. First, the
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humidity response of the hybrid sensor is studied at a constant temperature of 22 °C.
Measurements for relative humidity values ranging from 20% to 95% are performed,
and hybrid sensor output spectral data for different values of relative humidity in this
range are shown in Fig. 4.10. In the region 2 where the different humidity curves
overlap, it is noticeable that the reflected optical power at the Bragg wavelength is not
affected by humidity changes. In contrast, in the regions 1 and 3 the reflected optical
power changes as a function of the relative humidity. When humidity increases,
analogously to Fig. 4.3 the interference pattern shifts to longer wavelengths. Therefore,
the output power decreases for the sensor in the observed wavelength region, which is a
sub-periodic portion of the interference spectrum. Spectral output data for region 3 for
wavelengths slightly longer than the Bragg wavelength are shown in Fig. 4.11. An
optical power variation of >7 dB was observed for a humidity change of 75%RH in

region 3 of the sensor spectral response.
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Fig. 4.9. Schematic diagram of the hybrid fiber optic sensor system for simultaneous
measurement of RH and temperature (SLED- Super luminescent diode, FOC- Fiber
optic circulator, SMF-Single mode fiber, FBG-Fiber Bragg grating, Al-PCFI-Agarose
infiltrated-photonic crystal fiber interferometer, OSA-Optical spectrum analyser; dotted

arrows represent the light path).
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Fig. 4.10. Spectral response of the hybrid sensor at constant temperature and different

RH.
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Fig. 4.11. Power variation of the hybrid sensor response in the region 3 of Fig. 4.10 at a

constant temperature and different RH.

The temperature response of the hybrid sensor was also studied at a constant relative
humidity (40 %) by varying the temperature from 10 to 45 °C and the result is shown in
Fig. 4.12. In this case the Bragg wavelength shifts while the optical power levels in
regions 1 and 3 are nearly constant. Fig. 4.13 shows a detail of the Bragg wavelength

shift in region 2.
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Fig. 4.12. The spectral response of the hybrid sensor at constant RH and different

temperatures.
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Fig. 4.13. Bragg wavelength shift of the hybrid sensor in the region 2 of the Fig. 4.12 at

constant RH and different temperatures.

The cross sensitivity of the hybrid sensor to the measured RH and temperature is also
studied. Fig. 4.14 shows the Bragg wavelength (Ag) shift of the FBG for different
temperatures and RH values. A temperature sensitivity of 9.8 pm/°C and humidity
sensitivity of 0.3 pm/%RH are observed. The small cross sensitivity to RH observed in

the FBG response is most likely due to its polyimide coating. It has been shown in [6-8,
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10-15] that a polyimide recoated FBGs are slightly RH sensitive. Therefore the

sensitivity of the FBG to RH could be avoided by using an uncoated FBG.

The sensor power variation in region 3 (@ 1550 nm) of its spectral response for
different temperatures and RH values is shown in Fig. 4.15. The RH response is non-
linear and the humidity sensitivity is higher at higher RH values. At a wavelength of
1550 nm a power variation of >7dB for an RH change of 75% is observed with a
humidity sensitivity of 0.026 dB/%RH and 0.163 dB/%RH in the RH ranges 20-60 %
and 60- 95 % respectively. The temperature dependence of the AI-PCFI is also studied
at a constant RH value of 40%. The temperature response of the sensor observed at a
wavelength of 1550 nm is shown in Fig. 4.15. The response is slightly non-linear due to
the shift of the FBG side lobes. A change in the reflected power of about 0.65 dB is
estimated for a temperature variation of 30 °C equivalent to a temperature sensitivity of
0.02 dB/°C. Since the PCF is made of a single material - silica, the PCFI itself is
almost temperature independent [16]. Therefore, this small power variation of 0.02
dB/°C is attributed to the temperature dependence contributed by Agarose. The
experimental results indicate that the FBG element in the sensor has very low sensitivity
to RH, and the reflected optical power from the AI-PCFI, shown in region 1 and 3 is
sensitive to RH and has only very low sensitivity to temperature. In summary, due to the
minimal cross sensitivity between the two measurands, by applying suitable signal
processing the sensor demonstrated here can be used for simultaneous measurement of

temperature and RH.

In addition in this sensor the maximum power reflected by the Bragg grating also
provides a relative power reference and thus can be used to ensure independence of the
measured intensity changes from the source power fluctuations caused by source power

variations and changes in the path attenuation in interconnecting fibers. As result the
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difference between the reflected optical power in region 2 and region 1 or 3 is a function
of the humidity and is not affected by undesirable and uncontrollable losses or

variations along the optical path between the optical source and the sensor.
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Fig. 4.14. Cross sensitivity of the hybrid sensor in terms of Bragg wavelength (Ag) at

different temperature and RH.
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Fig. 4.15. Cross sensitivity of the hybrid sensor in terms of the sensor power variation

at 1550 nm for different temperature and RH.
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Compared to the existing optical-fiber-based RH and temperature hybrid sensors, the
sensor proposed here has the advantages of a high RH sensitivity, minimal cross
sensitivity, fast response time (estimated response time of this sensor is less than a
second) and ease of fabrication. The end-type sensor head configuration offers
advantages in terms of operating in environments, which demand a compact probe-type
sensor and also reduced system complexity as only one interconnecting fiber is needed.
The diameter of the dual sensor head is 125 pm and the length is in centimeters, so the
sensor is suitable for sensing humidity and temperature in space constrained
environments. A possible cost effective solution to replace the OSA in the sensor
system is the use of suitable wavelength dependant optical filters (eg: arrayed
waveguide demultiplexer) and photo detectors. This also potentially allows for

multiplexing of several sensors within a single optical fiber network.

4.4, Summary

This chapter demonstrated a novel RH sensor based on an Agarose infiltrated PCFI. The
sensor shows a sensitivity of 0.06 dB/%RH in the range 14-86 %RH and 0.6 dB/%RH
in the range 86-98 %RH. The sensor response is found to be repeatable with good long
term stability. The size of the sensor is 1 mm in length and 125 pum in diameter. The
thermal sensitivity of the sensor is 0.066 dB/°C. The study on the fabrication
repeatability of the sensor shows a good repeatability of the sensor characteristics. The
observed fast response time of 400 ms suggests that the sensor can potentially be used
as a human breath rate monitor in a clinical environment. For example, a fiber optic
humidity sensor is suitable as a breathing monitor for patients during an MRI scan

because of its immunity to magnetic field interference.
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A novel fiber optic hybrid device for simultaneously measuring temperature and relative
humidity is experimentally demonstrated in this chapter. A reflection type photonic
crystal fiber interferometer infiltrated with humidity sensitive material Agarose acts as
the RH sensor and an in-line FBG is used to monitor the temperature. The sensor
showed a temperature sensitivity of 9.8 pm/°C and an optical power variation of >7 dB
for an RH change of 75 %. The minimal cross sensitivity of the sensors suggests that by
applying suitable signal processing the sensor proposed and demonstrated here can be

used for simultaneous measurement of temperature and RH.
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CHAPTER 5. RELATIVE HUMIDITY SENSOR BASED ON

AN AGAROSE COATED PHOTONIC CRYSTAL FIBER

INTERFEROMETER

5.1. Introduction

Among the different configurations of photonic crystal fiber interferometers (PCFI)
fabricated via microhole collapse [1-10], a reflection type PCFI which was
demonstrated for relative humidity (RH) sensing in the previous chapters offer some
unique advantages such as the absence of the need for hygroscopic materials or
miniature size etc. A transmission type PCFI in which the two ends of a PCF are fusion
spliced to lead-in and lead-out single mode fibers has already been demonstrated for
strain [3,4] and refractive index (RI) [5,6] sensing. In this chapter a transmission type
PCFI is investigated for RH sensing given that it has advantages compared to a
reflection type PCFI: the microholes of a transmission type PCFI are not exposed to the
environment so the contamination by micro dust particles is eliminated and a

transmission type PCFI does not require a circulator for interrogation.

The aim of this work is (1) to study the effect of the hygroscopic Agarose coating
thickness on the RH sensitivity, and (2) to demonstrate a high sensitivity RH sensor
based on the transmission type PCF interferometer. To study the effect of the Agarose
coating thickness on the RH sensitivity initially several PCFI devices with the same
length but different coating thicknesses are fabricated and their individual humidity
response is studied. Influence of both the thickness change and RI change of the coating
with respect to an RH change on the spectrum of the device is investigated. To achieve

a higher RH sensitivity for the Agarose coated PCFI, an interferometer with large fringe
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spacing is fabricated. A coating thickness for this device is selected such that its
effective RI is in the high RI sensitivity region of the device. The RH response of the
sensor is investigated. Furthermore a detailed study of the sensor performance in terms
of its sensitivity, repeatability and long term stability, time response and temperature
dependence are carried out. The work carried out in this chapter also can be applied to
sensors based on optical fibers coated with other materials for the selection of a suitable

operating point in terms of sensitivity and range of operation.

5.2. Fabrication and operating principle of a transmission type PCFI for RH

sensing

The transmission type PCFI in the experiment is fabricated by fusion splicing a length
of commercial PCF (LMA-10, NKT Photonics) between standard optical fibers with a
conventional splicing machine. Two regions with PCF hole-collapse are thus required,
using the splicing technique detailed in section 3.2.2 of chapter 3, and as a result the
voids of the PCF are sealed after fabrication of the PCFI, preventing contamination by
dust particles.  In addition, since the device is a transmission type sensor, it does not
require the use of a fiber optic circulator. To understand how this interferometer works
it is useful to analyze the guided beam when it travels from the input SMF to the PCF
and then from the PCF to the output SMF (Fig. 5.1). As with the reflection type PCFI,
the fundamental SMF mode experiences diffraction and broadening in the entry hole-
collapsed region, which causes two modes (a core and a cladding modes) to propagate
and interfere in the PCF section. However, in contrast to the reflection-type PCFI where
both modes experience reflection at the end of PCF section, in the transmission-type
PCFI there is an exit microhole-collapsed region and an output SMF where the output
SMF acts as a spatial filter and picks up only a part of the resultant intensity distribution

of the interference pattern in the PCF. Thus the optical power coupled to the output
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SMF displays maxima and minima at certain wavelengths of the input light. The
positions of these minima and maxima on the wavelength axis depend on the
interference conditions for the core and cladding modes, such as the geometry of the
sensor and its surrounding RI, which in turn allows the structure to be used for sensing.
For RH sensing, the surface of the interferometer is coated with Agarose whose
refractive index will change with respect to humidity. Only the cladding mode interacts
with the coating, since the core mode is isolated from the external environment. The
Agarose coating changes the effective index of the cladding mode with respect to RH
and consequently the phase difference between the interfering cladding modes and the
core mode results in a shift in the interference pattern. An increase in the effective RI of
the cladding mode causes a spectral red shift and a decrease in the effective RI causes a
blue shift.

PCF

Micro-hole collapsed region .
cross section

= .
el N

SMF PCF SMF

Fig. 5.1. A drawing of the transmission type PCF interferometer and a diagram of the
cross section of the PCF employed. (SMF- single mode fiber, PCF- photonic crystal

fiber).

5.3. PCF length vs fringe spacing of a transmission type PCFI

Unlike the reflection type PCFI where the light is passing through the PCF twice, for a
transmission type PCFI the light is passing through the PCF only once so it is important

to point out that the variable L used in the expressions to explain the working principle
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of the PCFI should be replaced with L/2 for a transmission type PCFI used in this

chapter. So the expression for the period/ fringe spacing of a transmission type PCFI is,

/12
T AnL

(5.1)

where An is the difference between the effective RI of core and cladding modes, A the
wavelength of the optical source, and L the physical length of the PCFI [5]. In order to
verify this expression and to calculate the value of An, ten PCFIs were fabricated with
lengths ranging from 10 mm to circa 100 mm and their spectra are studied. As an
example Fig. 5.2 shows the measured transmission spectra of four PCFIs in the 1500-
1600 nm wavelength range with lengths of 100, 40, 20 and 10 mm. The transmission
spectra of the interferometers exhibit regular interference patterns with a period or

fringe spacing inversely proportional to the length of the PCF section.

—1100 mm
— 40 mm
— 20 mm
— 10 mm

Power (dBm)

1500 1520 1540 1560 1580 1600
Wavelength (nm)

Fig. 5.2. The transmission spectra of interferometers with L = 100 mm, 40 mm, 20 mm

and 10 mm in the wavelength range of 1500-1600 nm.

Fig. 5.3 shows the measured fringe spacing or periods of the fabricated PCFls as a
function of length of the PCF section. The measured periods agree well with the

expected ones for a two-mode interferometer given in equation (5.1). The value of An
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obtained based on the experimental data is ~4x10™ where the source wavelength is

assumed as 1550 nm and the ambient medium as air.

e Experimental data
5091 — Theoretical: 1
40_' using the equation for 'P' 1
30+
20+

Fringe spacing (nm)

10+

Length of PCFI (mm)

Fig. 5.3. The fringe spacing as a function of length of PCF observed for a transmission

type interferometer.

5.4. Effect of coating thickness on the sensitivity of a RH sensor based on an

Agarose coated photonic crystal fiber interferometer

In order to study the effect of coating thickness on the sensitivity of an RH sensor
based on an Agarose coated PCFI, four identical PCFI devices with a PCF length of 40
+0.015 mm and fringe spacing of 14.8 +0.22 nm are fabricated. The transmission
spectra of these PCFIs are shown in Fig. 5.4. The similarity of spectra obtained for
different devices confirms the very good fabrication repeatability for the interferometer.
The response of these PCFIs to external RI variations is studied by immersing the
devices in different calibrated RI solutions, over an RI range from 1.33 to 1.45. It is
observed that for the same change in RI, the shift in the individual peaks of the
interference pattern varies slightly. To avoid ambiguity in determining the sensitivity,
the average peak shift of the sensor response is calculated at each RI value over the

wavelength range observed. Fig. 5.5 shows the average spectral peak shift of the device
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with respect to external RI. As expected all the devices showed very similar RI
responses. It is also observed that as expected the RI sensitivity of the interferometer is

higher in the region close to the RI of the PCF material, this is, silica (n, ~1.45).
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Fig. 5.4. Transmission spectra of different PCFIs with lengths of 40£0.015 mm.
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Fig. 5.5. Response to the ambient refractive index changes for different PCFI samples.

Coating with Agarose is carried out by drawing the interferometer through a hot (65 °C)
Agarose solution [11]. A schematic diagram of the experimental setup for Agarose

coating is shown in Fig. 5.6. The solution is prepared by dissolving 1 wt% Agarose in
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distilled water. In order to undertake the coating process the fiber is fixed straight and
horizontally above a translation stage. Below the fiber a heater is fixed on a translation
stage. A small container placed at the top of the heater is filled to the rim of the
container with a hot Agarose solution. Because of surface tension the surface of the
solution forms a dome-like shape which projects slightly above the rim of the container.
The position of this container can be adjusted to allow the fiber to pass through this
dome of the Agarose solution. The temperature of the heater is set at 65 °C. The fiber is
drawn through the hot Agarose solution using a translation stage which is software-
controlled using a computer. This arrangement allows for good repeatability of the

coating parameters.

Agarose solution PCFI  Fiber holder

N Y L osa

TEC -7
- U
> =

Fig. 5.6. Schematic diagram of the experimental setup for Agarose coating. (SLED-
super luminescent diode, TEC- thermo electric cooler, TS- translation stage, OSA-

optical spectrum analyzer, PCFI- photonic crystal fiber interferometer).

A desired coating thickness can be achieved using this setup by varying the drawing
speed of the fiber through the solution or by passing the fiber multiple times through the
solution. Practically the latter technique is found to be best in order to achieve a
repeatable thickness. Thus in the experiment the fiber is drawn through the solution
multiple times but with a constant speed of 5 mm/sec. Accurate measurement of the
film thickness during the coating process is difficult due to the fiber geometry and thus

in the experiment the device’s spectrum is monitored each time the fiber passes through
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the solution. The observed shift in the interference spectrum confirms the formation of a
coating on the PCFI as it is in agreement with the expected red shift of the PCFI

response with an increase in ambient RI for the interferometer (Fig. 5.5).

The repeatability of the Agarose coating layer formation is studied using five PCFI
devices with a similar length and passing the devices through the solution a constant
number of times. The spectral shift of the devices obtained for a single pass of the fiber
through the solution is shown in Fig. 5.7(a). The average spectral shifts observed are in
the range from 1.25-2.5 nm. The spectral shift of the devices obtained for a double pass
of the fiber through the solution is shown in Fig. 5.7(b). The average spectral shifts
observed are in the range from 2.85-10.95 nm. Also it is found that during the multi
pass process, for some cases the shift is observed to be close to zero. This study shows
that passing the fiber through the Agarose solution a fixed number of times does not
ensure that an exact required coating thickness is achieved and it is necessary to always
monitor the spectral shift during the coating process to achieve an exact spectral

shift/thickness/RI for the coating.
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Fig. 5.7. Spectral shift of different devices obtained (a) after single pass of the fiber

through the solution (b) after double pass the device through the solution.
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To study the influence of the Agarose film thickness on the properties of the PCFI the
four PCFI devices (A, B, C, D) previously fabricated are coated with different
thicknesses of Agarose film by passing the fiber through the solution multiple times
simultaneously monitoring the spectral shift of the coated device. In the case of device
A the coating process is stopped when the average peak shift reaches a value of 2.3 nm
and for devices B, C and D the coating process is stopped when the shift reaches 3.55

nm, 14.5 nm and 26.6 nm respectively.

The parameters of all four Agarose coated photonic crystal fiber interferometer (AC-
PCFI) devices are listed in Table 5.1. The spectral peak shifts are calculated as the
average difference in the peak positions for all the individual peaks in the transmission
spectrum for each device before and after coating it with Agarose. The effective
refractive index of the coating is estimated using the peak shift data obtained from the
studies of the PCFIs response to changes in ambient RI (Fig. 5.5). The thickness of the
coated device is estimated using an optical microscope at a room RH of 60£2%. From
the data shown in the Table 5.1 it is obvious that when the coating thickness increases,

the effective RI of the coating experienced by the cladding mode of the PCFI increases.

Table 5.1. Parameters of the different AC-PCFI devices at ~60 % RH

AC-PCFI Average red peak Refractive index of ~ Estimated

shift of the coated coating (deduced thickness of
PCFI relative tothe from the RI response coating (100
uncoated PCFI (nm) of the PCFI) nm) in nm

A 2.3 1.24 250

B 3.55 1.28 400

C 14.5 1.408 800

D 26.6 1.437 1250
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The RH responses of the AC-PCFI devices are studied by placing them inside a
controlled environmental chamber (Electro Tech Systems inc., Model 5503-00 with
Package F) as shown in Fig. 5.8. The ambient temperature during the study was set at

24 +1 °C at normal atmospheric pressure.

Controlled Environmental Humidity and Temperature

Chamber =B «— Controller
le L -]

—e pre Y

s . L Agarose

SLED e coated PCFI

Micro-hole N
collapsed region

Agarose coating

Fig. 5.8. Schematic diagram of the experimental setup to study the sensor’s response to
humidity changes. Inset: a diagram of the Agarose coated interferometer, (SLED- super
luminescent diode, OSA- optical spectrum analyzer, SMF- single mode fiber, PCF-

photonic crystal fiber, PCFI- photonic crystal fiber interferometer).

Previously reported studies on humidity sensing based on the use of Agarose coatings
considered only the bulk RI change of the coating induced by changes in ambient RH. It
should be noted however that there exists some conflicting evidence in the literature
regarding the refractive index change of an Agarose coating with respect to RH [9, 11-
17]. The study presented in this chapter gives further insight into the behaviour of an

Agarose coating with the change of ambient RH.

It is well known that the thickness of a hygroscopic coating can be affected by ambient

RH, to verify this for the coated PCFls, the thickness of the Agarose layer for each of
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the fabricated PCFI devices at different RH conditions was estimated using an optical
microscope. Fig. 5.9 shows the changes in thickness of the Agarose coating for all four
studied PCFIs at two values of RH: room RH of 60+2 % and a higher RH of >90 %. It
Is observed that as expected the thickness of the coating increases significantly (> 60%)
when RH increases from ~60 % to >90 % RH. Physically when the RH level increases,
more water molecules are diffused into the Agarose coating, resulting in the inflation of
the Agarose and increase in the thickness of the coating. Similar to any other swelling
polymer an increase in water content will decrease the bulk refractive index of the

Agarose coating, in accordance with the Lorenz- Lorentz relation [18].
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Fig. 5.9. The estimated thickness of the four different AC-PCFI devices at room RH of

~60 % and at a higher RH of >90%.

It has been shown in [6,19] that for fiber devices with coatings of sub-micron thickness
as the thickness of the coating increases the effective RI experienced by the cladding
mode increases even though the bulk RI of the coating is a constant. This effect is also
confirmed by the data in Table 5.1 which illustrates the increase in the refractive index

of the coating with the increase of the coating thickness. The data are taken at a fixed
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ambient RH and therefore the increase of the RI can only be attributed to the increased

thickness of the Agarose coating layer.

It can be thus be concluded that when ambient RH changes two factors alter the
effective RI of the cladding mode: the bulk RI change of the coating and the thickness
change of the coating. When the RH increases the decrease in the bulk RI of the coating
causes a blue shift to the interference spectrum while the increase in the thickness of the

coating causes a red shift to the interference spectrum.

It is found that for coatings of thickness less than the penetration depth of the
evanescent part of the cladding mode, which is normally significant up to one third the
wavelength of the propagating light [20-21], the increase in the effective RI as a result
of the increase in the thickness of the Agarose dominates and is more significant than
the effect of the bulk RI change, resulting in a net red shift of the interference spectrum
for all RH values. This is the case with the devices A and B in the experiment. Fig.
5.10(a) shows the average peak shift of the interference pattern for samples A and B
with respect to RH. The peak wavelength shift shown is normalized with respect to the
peak value at the lowest measured RH (25% RH). The AC-PCFI A shows a spectral red
shift with an increase in RH and the observed shift is linear in the range from 25 to 90
% RH with a slope of 5 pm/%RH. Above 90 % RH the sensitivity of the device is much
higher, most likely due to the water vapor condensation on the coating at these higher
RH values. With an increase in humidity sample B shows a red shift with a slope of 9
pm/%RH in the range from 25 to 90 % RH. It can be concluded that when the thickness
of the coating increases the humidity sensitivity of the AC-PCFI also increases. One
possible reason for this behavior is that when the thickness of the coating increases, the

effective RI of the coating then lies in the high RI sensitivity region of the PCFI (the
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higher slope region in Fig. 5.5) and hence the change in the effective RI of the coating

with respect to an RH change results in an increased spectral shift.

When the coating thickness is greater than the penetration depth of the evanescent wave
part of the cladding mode, the effect of a bulk RI decrease with ambient RH dominates
the effective RI experienced by the cladding mode. In the experiment it is observed that
when the coating thickness is greater than ~800 nm, which is the case with AC-PCFI
devices C and D, a blue shift of the interference spectrum of the AC-PCFI is observed
with the increase of ambient RH. For verification of this result the evanescent wave
penetration depth was calculated using equation (1) of reference [20] for device C at 60
% RH by setting the value of the RI of the silica as n;= 1.44, the RI of the Agarose
coating as n, =1.408 (Table 5.1) and assuming the angle of incidence at the fiber-
coating interface 6 = 90°. Using these values the calculated penetration depth is 817 nm,
verifying the observation that the wavelength shift changes from a red to a blue shift

when the coating thickness is in the region of 800 nm.

The humidity responses of the AC-PCFI devices C and D are shown in Fig. 5.10(b).
The AC-PCFI C shows a spectral red shift when humidity increases from 25 % RH to
60 % RH and then it shows a blue shift on a further increase of RH from 60 % to 98 %.
This is due to the fact that below 60% RH the thickness change factor dominates by
comparison to the bulk RI change of the coating and above 60% RH the coating
thickness is greater than the penetration depth of the evanescent wave portion of the
cladding mode interacting with the coating so that the effective RI of the cladding mode
is mainly determined by the bulk RI of the coating. For AC-PCFI D, the point on the
RH axis at which the red shift changes to a blue shift, changes to a lower RH of 40%
which is expected because here the coating is thicker than for sample C. For AC-PCFI

D the RI of the coating is in a more RI sensitive region of the PCFI therefore the RH
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sensitivity observed for this sample is higher compared to other devices with smaller
thicknesses of Agarose coating. The AC-PCFI D shows a sensitivity of 64 pm/%RH in
the region 25-40 % RH and -137 pm/%RH in the range 40-90 %RH. Assuming the
OSA used for measurement has a wavelength resolution of 0.01 nm, the AC-PCFI D

has a humidity resolution of 0.07% RH in the RH range from 40% to 90% RH.

(a) 3.0 ; : . . ; r r T (b)
251 = AC-PCFIA 1 04
2.0
£ E
= 1.5 :-x_:’
= = J u
——AC-PCFID
0.5- 124
0.0
T T T T T T T T T _16- T T T T T T T T T =
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100
Relative humidity (%RH) Relative humidity (%RH)

Fig. 5.10. (a) The average spectral peak shift for AC-PCFI samples A and B with
respect to relative humidity. (b) The average spectral peak shift for AC-PCFI samples C

and D with respect to relative humidity.

The calculated RH sensitivities of the AC-PCFI devices in different linear RH response
regions are listed in Table 5.2, where the positive sensitivity values represent spectral
red shift and negative values represent a blue shift. Above 90 % RH the response is

nonlinear so the Table 5.2 shows the average sensitivity.

Table 5.2. RH sensitivity of AC-PCFI devices in different RH regions

AC-PCFI A B Cc D

RHrange |25-90 90-98|25-90 90-98|25-60 60-90 90-98 |25-40 40-90 90-98
(%RH)

Sensitivity 5 198 9 238 17 -11 -525: 64 -137 -1100
(pm/%RH)
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Previously published studies on humidity sensing based on Agarose coated optical
fibers do not give a clear picture of the refractive index change and the thickness change
of Agarose coating with respect to RH. The results presented in this chapter reveal that
there is a significant and complex dependence of the sensor response on the thickness of
the coating. This result can potentially be applied to different types of coatings on a

PCFI device which may result in improved sensors performance.

5.5. A high sensitivity humidity sensor based on an Agarose coated photonic

crystal fiber interferometer

In the above section, the effect of Agarose coating thickness on the sensitivity of a RH
sensor based on a PCFI is reported. It is found that the RH sensitivity of the sensor
significantly depends on the thickness of the coating. The length of the PCF section
used for the sensors in the above experiments was 40 mm with a fringe spacing of ~15
nm. It is difficult to monitor spectral shifts greater than the fringe spacing, which is
problematic if the fringe spacing is relatively small. Monitoring spectral shifts is very
important during the coating process in order to achieve highest RH sensitivity, where a
shift of greater than 50 nm needs to be monitored. In addition the small fringe spacing
limits the RH measurement range of such a sensor because a full RH range could give a

spectral shift of greater than 55 nm.

As a starting point for a high sensitivity RH sensor, described in this section, a small
length of PCF is selected for the interferometer so that the PCFI fringe spacing is large.
As a result, larger spectral shifts can be monitored during the coating with Agarose,
which allows one to obtain the value of the effective refractive index of the coating so
that it lies in an RI region close to the RI of silica and therefore achieve the highest

sensitivity for the PCFI device.
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In order to achieve suitable large fringe spacing for the interferometer in this experiment
a PCFI with a PCF length of 10 mm is fabricated. The corresponding fringe spacing of
the device is 58 nm (Fig. 5.3). The optical bandwidth of the available source used for
interrogation is 54.5 nm which limits the minimum possible length of PCF for the
sensor because a fringe spacing greater than 58 nm would be difficult to monitor with

this optical source.

For the selection of a suitable coating thickness with effective refractive index in the
higher RI sensitivity region of the PCFI, initially the response of the device to external
RI variations is studied by immersing the device in different calibrated RI solutions,
over an RI range from 1.33 to 1.45. Fig. 5.11 shows the spectral peak shift of the device
with respect to external RI. As discussed earlier RI sensitivity of the interferometer is
higher in the region close to the Rl of PCF material silica (n, ~1.45). A coating
thickness in the possible highest RI sensitivity region of the device is selected by
comparing the spectral shift obtained during the coating process to the corresponding

spectral shift of its RI response.

604 : ' ' ' .
504 |
40 -

i Y i
30 / §
20- o )

10+ - J

Shift (nm)

- —
0 . oo

132 134 136 1.38 140 142 1.44 1.46
Refractive index (RIU)

Fig. 5.11. Ambient refractive index response of the interferometer with a length of 10

mm.
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Coating with Agarose is carried out by drawing the interferometer through a hot (65 °C)
Agarose solution as explained above in this chapter. In the experiment the desired
coating thickness is achieved by passing the fiber multiple times through the solution
with a constant speed of 5 mm/sec. From Fig. 5.11 it is known that maximum RI
sensitivity is achieved for RI values close to 1.45. Thus the multipass process of
building up layer upon layer of Agarose and thus increasing the effective RI of the layer
is halted when the spectral shift reaches a value associated with an RI value of

approximately 1.45, based on Fig. 5.11.

The Fig. 5.12 shows how the interference spectrum shifts as a function of the number of
times the fiber passes through the solution, building up the Agarose coating layer with
each pass. The observed shift in the interference spectrum confirms the formation of a
coating on the PCFI as it is in agreement with the RI response of the PCFI where a red
shift is observed for an increase in ambient RI (Fig. 5.11). In the experiment the coating
process is stopped when the average peak shift reaches a value of 51.88 nm which
corresponds to an RI value in the high sensitivity region of the PCFI. After processing,
the coated PCFI is kept at room temperature for one day until it is partially dehydrated

and reaches equilibrium with the ambient environment.

Table 5.3 gives the estimated parameters of the sensor at two RH values of 60% and
90%. These observations are in agreement with the results given above in this chapter
and confirm that when RH changes the bulk refractive index of the Agarose decreases
and the thickness of the coating increases. Since the coating thickness is greater than the
penetration depth (~800 nm) of the evanescent wave part of the interfering cladding
mode the effect of thickness change can be neglected and the coating is acting as a bulk
material to the cladding mode. Therefore the bulk refractive index change of the coating

determines the spectral shift with respect to RH.
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Fig. 5.12. Evolution of the Agarose coating layer is confirmed by the increase in

spectral shift as the number of times the fiber passes through the solution increases.

Table 5.3. Parameters of the AC-PCFI device at two RH values

Relative ~ Average red peak shift of the Refractive index of coating ~ Estimated thickness
Humidity  coated PCFI relative to the (deduced from the RI response  of coating (+100
(%) uncoated PCFI (nm) of the PCFI) nm) in nm
60 51.88 1.446 1600
90 27.82 1.440 2700

Fig. 5.13 shows the changes in the device spectrum with respect to ambient RH. As RH
increases from 40% to 98%, the interference spectrum of the device shifts to a shorter
wavelength because the bulk RI of the Agarose decreases with RH. By monitoring the
wavelength shift of the interference pattern, one can determine the ambient RH and its

changes, assuming a suitable calibration has taken place.

It is clear from Fig 5.13 that for the same change in RH, the shift in the individual peaks
of the interference pattern varies slightly. Thus a relatively better RH sensitivity can be

achieved by monitoring the peak giving the maximum shift (the lower peak close to
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1560 nm at 40% RH in the studied wavelength range 1470-1620 nm) for the sensitivity
analysis. Fig. 5.14 shows this peak shift of the sensor with respect to RH. The error bars
shown in Fig. 5.14 are calculated from the data obtained from six experimental
measurements taken for the humidity response of the sensor. This error in
measurements is found to be mainly due to the hysteresis observed for the forward and
reverse response of the sensor. The hysteresis is mainly due to the difference in the time
responses of the Agarose coating to an increase and decrease of RH where the recovery
time (the time required to remove the water vapor from the bulk Agarose) is always
greater than the response time (the time required to penetrate the water vapor and to
reach the fiber surface). The limitation in the accuracy (x2% RH) of the chamber

control system might also contribute to the observed hysteresis of the sensor.

Power (dBm)

1470 1500 1530 1560 1590 1620
Wavelength (nm)

Fig. 5.13. The spectral responses of the sensor at different relative humidity values.

The total wavelength shift in the RH range from 40% RH to 98% RH for the sensor is
circa 56 nm which is much higher compared to the wavelength shift of 16 nm obtained
for a humidity change of 58 %RH in the case of the RH sensor (AC-PCFI D)
demonstrated above in this chapter. Also this wavelength shift is higher than the
reported highest sensitivity (a wavelength shift of 45 nm for an RH change of 60%)

humidity sensor based on Agarose coated optical fiber devices [17]. The sensor
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presented here is simple and gives a higher wavelength shift compared to the complex
device used in [17] where a cladding etched multimode fiber hetero-structure coated

with indium tin oxide and then with Agarose is used.
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Fig. 5.14. Spectral peak shift versus ambient relative humidity (error bars shown are

calculated from the data obtained from six experimental measurements).

Fig. 5.14 shows that the wavelength peak shift is more significant at higher humidity
values. The average peak shift is linear in the range 40-80 %RH with a sensitivity of
0.57 nm/%RH and in the range 80-95 %RH it is 1.43 nm/%RH. Furthermore assuming
the OSA has a wavelength resolution of 0.01 nm, the proposed sensor has a humidity
measurement resolution of 0.017% RH in the RH range from 40% RH to 80% RH, and
0.007% RH in the RH range from 80% to 95% RH. Considering the error in the
measurements observed for the sensor and the RH sensitivity, the accuracy of the sensor
in the RH range 40-80% is estimated to be +2% RH, and in the range 80-95%, the

accuracy is about £1% RH.

In order to study the long term stability of the Agarose coated PCFI sensor, experiments
are repeated 20 days after since the initial experiments. A similar experimental

condition is maintained for both sets of measurements. For comparison the averaged
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relative humidity responses obtained for the sensor during the two sets of measurements
are plotted in Fig. 5.15. The relative humidity responses obtained are similar,

confirming good long term stability for the sensor.
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Fig. 5.15. Relative humidity response of the sensor: measurements are taken with an

interval of 20 days and show the long term stability of the sensor.

The temperature dependence of the Agarose coated PCFI sensor was studied by setting
the ambient relative humidity value at 50 % RH and is shown in Fig. 5.16. A spectral
shift of 2.7+1 nm is observed for a temperature variation of 10 °C. The estimated error
in the measurement data £1 nm is due to the difficulty in maintaining a constant RH
inside the environmental chamber when the temperature is varying. Since PCFI is
almost temperature independent, the small temperature dependant shift of 0.27 nm/°C
obtained for the sensor is attributed to the contribution of the temperature dependence of
Agarose. An increase in temperature decreases the RI of the Agarose, which in turn
results in the blue shift of the interference spectrum of the sensor. Note that a
temperature change of 1 °C gives a relative humidity measurement error of only about

<0.5 %RH and taking into account the accuracy of the sensor, temperature
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compensation may not be needed for this type of sensor if it is used in environments

having no significant variations in temperature.
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Fig. 5.16. Temperature dependence of the sensor

The response time of the sensor is studied by applying a step change in humidity to the
sensor by directing a human breath exhale toward the sensor. The resultant time
dependant response is found to be faster than the time response of the OSA. Therefore
an optical power meter (PX Instrument Technology, PX2000-306) and a suitable
wavelength output of a tunable laser source (Anritsu, Tunics plus CL/WB) are used to
measure the change in the transmission of the device in response to a sudden RH
change. The time dependant response of Agarose coated-PCFI device is shown in Fig.
5.17. The ambient humidity during the study was ~50 %RH and the temperature ~22
OC. The estimated response time (10% base line to 90% signal maximum) of the sensor
is about 86 ms, when the RH jumps from 50 to >90%. The recovery time of a humidity
sensor depends on how fast the water vapor is removed from the sensor which is
proportional to the air flow surrounding the sensor. The estimated recovery time (90%

signal maximum to 10 % baseline) of the sensor is 230 ms, which decreases if a flow of
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dry air surrounds the sensor. It is expected that the response time of the sensor will
decrease with a decrease in the thickness of the coating. But it is experimentally very
difficult to apply a fast step change of humidity that can reveal these differences in the

response time; therefore such a study is not included in the Thesis.
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Fig. 5.17. Response time of the sensor

As the RH value is extracted from wavelength measurements, the sensor presented in
this chapter is free from any errors due to power fluctuations in the optical source. The
work presented in this chapter also provides the basis for the selection of an optimal
operating point in terms of sensitivity and range of operation in the case of a PCFI

coated with other materials for different sensing applications.

5.6. Summary

In this chapter the structure, fabrication and the working principle of a transmission type
PCFI are discussed for sensing of RH. The relation between the fringe spacing and the
length of the PCF section of the PCFI is verified experimentally. A PCFI is coated with
Agarose layers of different thickness and it is demonstrated that the RI of the coating

experienced by the mode interacting with the coating depends on the thickness of the

125

—
| —



Development of Novel Fiber Optic Humidity Sensors and Their Derived Applications PhD Thesis

coating. It is also demonstrated that both bulk R1 change and the thickness change of the
Agarose coating with respect to changes in ambient RH affect the spectrum of the PCFI.
The effect of coating thickness on the RH response of the AC-PCFI device is studied
and it is shown that the RH sensitivity of an AC-PCFI depends strongly on the thickness

of the coating.

Based on the study of the effect of coating thickness on the RH response of the AC-
PCFIs a highly sensitive RH sensor based on an AC-PCFI is also demonstrated
experimentally. The selection of an interferometer with large fringe spacing allowed
achieving the effective index of the coating in a higher RI sensitivity region of the PCFI
device and resulted in an improved sensitivity for the sensor. Refractive index
characterisation of the device is performed experimentally to provide an approximate
guide to the selection of a suitable coating thickness. The repeatability of the coating
layer formation and the evolution of the coating layers on passing the device though

Agarose solution multiple times are discussed.

The high sensitivity RH sensor presented in this chapter gives a large wavelength shift
of 56 nm for an RH change of 58%. The sensor shows a linear response for an RH
change in the range of 40-80 %RH with sensitivity of 0.57 nm/%RH and in the range
80-95 %RH it is 1.43 nm/%RH. The measurement accuracy of the sensor in the RH
range 40-80% is +2% RH, and in the range 80-95%, the accuracy is circa £1% RH. The
response time of the sensor is 86 ms for an RH change from 50% to 90% and the
temperature dependence of the sensor is found to be 0.27 nm/°C which is quite small
compared to the RH sensitivity of the sensor. The work demonstrated in this chapter is
useful for the development of various kinds of sensors for environmental, physical,
biological or chemical parameters based on a PCF interferometer, where a coating acts

as the transducer for an external parameter.
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CHAPTER 6. PERFORMANCE COMPARISON OF RH

SENSORS FOR DEW SENSING AND BREATHING

MONITORING

6.1. Introduction

In this chapter a performance comparison of the relative humidity (RH) sensing devices
demonstrated in the previous chapters is carried out. Comparison parameters are RH
range, sensitivity, response time, presence or absence of hygroscopic materials, the type
of probe (inline or end type), sensor size and temperature dependence. The advantages

and limitations of the various sensors are also discussed.

Using this performance comparison as a starting point, the requirements for sensor for
dew sensing are also discussed in this chapter and subsequently the use of a PCFI as a

dew sensor is demonstrated. A dew point hygrometer using PCFI is also proposed.

Again using the performance comparison as a starting point, the requirements for
sensors for breath rate sensing are also discussed in this chapter and subsequently a
miniature optical breathing sensor based on an Agarose infiltrated photonic crystal fiber
interferometer is presented. The sensor detects the variation in relative humidity that
occurs between inhaled and exhaled breath. The sensor interrogation system can
determine the breathing pattern in real time and can also predict the breathing rate and

the breathing status during respiration.

6.2. Performance comparison of the RH sensors

Based on the parameters such as RH range, RH sensitivity, response time, sensor size,

temperature dependence, advantages and limitations of the sensor, the performance,
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comparison of the four RH sensing devices is presented in tables 6.1 to 6.3. Table 6.1
gives a comparison of different sensors in terms of their measurement range and

sensitivity.

Table 6.1. Comparison of different sensors with respect to their measurement

range and sensitivity.

RH Sensor Measurement range Sensitivity

Sensor Polyethylene oxide coated | 80-90% 2 dB/%RH

based on a | fiber bend

fiber bend
Agarose coated fiber bend | 25-90% 0.1 dB/%RH
Sensor based on a photonic crystal fiber | 27-96% 27-60 %RH—3.7 pm/%RH
interferometer
60-80 %RH—8.5 pm/%RH
80-96 %RH—64 pm/%RH
Sensor based on an Agarose infiltrated | 14-98% 14-86 %RH—0.06 dB/%RH

photonic crystal fiber interferometer
86-98 %RH—0.6 dB/%RH

Sensor based on an Agarose coated | 30-95% 40-80 %RH—0.57 nm/%RH

photonic crystal fiber interferometer
80-95 %RH—1.43 nm/%RH

From the Table 6.1 it can be concluded that in terms of wavelength sensitivity, a sensor
based on an Agarose coated photonic crystal fiber interferometer offers the highest
sensitivity. In terms of power sensitivity a sensor based on Polyethylene oxide coated

fiber bend is characterised by the highest sensitivity but only over a narrow RH range.
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Table 6.2 gives a comparison of different sensors in terms of their size, response time

and temperature dependence.

Table 6.2. Comparison of different sensors with respect to their size, response time

and temperature dependence.

photonic crystal fiber interferometer

increases rapidly

from 50 to >90%

RH Sensor Response time Temperature Size of
dependence sensor
head
Sensor Polyethylene oxide 780 ms when RH Not studied Bend
based on | coated fiber bend increases rapidly radius
a fiber from 70% to 90% 15 mm
bend
Agarose coated fiber 50 ms when RH Power variation of Bend
bend increases rapidly +0.5 dB is observed radius
from 60% to >90% for a temperature 16.75 mm
change of 14 °C
Sensor based on a photonic crystal Not studied 9.5 pm/°C 40.5 mm
fiber interferometer
Sensor based on an Agarose 400 ms, when RH 0.066 dB/°C 1mm
infiltrated photonic crystal fiber increases rapidly
interferometer from 60 to >90%
Sensor based on an Agarose coated 86 ms, when RH 0.27 nm/°C 10 mm

From Table 6.2 it can be concluded that the response times of all the sensors are less

than a second and the temperature dependence is low. Among all these sensors the
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sensor based on an Agarose infiltrated photonic crystal fiber interferometer has the

smallest size. Table 6.3 lists the key advantages and the limitations of the sensors.

Table 6.3. Key advantages and the limitations of the sensors

requires only one interconnection

RH Sensor Key advantages of the sensor Limitations of the sensor
Sensor |Polyethylene |4 Simple fabrication, low cost and Requires calibration for each
based on|oxide coated disposable sensor because of the poor
a fiber (fiber bend + High sensitivity for a short RH fabrication repeatability
bend range of 80-90% Sensor size is limited by the

+ Fast response time diameter of the fiber bend
Poor mechanical stability of the
fiber bend structure
Not suitable for high RH
operations
Agarose coated |[# Wide linear response Requires calibration for each
fiber bend # Fast response time sensor because of the poor
#% Simple fabrication, low cost and fabrication repeatability
disposable Sensor size is limited by the
#+ Suitable for high RH operation diameter of the fiber bend
Poor mechanical stability of the
fiber bend structure
Sensor based on a + No hygroscopic materials For the long term use of the
photonic crystal fiber required sensor a recalibration or cleaning
+ Temperature independent of the sensor head required to
interferometer + Suitable for high temperature and overcome the contamination
high pressure operations effects.
+ Suitable for dew sensing
+ End type sensor because it
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fiber.
Simple fabrication, low cost and

disposable

Sensor based on an
Agarose infiltrated
photonic crystal fiber

interferometer

¥ £ F ¥+ ¥+ ¥

Miniature size

Improved sensitivity

Fast response time

Mechanical stability is best
Simple fabrication and disposable
End type sensor because it
requires only one interconnection
fiber.

Best sensor for breathing

monitoring

4+ Because of the limitations in the

fabrication accuracy only an
approximate fabrication

repeatability is possible

Sensor based on an
Agarose coated photonic
crystal fiber

interferometer

Suitable configuration for the
study of effect of coating
thickness on the sensitivity of a
RH sensor

Possible to tune the RH
sensitivity by changing the
thickness of the coating

Fast response time

Simple fabrication and disposable

Not an end type sensor because it
requires an input and output fiber

connected to the sensor.

+ Sensor interrogation is costlier

It is found that if hygroscopic materials are involved in the sensor design then the

condensed moisture degrades the material behaviour and the recovery time required to

go back to a low RH is usually high. This makes the RH sensors utilising hygroscopic

materials not suitable for dew sensing. Another required parameter for a dew sensor is

that the sensor response should be temperature independent. Therefore based on the

performance comparison given above in Tables 6.1 to 6.3, the sensor based on a
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photonic crystal fiber interferometer is suitable for dew sensing. The absence of
hygroscopic materials, temperature independence, high and low temperature operation

capability reinforce its suitability for dew sensing.

A breath monitor based on an RH sensor detects the variation in relative humidity that
occurs between inhaled and exhaled breath. One basic requirement for the sensor is that
both its response time and the recovery times should be less than breathing response
times. If the size of the RH sensor is small then it can be easily fixed inside a respiration
mask. The breathing rate sensor should be highly stable against air currents and the
associated air turbulance during respiration, which can be achieved with a small size of
the sensor because small size provides a higher mechanical stability against these
factors. Also an end type sensor is prefered because then it will require only one
connecting fiber connected to the respirator mask. Based on these considerations the RH
sensor based on an Agarose infiltrated photonic crystal fiber interferometer is most

suitable for breathing rate monitoring.

6.3. Dew sensor based on a PCFI

6.3.1. Introduction

Dew (condensed moisture) is a problem in the fields of precision electrical devices,
automobiles, air conditioning systems, warehouses, domestic equipment, etc. High
humidity and condensation can create an environment where the development of mould
on the wooden parts can take place and it can also cause corrosion of iron parts. This is
a major problem in the case of the works of art in the museums and churches [1].
Therefore there is a strong demand for a sensor capable of accurate detection of a high

humidity or dew condensation state.

135

—
| —



Development of Novel Fiber Optic Humidity Sensors and Their Derived Applications I PhD Thesis

Approaches to dew detection using optical fiber have been previously reported in [2,3].
The working principle of these sensors is based on the change in the reflectivity which
Is observed on the surface of the fiber tip, when a water layer is formed on its distal end.
The dependence on reflected power measurement scheme used in [2,3] increases the
chance of measurement error due to source power fluctuations. A simple sensor head for
humidity sensing based on a photonic crystal fiber interferometer operated in reflection
mode is demonstrated in chapter 3. The fabrication of such a sensor is very simple since
it only involves cleaving and fusion splicing. Furthermore, the spectral measurement
technique utilized in this work is free from errors due to source power variations. In the
following section of this chapter a dew sensor based on such a PCFI is demonstrated.
The sensor shows good dew point measurement accuracy. Since the sensor head is
fabricated from a single material, silica, its temperature dependence is very low. From
the results for the dew sensor performance with different lengths of photonic crystal
fiber (PCF) it was shown that a device with a compact length of PCF is suitable for dew
sensing albeit with a reduction in the speed of response. The dew response of the sensor

at different ambient humidity values is also demonstrated in this section.

6.3.2. Operating principle of the dew sensor

To study the response of the PCFI to dew formation it is required to set the temperature
of the PCFI to dew point temperature, which is obtained from the values of ambient
relative humidity and temperature. To do this let us consider a quantity of air with a
constant water vapor concentration at a certain temperature, T, and relative humidity,
RH < 100%. The dew point temperature, Tg, is defined as the temperature to which this
quantity of air must be cooled down such that, at a constant pressure, condensation
occurs (RH = 100%). In terms of relative humidity RH and ambient temperature T, the

dew point temperature is given by the Magnus formula [4]:
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n( RH )+ AT
T,(T,RH) =« 100% ) a+T

ﬂ—ln( RH j_ BT
100% ) a+T (6.1)

where, 0=243.04 °C and B=17.62 are the so-called Magnus parameters for the
temperature range -45 to 50 °C. Therefore decreasing the temperature of the PCFI
increases the relative humidity in its vicinity. At certain temperature the relative
humidity becomes 100% or reaches the dew point temperature and hence the water
vapor starts to condense. The condensed water vapor on the PCFI surface causes a large
change in the effective refractive index of the cladding mode which in turn causes a
large phase change between the interfering modes and therefore a large wavelength shift

of the interference peaks is expected.
6.3.3. Experimental characterization of the sensor

The dew response of the PCF interferometer was studied by placing it on a
thermoelectric cooler (TEC) as shown in Fig. 6.1. In order to study the influence of dew
on the PCFI, it was decided to limit the PCFI length used in this experiment to 42 mm
or less, to suit the size of the available TEC used for temperature control. The
temperature of the TEC element was controlled by a temperature controller. A
thermistor was used to provide temperature feedback to the controller from the TEC
element. An additional handheld thermometer was used to confirm the temperature on
the TEC surface. The entire setup was placed inside a controlled environmental
chamber. The relative humidity and the temperature inside the chamber can be
controlled with an accuracy of +2 %RH and 1 °C respectively. For the purpose of this

experiment the ambient temperature inside the chamber was fixed at 25 °C.
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Fig.6.1. Experimental arrangement for the calibration of PCFI based dew sensor.

Temperature dependance of this type of PCFI was reported in chapter 3 and it was
shown to be very small < 10 pm/°C, in other words the PCFI is almost temperature
independant. The dew sensing experiments were carried out at normal atmospheric
pressure. To study the dew response of the device the temperature of the PCFI was
decreased from an ambient temperature (25 °C) to the dew point temperature at a fixed
ambient relative humidity. It was found that the position of the interference peaks
shifted to longer wavelengths with a decrease in temperature. This shift is similar to the
humidity response of the PCFI as shown in Fig. 3.6 and 3.7 of chapter 3. This occurs
because the relative humidity inside the microholes and in the vicinity of the PCFI
increases with a decrease in temperature and causes a shift. At or just below the dew
point temperature (100% RH) water vapor condensation occurs, the condensed water
vapor on the outer surface of the PCF also contributes to the change in the effective

refractive index (RI) of the cladding mode, which results in a large spectral shift.

The spectra of two interferometers at room temperature and at the dew point
temperature for devices fabricated with lengths 40.5 mm and 3.5 mm are shown in Fig.
6.2 & 6.3. The lengths selected are practically the largest and the smallest PCF lengths

that could be studied using the experimental setup. The ambient humidity during this
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study was set at 60 % RH. From the Fig. 6.2 & 6.3 it is clear that relatively to the period
of the interferometer the shift will be larger for a longer PCFI due to a longer interaction
length available for the interference between the cladding mode and the adsorbed water
vapor. Hence the sensitivity to water vapor content and thus dew point temperature is

higher for a device with a longer length of PCF.

It is important to note that due to the large fringe spacing it is difficult to measure the
peak shift accurately for a short PCFI, therefore the comparison of sensitivities for
PCFIs with different lengths is not straightforward. It should also be noted that even a
PCFI with a small length (3.5 mm, fringe spacing ~90 nm) when exposed to dew point
temperature for a relatively long time, i.e. several minutes, will result in a measurable
fringe shift as shown in Fig. 6.3. This is because an increasingly thicker adsorbed water
layer is formed on the silica surfaces of the PCF as time progresses. Thus compared to
3.5 mm device the ~40.5 mm device is preferable for achieving a fast response time (in
the order of seconds), but when a compact length is the main requirement a shorter

PCFI also can be used as a dew sensor with a reduced measurement speed.

room temperature (25 oC) -
dew point temperature (16.7 0C)

1558 1560 1562 1564 1566 1568
Wavelength (nm)

Fig. 6.2. Interference spectra for a device with a length of 40.5 mm at room temperature

and at dew point temperature.
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Fig. 6.3. Interference spectra for a device with a length of 3.5 mm at room temperature

and at dew point temperature.

The dew sensing performance of a PCFI at different environmental conditions was
determined by studying the dew response of the PCFI with L= 40.5 mm at three
ambient humidity values of 40, 60 and 80 %RH. At each humidity value the
temperature of the PCFI is reduced from 26 °C to the corresponding dew point
temperature. The peak wavelength shift of the device is plotted against temperature in
Fig. 6.4. The three curves represent the peak shift corresponding to the ambient relative
humidity values of 40, 60 and 80 %RH. The onset of the dew formation is characterized
by a large shift of the interference peak which is clear in Fig. 6.4. The dew point
temperature calculated by using equation (6.1) based on the corresponding ambient
conditions is marked on each curve in Fig. 6.4. For all these three ambient humidity
values the continuous spectral shift starts exactly at the dew point temperature which
confirms the high dew point measurement accuracy (estimated as 0.1 °C) of the

sensor.

By bringing the temperature of the PCFI back to room temperature the interference

peaks also shift back to their initial position. This shows the reversibility of the sensor.
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Because of the small size of the sensor head and the high sensitivity to adsorbed water
vapor the demonstrated sensor response time is in seconds which is relatively fast
compared to existing dew point hygrometers that take several minutes for a single
measurement. The simple fabrication method, small size and the all-silica nature of the
demonstrated sensor head suggest that with some simple additions such as attaching a
TEC element with temperature feedback on to the PCFI, the combination can be used as

a dew point hygrometer.
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Fig. 6.4. Interference peak shift of the PCFI with respect to temperature at three

ambient humidity values of 40, 60 and 80 %RH.
6.4. A miniature breathing sensor based on PCFI
6.4.1. Introduction

Breathing is a vital human sign; it is the process that moves varying volumes of air into
and out of the lungs. This is required to provide an adequate oxygen (O) supply to meet
the energy production requirements of the body and maintain a suitable acid-base status

by removing carbon dioxide (CO,) from the body. The act of normal breathing has a
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relatively constant rate. The rate is noted by observing the frequency of breathing. The
number of breaths per minute is called the breath rate.

Breathing monitoring is one of the most important elements of assessing physiological
state. It can provide valuable information related to cardiac, neurological and pulmonary
conditions [5]. Breath rate monitoring is important during certain imaging and surgical
procedures where the patient needs to be sedated or anesthetized [6,7] because
respiratory failure is difficult to predict and in just a few minutes life-threatening
conditions can arise due to its failure. On the other hand, some illnesses such as apnea,
tachypnea, hyperpnea, hypopnea and Cheyne-Stokes respiration syndromes can be
diagnosed by detecting alterations in breathing patterns such as delayed breathing,
voluntary breath holding, shortness of breath, hyperventilation, or abnormal respiratory
rate etc. [8,9]. Continuous monitoring of respiratory activity is also of great importance
in the case of infants susceptible to sudden infant death syndrome.

Breathing can be monitored utilizing nose exhaled air (using a humidity sensor,
temperature sensor, capnometer or spirometer) or by monitoring the movement across
the thoracic cavity/chest from the rise and fall of the abdomen, or with a
plethysmograph. The most popular commercially available sensors are electronic
sensors [10]. Electronic breathing sensors are not suitable when patients are for example
in @ magnetic resonance imaging (MRI) system, or during any oncological treatment
that requires the administration of radiation or high electric/magnetic fields. MRI is a
powerful, non-invasive way of obtaining detailed internal images of the human body
which probes the inside of the body with strong magnetic fields. Sensors including
metallic parts or electrical conductive wire are inappropriate during MRI, since they
disturb the imaging process and also can cause burns on the patient’s skin [11-13].

Respiratory rate and apnea may be monitored during MRI procedures using an end-tidal
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carbon dioxide monitor or a capnometer. These devices measure the level of carbon
dioxide during the end of the respiratory cycle (i.e., end-tidal carbon dioxide). The
interface between the patient for the end-tidal carbon dioxide monitor and capnometer is
a nasal or oro-nasal cannula that is made from plastic. This interface prevents potential
adverse interactions between the monitor and the patient during an MRI procedure but
some delay in measurement exists because the air has to reach the sensor from the
subjects nose through the cannula [7,11]. In addition, the patients cannot be monitored
during the transport in or out of the MRI room since such MRI compatible monitoring
systems are not easily transportable and often exclusively used for MRI examination
due to their high cost.

Fiber optic sensors are advantageous for such applications because of their
electromagnetic immunity and because they can be interrogated remotely as
demonstrated in many application areas. Breath monitoring using optical fiber sensors
can be undertaken by detecting the contraction and expansion of the patient’s chest and
abdomen that occur during breathing [14-19]. This can be done by means of highly-
sensitive strain, bending or pressure sensors set in a strap, belt or patch attached to the
patient’s body [14-19]. However this technique is only capable of recording body
movements associated with respiratory effort. Therefore, such optical fiber based
respiratory rate monitoring techniques do not detect apneic episodes related to upper
airway obstruction (i.e., absent airflow despite respiratory effort) and may not provide
sufficient sensitivity for assessing patients during MRI procedures. The cross sensitivity
to extraneous body movements will also affect the performance of these kind of sensors
making them less suitable for accurate breath monitoring. Breathing can also be

monitored using a fiber optic air flow sensor placed close to the patient’s nose or mouth
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[20] but it will show high cross sensitivity to vibrations associated with body
movements.

Another approach to breath rate monitoring is using fiber-based humidity or
temperature sensors placed close to the patient’s nose or mouth since the air exhaled has
higher humidity and is warmer than the inhaled air [8, 21-25]. Air in the lungs is
essentially saturated with water at body temperature of 37 °C [26]. Most of that water is
supplied by evaporation from the membranes lining the nose and as a result, these
surfaces are cooled a bit. When one exhales, the breath passes over these cooled
surfaces and loses some of its moisture, thus conserving at least some of the body water.
However, the air exhaled is still saturated (100% relative humidity) or very close to it.

A miniature optical humidity sensor based on an Agarose infiltrated photonic crystal
fiber interferometer (Al-PCFI) has been demonstrated in chapter 4. Compared to the
existing optical-fiber-based humidity sensors, the sensor proposed in chapter 4 has the
advantages of a very compact size, good sensitivity, fast response time and ease of
fabrication. The sensor head is also low cost and thus could be disposable. Disposable
sensors are required while monitoring breathing from the nose or mouth because
exhaled breath condensate can contaminate the sensor head making the sensor
unsuitable to reuse on another patient. The end-type sensor head configuration offers the
advantages of being able to operate in environments which demand a compact probe-
type sensor and also reduced system complexity as only one interconnecting fiber is
needed. These advantages underpin the motivation to investigate disposable sensors for
breathing monitoring in a clinical situation using AI-PCFI. In this section of the chapter
a breathing pattern and breathing rate sensor developed using an AI-PCFI is
demonstrated. The sensor registers a change in the received optical power as a function

of time as the air is exhaled making it suitable for monitoring breathing patterns. It has
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been demonstrated that by appropriate signal processing one can determine the
breathing rate and the breathing status during expiration. The demonstrated sensor is
also suitable for monitoring a decrease in respiratory rate, hypoxemia, or airway
obstruction associated with the use of sedatives and anesthetics in the MRI

environment.
6.4.2. Experimental demonstration and discussion

The complete experimental sensor system is composed of a light source - tunable laser
(Anritsu, Tunics plus CL/WB), a fiber optic coupler/circulator (FOC), the AI-PCFI
(relative humidity sensor), an optical detector (PX Instrument Technology, PX2000-

306) and a PC with a breath analysis application program, as shown in Fig. 6.5.

Light
soure | e—

, 1 1 ?
| [« SMF  Microhole AI-PCFI
collapsed region
ﬂ v psed region |

FOC
VN

Detector
;:_J

BPC/
BAAP
———

Fig. 6.5. Schematic diagram of a fiber optic breath sensor system, (upper) microscope
image of an AI-PCFI and (lower) a photograph of the mask placed on the volunteer’s
face showing the position of the sensor inside the mask (dotted line). (FOC- Fiber optic
circulator, SMF-Single mode fiber, Al-PCFI-Agarose infiltrated-photonic crystal fiber
interferometer, PC/BAAP-Personal computer/Breath analysis application program;

dotted arrows represent the light path).
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The detailed fabrication procedure for the Al-PCFI is explained in chapter 4. The size of
the AI-PCFI used for breathing monitoring is 1 mm in length and 125 um in diameter;
the length includes both the 250 um hole collapsed region and approximately 100 pm
long Agarose-infiltrated region. Such a small sensor length gives a large fringe spacing
(calculated fringe spacing for a 1 mm length photonic crystal fiber interferometer in
chapter 4 is 330 nm). An advantage of choosing a compact length is that the spectrum
remains very stable when the sensor is subjected to vibrations, most particularly from
airflow in this case. The effective RI of the cladding mode of the device depends on the
RI of the Agarose material infiltrated into the microholes of the PCF. The RI of the
Agarose changes with the ambient RH, which in turn changes the modal propagation
constant of the cladding mode. As a result, a phase change is induced between the
interfering core and cladding modes, which in turn causes the shift of the interference
pattern. A detailed calibrated RH response of the AI-PCFI is given in chapter 4. So by
monitoring the humidity-induced changes in the interference fringes in the reflection
spectrum of the device due to breath exhalation, the breathing rate and pattern can be
measured.

In the experiment the optical power change obtained due to the spectral shift induced by
changes in humidity during the breathing cycle is monitored. For this purpose a tunable
laser output at a wavelength of 1550 nm is fed to the AI-PCFI via the FOC and the
reflected optical power from the AI-PCFI is measured using a detector. Accurate
measurement of pulmonary ventilation or breathing often requires the use of devices
such as masks or mouthpieces coupled to the airway opening. For this purpose the
device was mounted in an inexpensive, disposable plastic oxygen mask which in turn
was attached to a volunteer’s nose and mouth and secured with the elasticized headband

of the mask (See Fig. 6.5). The sensor was set in such a way that it was kept
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approximately 5 cm from the patient’s nose to avoid condensation on the device. The
distance between the tip of the nose and the tip of the sensor is estimated using a
conventional measuring scale. In the present study this distance could vary depending
on the patient’s nose size because the sensor is fixed on the oxygen mask (Fig. 6.5).
However in practice this distance can be maintained by fixing the sensor on to a moving
platform inside the oxygen mask or by suitably fixing the sensor inside the mask with a
prior knowledge of the patient nose size. The normal baseline RH signal depends on the
room humidity and also on the distance of the sensor from the patient’s nose. The time-
dependent RH signal when the patient is breathing normally is equal to the ambient RH
(< 80% RH) during inhalation and ~100% RH during exhalation. The detailed
packaging of the AI-PCFI is not investigated in this study. But it is important to point
out that before using the sensor in a clinical environment the sensor would have to be
packaged inside a suitable plastic tube to prevent the transmitted light reaching the
volunteer’s eyes, face or skin.

The optical power received by the detector is acquired in real time (with a maximum
delay of the order of ms) using the breath analysis application program based on
LabVIEW platform. Fig. 6.6 shows a screen shot of the user interface of the breath
analysis application program, for the case of a regular breathing pattern. The real time
breathing response of the sensor system is displayed by the application program user
interface. During breath expiration due to an increase of the ambient humidity in the
vicinity of the sensor, the reflected power received by the detector decreases [chapter 4].
In the real time breathing response trace there are valleys which represent exhalation
and peaks which represent inhalation. The lower plot in Fig. 6.6 is the breathing state
indicator calculated from the breathing pattern using a preset threshold. It has two

states, a high level represents the state after air is exhaled and a low indicates the state
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after air is inhaled. Each time when the power decreases below the preset threshold
value, the breath count (BC) is incremented once and it is displayed in the user interface
of the program. Since breath rate is the number of breaths per minute, after every 60
seconds the counter is reset. Average Breath Rate (BR) is calculated as BR =
(BC*60)/ET where ET is the elapsed time since the last reset. For user convenience the
elapsed time, breath rate and breath status are also displayed in the user interface/front
panel of the application. Breathing status is described as follows ‘NORMAL’ when BR

is between 10-20; ‘LOW’ when BR<10; ‘HIGH’ when BR>20.
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B
Sensor Power Breath Count Elapsed Time (s) Breath Rate Breathing Status
-37.324] o 27 20 NORMAI STOP
Sensor Signal

O O o O O e O O
600 640 840 857

B nnnnnnnnn

o 2.000-
=

£ 0,000~
2, 000-

-1 O I O

g I g g ey o g O]
558 580 600 620 640 660 680 700 720 740 760 760 800 820 840 857

Time

Kl | [

Fig. 6.6. Screen shot of the user interface of the breath analysis application program
showing the continuous breathing response. Upper plot shows the breathing pattern
(inhalation — peaks and exhalation — valleys) and the lower plot indicates the derived
breathing state (inhalation — low and exhalation — high). Units of the axis are: upper
plot x-axis is seconds multiplied by 10 and y-axis is dB; lower plot x-axis is seconds

multiplied by 10 and y-axis is arbitrary units.
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Fig. 6.7 shows a screen shot of the user interface for an irregular breathing pattern,
where the subject ceases breathing for a few seconds, in order to demonstrate that the
sensor system is capable of monitoring breathing abnormalities in real time. The valleys
shown in the upper plots of Fig. 6.6 and 6.7 are due to the air breathed out by the
volunteer and the area inside each of these valleys can be correlated with the amount of
air breathed out. Thus by applying an appropriate signal analysis and calibration, the
breathing air volume could be estimated from the sensor response. The value of
breathing volume could be used as an indicator of potential respiratory dysfunction and
subject’s pulmonary health status.

Since the dimensions of the sensor head are very small, the breathing response is
unaffected by the turbulence and vibrations that result from air flow during breathing
and other mechanical effects that may occur due to the movement of a patient. Given
that the interrogation system measures the reflected intensity of light, a possible source
of error could arise from random variations in the received power resulting from
variations in the bend radius at any bends in the fiber connecting the sensor to the
interrogation system. To prevent such a failure the fiber cable connected to the sensor
would need to be packaged to avoid small bend radii and significant changes in bending
radius. Other fluctuation sources are the variations in the ambient RH, the distance
between patient’s nose and the sensor and the fluctuations in the RH of the exhaled air.
The source power fluctuation, wavelength drift and the detector noise might also
contribute to the measurement errors in the system demonstrated. However selecting a
threshold power equivalent to a higher RH than the ambient RH should overcome the
effect of these fluctuation sources on monitoring the breath rate. Finally, it should be

pointed out that failure of the sensor may occur if a person coughs or contaminates the
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device with fluids (saliva, sputum, etc.). However, these issues can be avoided or

overcome by embedding the device in a nasal clip or by adequate packaging.
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Fig. 6.7. Screen shot of the user interface of the breath analysis application program
showing a breath-hold. Upper plot shows the breathing pattern (inhalation — peaks and
exhalation — wvalleys) and the lower plot indicates the derived breathing state
(inhalation — low and exhalation — high). Units of the axis are: upper plot x-axis is
seconds multiplied by 10 and y-axis is dB; lower plot x-axis is seconds multiplied by 10

and y-axis is arbitrary units.

Finally while a tunable laser source was used in the demonstration described here, in
order to reduce the cost of the system for real-world applications the tunable laser can
be readily replaced with a low cost fixed wavelength laser diode. A high power change
of >5 dB will be obtained using this sensor during breathing even in the event of the

source intensity and/or center wavelength drift. In addition a shift in the dynamic signal
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power level of the sensor can be addressed easily in the LabVIEW program by suitably
shifting the threshold, so that the source power fluctuation and the wavelength drift of a
low cost source will not degrade the accuracy of the breath rate monitoring.

6.5. Summary

The performance comparison of the RH sensing devices demonstrated in previous
chapters is carried out in this chapter based on various parameters such as RH range,
sensitivity, response time, sensor size, temperature dependence, key advantages and
limitations of the sensor. It is concluded that in terms of wavelength resolution sensor
based on an Agarose coated photonic crystal fiber interferometer offers the highest
resolution. In terms of power resolution sensor based on Polyethylene oxide coated fiber
bend offers the highest resolution but only in a narrow RH range. The response time of
the presented sensors is less than a second and the temperature dependence is very low.
Among all these sensors the sensor based on an Agarose infiltrated photonic crystal

fiber interferometer has the smallest size.

The selection of suitable devices for dew sensing and breathing monitoring is
demonstrated based on the performance comparison of these sensors. A reflection type
PCFI not using a hygroscopic material is utilised for dew sensing and an Agarose
infiltrated PCFI with miniature size and good sensitivity is used for breathing

monitoring.

A dew sensor based on a reflection type PCFI is demonstrated in section 6.3. The basic
sensing principle of the dew sensor and the dew response of the PCF interferometer are
explained in detail. The demonstrated sensor shows good dew point measurement
accuracy (+0.1 °C). From the results of the dew sensor performance with different

lengths of photonic crystal fiber it was shown that a device with a compact length of
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PCF is suitable for dew sensing albeit with a reduction in the speed of response. The
dew response of the sensor at different ambient humidity values is also demonstrated in

this section.

A miniature optical breathing sensor is demonstrated in section 6.4. The sensor is based
on an Agarose infiltrated photonic crystal fiber interferometer which detects the
variation in relative humidity that occurs between inhaled and exhaled breath. The
sensor interrogation system determines the breathing pattern in real time and also
predicts the breathing rate and the breathing status during respiration. The demonstrated
sensor is also suitable for monitoring patients during a magnetic resonance imaging

scan.
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CHAPTER 7. CONCLUSIONS AND FUTURE RESEARCH

This chapter presents achievements and conclusions from across the thesis. Future

research as an extension of this PhD thesis is also discussed.

7.1 Conclusions from the research

The core aim of this research as stated in chapter 1 was to investigate several
approaches to humidity sensing using optical fiber which both overcome the
disadvantages of existing fiber optic sensors and also allow fiber humidity sensors to be
applied in new application areas. The novel fiber structures investigated for humidity
sensing are an optical fiber bend and different configurations of photonic crystal fiber
interferometers (PCFI). Two types of relative humidity (RH) sensor based on a fiber
bend have been developed: a polyethylene oxide coated fiber bend and an Agarose
coated fiber bend. The developed RH sensors based on photonic crystal fiber
interferometer are an open ended reflection type PCFI, an Agarose infiltrated PCFI and
an Agarose coated transmission type PCFI. All these sensors showed good sensitivity
and a reversible, repeatable and fast response to RH variations. A performance
comparison of the developed RH sensors is carried out and applications of the RH
sensors as a dew sensor and as a breathing monitor are demonstrated. These conclusions
are divided into five sections based on the different research strands investigated and

reported in this thesis.

I. Relative humidity sensor based on a fiber bend

In this thesis detailed studies of two disposable humidity sensors based on a fiber bend
are reported. The first sensor is a fiber bend coated with Polyethylene oxide and the
second sensor is a fiber bend coated with Agarose. A high bend loss fiber (1060XP) is

utilised in this study. The spectral response of the fiber bend as a function of the
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surrounding refractive index (RI) is characterised to enable the selection of a suitable

polymer coating for humidity sensing and to establish the effect of wavelength on the

sensitivity of the sensor. Based on the discussion of the suitability of various

hygroscopic coatings, Agarose is chosen for the later RH sensor designs.

The conclusions from these studies are:

X/
L X4

X/
L X4

X/
L X4

X/
o

The use of high bend loss fiber enhances the sensitivity of the RH sensors and
also allows one to utilize relatively large bend radii to avoid stress induced

breakage of the fiber.

The RH sensor based on a polyethylene oxide coated fiber bend with an
optimised wavelength and bend radius utilizing power measurement for
interrogation showed a high sensitivity to RH in a narrow range (85-90%) of RH

variation.

The estimated response time of the polyethylene oxide coated fiber bend is 780

milliseconds for a 20% RH change from 70% to 90%.

The sensor based on an Agarose coated fiber bend showed a linear change in its

insertion loss for a wide humidity range: 25-90% RH.

The estimated response time of the Agarose coated fiber bend based RH sensor

is circa 50 ms for a 30% RH change.

The humidity sensitivity of the Agarose coated fiber bend based RH sensor is

wavelength dependent and high sensitivity is observed at higher wavelengths.

The typical humidity responses of both the sensors are suitable for human breath

rate monitoring.
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X/
L X4

The limitations of the fiber bend based RH sensor are the sensor size which is

limited to the diameter of the bend and poor mechanical stability.

I1. Relative humidity sensor based on a photonic crystal fiber interferometer

A brief analysis of modal interferometers based on PCF is reported in this thesis along

with a discussion of the operating principle and the fabrication techniques of a reflection

type PCF based modal interferometer. A humidity sensor based on an open ended PCF

interferometer is demonstrated. The temperature dependence of the sensor and the

dependence of the RH sensitivity on the length of PCF are also experimentally

investigated.

From the studies, it can be concluded that:

X/
L X4

X/
o

The characteristics of a reflection type PCFI depend on the splicing conditions

and the length of the PCF section.

It has been demonstrated that an open ended reflection type PCF interferometer

is suitable for RH sensing.

The RH sensitivity of the sensor depends on the length of the PCF and a device

with a longer length PCF section is more sensitive to relative humidity changes.

The sensitivity of an open ended reflection type PCF interferometer is different

for different RH ranges.

The sensitivities of the sensor with a 40.5 mm length are 3.7, 8.5 and 64

pm/%RH in the RH ranges of 27-60%, 60-80% and 80-96% respectively.

The sensitivities of the sensor with 17 mm length are 1.7, 3 and 23 pm/%RH in

the RH ranges of 27-60%, 60-80% and 80-96% respectively.
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% The temperature dependence of the sensor with a length of 40.5 mm is 9.5

pm/°C and for a 17 mm length it is 6.2 pm/°C.

¢+ Since the sensor is made of single material silica it is potentially suitable for

monitoring humidity at high temperatures.

I11. Relative humidity sensor based on an Agarose infiltrated photonic crystal fiber

interferometer

A novel RH sensor based on an Agarose infiltrated PCFI is demonstrated in this thesis.
The sensor has the advantages of a very compact size and improved sensitivity
compared to the open ended PCFI based RH sensor. The size of the sensor is 1 mm in
length and 125 um in diameter. The sensitivity of the sensor is improved by infiltrating
the micro holes of the PCF with a hygroscopic material Agarose. It is shown that a
suitable selection of a sub-periodic portion of the interferometer’s spectrum allows a
reduction in the length of the sensor head making it suitable for monitoring RH in
situations when the space available is constrained. An additional advantage of a
compact length for the sensor is that it is more mechanically stable in the presence of

unwanted vibrations and air flow currents.

A novel fiber optic hybrid device for simultaneously measuring temperature and relative
humidity is also experimentally demonstrated in this thesis. A reflection type photonic
crystal fiber interferometer infiltrated with humidity sensitive material Agarose acts as
the RH sensor and an in-line FBG is used to monitor the temperature. The RH and
temperature response of the hybrid device and the cross sensitivity of the device to these

measurands are demonstrated in this thesis.

The conclusions from these studies are:
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« The infiltration of Agarose amplifies the RH sensitivity of a reflection type

PCFI.

%+ The RH sensor based on an Agarose infiltrated PCFI shows a sensitivity of 0.06

dB/%RH in the range 14-86 %RH and 0.6 dB/%RH in the range 86-98 %RH.
¢+ The sensor’s response is repeatable and shows good long term stability.
% The thermal sensitivity of the sensor is 0.066 dB/°C.

¢+ The response time of the sensor is 400 ms which suggests that the sensor can

potentially be used as a human breath rate monitor in a clinical situation.
+«+ Fabrication of the sensor shows a good repeatability of the sensor characteristics

% The hybrid sensor has a temperature sensitivity of 9.8 pm/°C and a nonlinear
RH sensitivity with an optical power variation of >7 dB for an RH change of 75

%.
%+ The hybrid sensor is shown to have minimal cross sensitivity.

IV. Relative humidity sensor based on an Agarose coated transmission type

photonic crystal fiber interferometer

In this thesis, the structure, fabrication and the working of a transmission type PCFI is
demonstrated. The relation between the fringe spacing and the length of the PCF section
of the transmission type PCFI is verified experimentally. The transmission type PCFI is
coated with Agarose layers of different thickness and it is demonstrated that the RI of
the coating experienced by the mode interacting with the coating depends on the
thickness of the coating. The effect of coating thickness on the RH response of the AC-

PCFI devices is studied and based on this study a highly sensitive RH sensor based on
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an AC-PCFI is proposed and demonstrated. The refractive index response of the device

Is investigated experimentally to enable the selection of a suitable coating thickness.

The repeatability of the coating layer formation and the evolution of the coating layers

after passing the device though an Agarose solution multiple times are studied in the

thesis.

From the studies, it can be concluded that:

0

X/
o

X/
o

The RH sensitivity of an AC-PCFI depends strongly on the thickness of the
Agarose coating due to the fact that the RI of the coating experienced by the
mode interacting with the coating is dependent on the thickness of the coating
and when this Rl comes close to the RI of the silica, the result is a high RH

sensitivity of the PCFI device.

The RH response of the Agarose coated PCFI depends on both bulk RI change

and the thickness change of the Agarose coating with respect to RH.

The high sensitivity RH sensor presented in this thesis gives a large wavelength
shift of 56 nm for a RH change of 58% which is the largest reported wavelength

shift for an Agarose coated fiber optic RH sensor.

The sensor shows a linear response for an RH change in the RH ranges of 40-80
% and 80-95 % with a sensitivity of 0.57 nm/%RH and 1.43 nm/%RH

respectively.

The measurement accuracy of the sensor in the RH range 40-80% is £2% RH,

and in the range 80-95%, the accuracy is circa £1% RH.

The response time of the sensor is 86 ms for an RH change from 50% to 90%.
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% The temperature dependence of the sensor is found to be 0.27 nm/°C, which is

relatively small, compared to the RH sensitivity of the sensor.

¢+ The work demonstrated is useful for the selection of an operating point in terms
of sensitivity and range of operation for the development of various kinds of
sensors for environmental, physical, biological or chemical parameters based on
a PCF interferometer, where the coating acts as the transducer for an external

parameter.
V. Performance comparison of the RH sensors for suitable derived applications

A performance comparison of the RH sensing devices demonstrated in this thesis is
carried out with comparison parameters such as RH range, sensitivity, response time,

sensor size, temperature dependence, key advantages and limitations of the sensor.
The main conclusions from the comparison of the sensors are:

% For wavelength interrogation, the sensor based on an Agarose coated photonic

crystal fiber interferometer shows the highest sensitivity.

« For insertion loss or power based interrogation, the sensor based on

Polyethylene oxide coated fiber bend has the highest sensitivity.

¢+ The response times of all the sensors are less than a second and the temperature

dependence is very low.

¢+ The sensor based on an Agarose infiltrated photonic crystal fiber interferometer

has the smallest size and good mechanical stability.

The selection of suitable devices for dew sensing and breathing monitoring is carried

out based on the performance comparison of these sensors. The use of a reflection type
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PCFI without any hygroscopic material is demonstrated for dew sensing and the
application of an Agarose infiltrated PCFI with miniature size, good sensitivity and high

mechanical stability is demonstrated for breathing monitoring.

The conclusions from these studies are:

«* An open ended PCFI is suitable for dew sensing

% The dew sensor shows good dew point measurement accuracy (+0.1 °C).

% An Agarose infiltrated PCFI is suitable for breathing monitoring.

X/

¢+ The breathing sensor interrogation system can determine the breathing pattern in
real time and can also predict the breathing rate and the breathing status during

respiration.

¢+ The sensor is suitable for monitoring patients during a magnetic resonance
Imaging scan where the use of sedatives and anaesthetics necessitates breathing
monitoring; electronic sensors are not suitable in such an environment and a

visual observation of the patient's respiratory efforts is often difficult.
7.2 Overall conclusions from the research

Several novel fiber optic humidity sensors with many advantages compared to the
existing fiber optic RH sensors have been proposed and demonstrated in the Thesis.
These sensors are either based on an optical fiber bend or on a photonic crystal fiber

interferometer.

Two types of RH sensor based on a fiber bend have been developed: a polyethylene
oxide coated fiber bend and an Agarose coated fiber bend. The former gives a high

sensitivity for a short RH range while the latter type gives a wide linear response to RH.
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Both these sensors offer the advantages of a simple fabrication procedure, low cost and

potential disposability. These sensors also show a fast response to RH changes.

Three types of RH sensor based on a photonic crystal fiber interferometer have been
developed. They are an open ended reflection type photonic crystal fiber interferometer,
Agarose infiltrated PCFI and an Agarose coated PCFI. All these sensors showed good
sensitivity and have a reversible, repeatable and fast response to RH variations. The RH
sensor based on an open ended reflection type photonic crystal fiber interferometer has
the advantage that no hygroscopic materials are required for the operation of the sensor.
The developed miniature RH sensor based on an Agarose infiltrated PCFI offers
improved sensitivity and operating range in comparison with the open ended PCFI. A
novel fiber optic hybrid device for simultaneous measurement of RH and temperature is
developed using an Agarose infiltrated PCFI and an in-line FBG. The effect of coating
thickness on the sensitivity of an RH sensor based on a transmission type PCFI is
experimentally demonstrated and using the results, a high sensitivity RH sensor is
developed. A performance comparison of the RH sensors developed is carried out with
the comparison parameters: RH range, sensitivity, response time, size, temperature
dependence, the need for a hygroscopic material etc. A dew sensor and a breathing

monitoring system are developed as a derived application of these RH sensors.

7.3 Future research

This thesis has described experimental investigation of several novel RH sensors based
on optical fibers and their derived applications. There remain a number of unanswered

research questions and challenges, such as:
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A) Reducing the hysteresis of the sensors

Most of the humidity sensors demonstrated in this thesis display a hysteresis in their
response. It is important to reduce this hysteresis in order to improve the measurement
accuracy of the sensor. A suggested method to reduce the hysteresis effect is annealing
the sensor head by heating it after the coating process. Further study on the methods to
reduce the hysteris of the sensors will be carried out to improve the measurement

accuracy.

B) Sensor packaging and protection

The operation of any fiber optic humidity sensor requires direct interaction with the
environment, therefore its performance usually degrades over a period of time due to the
different types of contamination, making any sensor unsuitable for long term humidity
measurements without special protection. Possible contamination agents are dust
particles, organic pollutants and chemical vapors. Thus further study of sensor head
contamination in different process environments and the observation of the changes in
its response are required in order to get a better understanding of the long term stability

of such sensors in field applications.

Some suggested methods to mitigate the effects of sensor contamination are 1)
recalibrate the sensor head after a certain period of time and subsequently reuse the
sensor head, 2) replace the sensor head as the fabrication of such a sensor is simple and
cost effective, 3) protection of the sensor head using anti-contaminant filters; 4) another
method to overcome contamination is ultrasonic cleaning and subsequent heating
(which will remove the contaminants such as dust particles without damaging the sensor
head; it should be noted however that this method is not suitable for sensors with

coatings).
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For the PCFI sensor without coatings, applying protective coatings on the silica surface
could prevent sensor contamination for example: the porous aerogel [1] is permeable to
gases but protects the fiber from contamination by dust. Also it is possible to use self-
cleaning coatings such as titanium dioxide (TiOy) [2-3] on PCF which is expected to
give good long term stability because TiO, coatings act as photo catalysts degrading air
and water borne organic pollutants. The use of these sensors in the real field
applications also requires secure packaging to avoid any change in the calibration of the

sensor due to vibration or other repeated mechanical disturbances.
C) High temperature RH sensing

Conventional glass fiber relative humidity sensors require coatings and thus are always
temperature dependent and, furthermore, since the majority of such sensors use polymer
materials as coatings, they are not suitable for use in high-temperature applications. One
significant advantage of the sensor discussed in chapter 3, an open ended reflection type
PCFI, is that the sensor head is made of single material silica, making it suitable for
high temperature operation. Also the study of cross sensitivity to temperature reveals
that such a humidity sensor is almost temperature independent. This suggests that in
addition to low and room temperature applications the open ended PCF interferometer
based humidity sensor can also be used in harsh and high-temperature environments to

monitor humidity.

High temperature RH monitoring has attracted a lot of interest for several field
applications. For example, an autoclave is used for sterilising medical equipment,
killing bacteria or other organic substances using saturated steam (absolute humidity =
1.67 Kg/m®, pressure = 3 bar and temperature = 134 °C). It is important to monitor the

steam quality of an autoclave to avoid the formation of superheated steam which
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reduces the sterilisation performance. High temperature RH sensors are required for
nuclear reactor steam quality monitoring and monitoring of RH in mines, steam injected

ovens, fuel cells, cooking, clothing dryers, etc.

D) Development of portable breathing monitoring device and their clinical trials.

In this thesis a breathing monitoring device based on an Agarose infiltrated PCFI is
demonstrated. Making the sensor system portable and the use of the device in a real
clinical situation are some important future tasks. Because respiratory depression and
upper airway obstruction are frequent complications associated with the use of sedatives
and anaesthetics, monitoring the respiratory rate, hypoxemia, and the detection of
airway obstruction are important during the administration of these drugs. This is
particularly important in an MRI environment because visual observation of the
patient's respiratory efforts is often difficult. Also since the anaesthetist cannot
accompany the patient, it is essential that the patient is monitored remotely from the
neighbouring control room. The strong magnetic fields associated with MRI can
interfere with electrical equipment, meaning that conventional electronic sensors cannot
be used during the MRI scan. The sensor head demonstrated in the thesis for breathing
monitoring does not use any metallic parts; and a remote monitoring is possible with a
single connecting fiber which makes this sensor a potential solution for the above
applications. The tunable laser source used in the demonstration for in this thesis for
interrogation could be replaced with a low cost fixed wavelength laser diode in order to
reduce the cost of the system for real-world applications. Adequate packaging of the
sensor is also required before using it in a clinical trial to prevent the failure of the
sensor when a person coughs or contaminates the device with fluids (saliva, sputum,
etc.). Appropriate embedding of the device in a nasal clip or an oxygen mask is required

to avoid a possible failure mode such as signal level drift due to the variation of the
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distance of the sensor from the nose. By applying an appropriate signal analysis and
calibration it is possible to deduce breathing air volume from the sensor response. This
could also be one of the future tasks because the value of the breathing volume can be
used as an indicator of potential respiratory dysfunction and a patient’s pulmonary

health status.

Finally as expected, this research has generated several questions and some solutions.
Nevertheless, new insights and know-how have been developed which hopefully it will

initiate further research on fiber optic based humidity sensors and their applications.
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APPENDIX A. FIBER-OPTIC SENSING TECHNIQUES

FOR HUMIDITY DETECTION

Table A.1. Overview of the various fiber-optic sensing techniques for humidity
detection (some data in this table are taken from ref. [7])

Refer- | Year Authors Sensing method Sensing material Range | Respon
ence (%RH) | setime
Direct spectroscopic
[14] 1988 | Zhou etal. Direct in-line Etched borosilicate 20-50 <5 min
absorption optical fiber segment
doped with CoCl,
[20] 1988 | Posch and | Fluorescence Perylene dyes 0-100 -
Wolfbeis quenching
[21] 1995 | Raichur and | Fluorescence Aluminium/morin metal | 0-80 -
Pederson quenching ion—organic complex
doped polyvinyl
pyrrolidone membrane
[16] 1997 | Brook etal. | Absorption Crystal violet doped 40-82
Nafion film
[17] 1998 | Otsuki et al. | Direct in-line Rhodamine B doped 0-95 ~2 min
absorption (open air- hydroxypropy! cellulose
gap configuration) (HPC) film
[22] 2001 | Glennetal. | Fluorescence lifetime | Lithium-treated Nafion - -
membrane
[15] 2004 | Taoetal. Direct in-line Porous sol-gel fiber 2-10
absorption segment doped with
CoCl,
[23] 2006 | Bedoya et | Fluorescence lifetime | Ruthenium-based 4-100 ~2 min
al. complex doped
Poly(tetrafluoroethylene
) membrane
[18] 2012 | Mohd Noor | Monitoring water Hollow core-photonic 0-90 ~118s
etal. vapor line absorption bandgap fiber
[19] 2012 | Mohd Noor | wavelength scanning Air-guided photonic 0-90 -
etal. around the water crystal fiber
vapor absorption peak
Evanescent wave
[24] 1985 | Russell and | Absorption CoCl, doped gelatine 50-80 <l min
Fletcher measurement using film
straight and U-bent
fiber
[25] 1988 | Ogawa et | Attenuation Porous SiO, optical fiber | 25-95 -

al.

measurement using
Optical time-domain
reflectometer (OTDR)
technique

cladding

[26] 1995 | Michie et al

OTDR Reflectometry

Chemically sensitive
water swellable
polymers
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[27] 1995 | Kharaz and | Absorption CoCl; doped gelatine 20-80 1s
Jones measurement using film
OTDR technique
[28] 1997 | Bownass et | Insertion loss Polyethylene oxide - <2hr
al measurement of a (PEO) overlay
polished half-block
single-mode fiber
[29] 1998 | Bownass et | Insertion loss Gelatine/PEO film - -
al measurement of a bent
fiber
[30] 1998 | Otsuki etal. | Absorption Rhodamine B doped 0-95 ~2 min
measurement using U- | HPC film
bent fiber
[31] 2000 | Kharaz et | Absorption CoCl, doped hydroxy H:30-96
al. measurement using U- | ethyl cellulose (HEC) G:40-80
bent fiber and gelatine films
[32] 2000 | Bariain et | Attenuation Agarose gel 30-80 <l min
al. measurement using
tapered fiber
[33] 2001 | Gupta and | Absorption Phenol red doped 20-80 -
Ratnanjali measurement using U- | polymethylmethacrylate
bent fiber (PMMA) film
[34] 2002 | Jindal etal. | Absorption CoCl, doped polyvinyl S:>78
measurement using alcohol (PVA) film
straight and U-bent
fiber
[35] 2003 | Mutoetal. | Attenuation HEC/Polyvinylidene 20-80 <5s
measurement using fluoride (PVDF) film
PMMA plastic optical
fiber
[36] 2003 | Arregui et | Attenuation Hydrogels-Agarose gel, | Agarose | ~90s
al. measurement poly- hydroxyethyl : 10-100
methacrylate, poly- N-
vinyl pyrrolidinone,
poly-acrylamide
[37] 2004 | Gaston et | Attenuation PVA film 50-90 1 min
al. measurement using
side-polished fiber
[49] 2004 | Alvarez- Wavelength resonance | TiO, film 0-80 -
Herrero et | shift using side-
al. polished fiber
[38] 2004 | Xuetal. Attenuation Porous sol-gel cladding | 3-90 <l min
measurement
[39] 2006 | Corresetal. | Attenuation Poly(Diallylmethilammo | 75-100 -
measurement using nium chloride)
tapered fiber PDDA/Poly R-478
nanostructured sensing
overlay using
Electrostatic self-
assembly (ESA)
technique
[40] 2007 | Mathew et | Attenuation Agarose/Chitosan film 20-95 2s
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al. measurement using
cladding removed
plastic cladded silica
fiber
[41] 2008 | Acikgoz et | Attenuation Polyethylene glycol 10-95 -
al measurement of a
polished plastic
optical fiber
[42] 2008 | Zhang etal. | Attenuation Gelatine film 9-94 70 ms
measurement using
tapered fiber
[43] 2008 | Vijayan et | Measurement of Co nanoparticles 20-95 8s
al. intensity of a PMMA | dispersed polyaniline
fiber bend
[50] 2010 | Hernaez et | Measurement of Agarose 20-80 >1s
al. electromagnetic
resonance absorption
peak of an indium tin
oxide (ITO) coated
etched fiber
[51] 2010 | Zamarreno | Measurement of Poly(allylamine 20-90 -
etal. resonance wavelength | hydrochloride) and poly
of an ITO coated (acrylic acid) using
optical fiber layer-by-layer (LbL)
deposition technique
[44] 2010 | Akitaetal Intensity measurement | Poly-glutamic acid/poly- | 50-92.9 | 400 ms
of a fiber hetero lysine using LbL
structure technique
[45] 2011 | Corresetal. | Attenuation Poly(Vynilidene 50-70 100 ms
measurement of a fluoride) nanowebs
fiber hetero structure using electro spinning
technique
[52] 2011 | Sanchez et | Measurement of lossy | polyallylamin 20-80 -
al. mode resonance of a hydrochloride / poly-
ITO or In,O5 coated acrylic acid polymeric
fiber coatings
[46] 2011 | Zhao et al. Attenuation Methylene blue doped 1.1-70 20s-
measurement of a sol-gel film 3min
bend multi-mode fiber
[47] 2012 | Lietal. Intensity measurement | Polyvinyl alcohol 30-95 ~25s
of a multimode fiber
taper via an fiber
Bragg grating (FBG)
reflection
[48] 2012 | Aneesh et | Intensity measurement | TiO,doped Sol gel film | 24-95 10 ms
al. of a multimode
cladding removed
plastic cladded silica
(PCS) fiber
[53] 2012 | Riveroetal. | Wavelength Ag nanoparticles doped | 25-70 476 ms
measurement of lossy- | Poly (allylamine
mode resonance and hydrochloride)-poly
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localized surface (acrylic acid) layer
plasmon resonance of | formed by LbL
a PCS fiber technique
In-fiber grating
[54] 2001 | Giaccari et | Strain-induced Bragg | Polyimide 10-90 -
al. wavelength
measurement
[55] 2002 | Kronenberg | Strain-induced Bragg | Polyimide 10-90 -
etal. wavelength
measurement
[62] 2002 | Luoetal. Long period grating Carboxy methyl 0-95 -
(LPG) resonant band cellulose
wavelength
measurement
[63] 2005 | Tanetal. LPG resonant band Gelatine 90-99 -
intensity measurement
[56] 2005 | Yeoetal Strain-induced Bragg | Polyimide 22-97 25 min
wavelength
measurement
[57] 2005 | Yeoetal Strain-induced Bragg Polyimide 23-97 18 min
wavelength
measurement
[64] 2006 | Konstantaki | LPG resonant band CoCl, doped PEO film 1:70-80 | <1s
etal. intensity and W:40-80
wavelength
measurement
[58] 2007 | Huangetal. | Intensity measurement | Polyimide 11-98 5s
using a coarse
wavelength division
multiplexing linear
edge filter.
[65] 2008 | Venugopala | LPG resonant band Polyvinyl alcohol 33-97 80s
netal. wavelength
measurement
[66] 2008 | Venugopala | LPG resonant band Polyvinyl alcohol 33-97 50s
netal. wavelength
measurement
[67] 2009 | Viegas et | LPG resonant band silica nanospheres film 20-80 100-
al. wavelength 200 ms
measurement
[68] 2009 | Viegas et | LPG resonant band Silica nano spheres 20-80 -
al. wavelength using ESA technique
measurement
[59] 2010 | Zhangetal. | Bragg wavelength Bragg gratings recorded | 50-95 ~30
measurement in silica and polymer min
fiber
[69] 2011 | Viegas et | Intensity measurement | Silica nanospheres film | 20-80 30 ms
al. of an LPG in-line with
FBG
[70] 2011 | Fuetal. Resonant band Calcium chloride film 55-95 -
wavelength
measurement of a air
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gap LPG
[60] 2012 | Correia et | Bragg wavelength Di-ureasil (formed of 5-95 ~8 min
al. measurement polyether chains
covalently linked to a
siliceous inorganic
skeleton by urea
bridges).
[61] 2012 | David etal. | Bragg wavelength Pyralin 15-95 ~3s
measurement of an
etched FBG
Interferometric
[71] 1989 | Mitschke Intensity measurement | SiO,—TiO,-SiO, cavity | 0-80 1 min
using Fabry—Perot
configuration
[72] 1999 | Arregui et | Intensity measurement | SiO,—[Au:PDDA+ /poly | 11-100 15s
al. using Fabry—Perot (sodium
configuration 4-styrene-sulfonate)
(PSS)-]-air
cavity using ionic self-
assembly monolayer
(ISAM) technique
[79] 1999 | Kronenberg | Tandem Michelson Polyurethane urea - - -
etal. interferometer PEO/poly(propylene
configuration oxide) Hydrogel
[73] 2001 | Yuetal. Intensity measurement | SiO,—[PDDA+ /Poly 0-97 3s
using Fabry—Perot S119-]-air cavity using
configuration ISAM technique
[74] 2002 | Arregui et | Intensity measurement | Poly R-478- PDDA 11-97 <15s
al. using Fabry—Perot using electrostatic
configuration self-assembled
monolayer (ESAM)
technique
[75] 2008 | Corresetal. | Intensity measurement | Nanostructured 40-98 150 ms
of a Fabry—Perot Coatings of SiO,
configuration Nanoparticles
[76] 2011 | Consales et | Intensity measurement | micro-structured SnO, 2-40 -
al. using Fabry—Perot overlay using
configuration Electrostatic Spray
Pyrolysis technique
[81] 2011 | Wuetal. Wavelength PEO film 40-95 -
measurement of a
fiber hetero-core
structure
[82] 2011 | Guetal. Wavelength Poly (N-ethyl-4- 20-90 25s
measurement of a vinylpyridinium
FBG incorporated chloride) (P4VP-HCI)
thin-core fiber modal and poly (vinylsulfonic
interferometer acid, sodium salt) (PVS)
using an LbL
electrostatic self-
assembly technique.
[83] 2011 | Wangetal. | Wavelength Polyacrylamide micro 5-71 120 ms
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measurement of fiber | fiber
micro ring

[84] 2011 | Wuetal. Wavelength Silica/polymer 17-95 < 500
measurement of fiber | microfiber knot ms
micro ring resonators

[77] 2012 | Chenetal. | Wavelength Chitosan film 20-95 380 ms
measurement using
Fabry—Perot
configuration

[78] 2012 | Yaoetal. Wavelength and Nanocomposite 38-98 250 ms
intensity (response polyacrylamide
time) measurement
using Fabry—Perot
configuration

[85] 2012 | Chenetal. | Wavelength Chitosan 20-95 -
measurement of a
Sagnac interferometer

[80] 2012 | Wong etal. | Wavelength Polyvinyl alcohol 30-90 300 ms
measurement of a
Michelson
interferometer
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APPENDIX B.

EQUIPMENT AND ACCESSORIES

This appendix covers the details of main instruments and accessories used in the
experimental work presented in this thesis. Important specifications and operational
characteristics of the fiber fusion splicer, broadband source, tunable laser source, optical
spectrum analyzer, and optical power meter are highlighted in this section. A block

diagram of the LabVIEW based breath analysis application programme is also shown.
Fusion Splicer

For splicing the fibers together, Sumitomo Type 36 Fusion Splicer is used, which is a
portable, self contained fully automatic instrument for creating low-loss optical fiber
splices. The splicer can handle different fiber types with a fiber cladding diameter of
125 microns. In the automatic mode of operation a precision CCD camera examines the
fiber from the X and Y view and precisely aligns the fibers, before performing the arc
splicing. After splicing, high resolution direct core monitoring image processing
software incorporated into the splicer calculates the estimated splice loss. The manual
mode option of the splicer is used for the fusion splicing of photonic crystal fiber (PCF)
and SMF to fabricate the PCF interferometers. The X and Y CCD cameras can be used
to align the fiber precisely before applying the electric arc for fusion splicing. The
splicer allows to set required values of arc power, arc duration, prefusion time etc. in the

manual mode.
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Broadband Source

The broadband source used to interrogate the sensors is a super luminescent diode
(SLD), SLD-1005 (SLD6593) from Covega Corporation. The SLD 1005 is a 1550 nm
high power, broadband SLD with near Gaussian spectral profile and low ripple. It is
housed in a standard 14-pin butterfly package with integrated thermoelectric cooler and
thermistor. The output is coupled via isolator into a single mode fiber with an FC/APC
connector. SLD-1005 was driven by a laser diode combi controller ITC-510 from

Throlabs. The key specifications of the SLD are,

Operating current (lop): 600 mA; Operating temperature: 25 °C; Center wavelength

(Ac): 1544.5 nm; ASE Power @ lop: 20.8 mW; Optical Bandwidth @ lop: 54.5 nm
Tunable Laser

The laser source used to interrogate the sensors is a tunable external cavity laser from
Anritsu, model Tunics plus CL/WB. The main specifications of the laser are listed

below:

Wavelength range, with 0 dBm power output— 1490-1640 nm and with 8 dBm power
output— 1540-1610 nm; Output Power range: 0.2 mW-10 mW; Wavelength setting
resolution: 0.001 nm; Wavelength accuracy: +0.04nm; Tuning speed: 100 nm/s; Power
stability: £0.01dB; Side mode suppression ratio: >45 dB; Optical interface: FC/APC

connector; Output fiber: SMF 28.
Optical Spectrum Analyzer

For the experiments conducted in this thesis, the spectra are obtained using Advantest
Q8384 optical spectrum analyzer (OSA). The key specifications of the OSA are given

below:
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Wavelength measurement range: 600-1700 nm, Highest wavelength resolution: 10 pm,
Highest wavelength accuracy: £20 pm, Power measurement range: -87 to +23 dBm,
Power accuracy: 0.4 dB (1550 nm), Optical input connector: FC/PC, Internal adapting

fiber: 9.5/125 um SM fiber

Optical Power Meter

The power meter is used to measure power in the experiments is PXIT2000-306, a dual
channel fiber optic power meter from PX Instrument Technology, The PXIT2000-306 is
a high performance dual channel power meter compatible with the PXI format. An
InGaAs photo detector is used to convert optical signal in to electrical. The key

specifications of the power meter are:

Wavelength range: 900-1700 nm, Minimum measurable power: -70 dBm, Maximum
input power: +10 dBm, Power resolution: 0.01dB, Measurement speed: >5000
Measurements per second @ > -30 dBm, Fiber types supported: multimode and single

mode fiber, Connector interface: FC/APC.

Breathing analysis application programme

The breathing analysis application programme (BAAP) is developed using the
LabVIEW (Laboratory Virtual Instrument Engineering Workbench) 8.0. The drivers
provided by the National Instruments for the optical power meter (PX1T2000-306) are
used to initialise the device and acquire the power data from the device in the main
programme. Required signal processing of the data is carried out in the main
programme using the suitable tools of the software. The block diagram of the breathing

analysis application programme developed is shown in Fig B.1.
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