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Chapter

Review of Liquid-Filled Optical
Fibre-Based Temperature Sensing

Fintan McGuinness, Gabriel Leen, Elfed Lewis, Gerard Dooly,
Daniel Toal and Dinesh Babu Duraibabu

Abstract

While ever higher resolution temperature sensing is of demand in research and
industry, the cost of sensors in the sub-milli-Kelvin (mK) range can be restrictive.
Furthermore, as the majority of commercial temperature sensor measurements are
transmitted via electrical circuits, significant post-processing is required to obtain a
high-resolution due to phenomena such as electromagnetic interference, self-
heating, electrical noise, etc. Consequentially, research in recent years has focused
on the development of several technologies which overcome this issue, with optical
fibre sensors proving to be a viable option. Owing to this, the following chapter will
aim to review the current state-of-the-art in liquid filled optical fibre temperature
sensing and the underlying methods.

Keywords: optical, fibre, temperature, sensor, liquid, review

1. Introduction

Prior to the development of thermometers, or indeed a scale of temperature,
Renaissance Italy had already began to question the nature of relative temperatures
with scientific postulations such as Bardi’s problem. This problem was posed by
Count Bardi di Vernio to Galileo to determine why a person felt cold upon entering
ariver in summer, yet grew comfortable over time. While forgoing a direct solution
to Bardi’s Problem, Galileo reportedly developed a thermoscope in response [1].
Although the device was capable of showing variation in sensible heat it differed
from a thermometer in that it did not have a defined scale, it also suffered from
barometric influences due to the nature of its construction [2]. It should be noted at
this point that there remains uncertainty over the original inventor of the
thermoscope, however four prime candidates have been identified, these being;
Galileo, Sanctorius Sanctorius, Robert Fludd and Cornelius Drebbel [1]. The advent
of precision thermometry originated with the designs of Fahrenheit in the early
eighteenth century, with his sealed mercury-in-glass thermometers being a signifi-
cant advancement on the then state-of-the-art [2]. While specialised liquid-in-glass
thermometers have demonstrated resolutions in the region of 0.2 K [3] they are the
least useful for accurate measurements in a temporal sense. This is primarily due to
the inability to perform transient measurements and relatively cumbersome geom-
etry when compared to electronic sensors.

Currently, industrial temperature sensor designs typically rely on either the
thermoelectric effect or temperature dependant resistance. Owing to their wide
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operating range, thermocouples have been utilised in general engineering applica-
tions ranging from precision temperature control for tea processing factories to
monitoring the cell temperatures of hepatoblastomas, with peak sensitivities in the
region of 20 mK [4, 5]. However due to relatively poor response times, thermocou-
ples are unsuited to high speed measurement. Another robust temperature sensor
design is the negative temperature coefficient thermistor (NTC). A particular
benefit to using NTCs is the ability to custom mould them for a desired application
along with easily tunable resistance at the device and circuit levels [6]. Clow et al.
[7] presented an array of NTCs used as a single sensor which was capable of

0.1 mK resolution with application in paleothermometry. While the sensor had
excellent resolution it suffered from several drawbacks, the most relevant being a
7 s response time, which prevented it from recording highly transient temperatures
gradients. Furthermore the sensor was sensitive to triboelectric effects from snow
deposits on sensing wires and self-heating related noise, these being issues which
scaled with distance. Precision resistance temperature detectors (RTDs) with
milli-Kelvin (mK) resolution are readily available with a response time of 950 ms,
and high-speed RTDs in the region of 400 ms [8]. While these sensors present high
precision over their working range, a drawback of using RTDs is their inherent
fragility. While suited for use in a laboratory, and other controlled environments,
general deployment is still proving difficult at present. Hewlett & Packard
pioneered the initial development of quartz thermometers in the mid-1960s, with
resolution being in the range of 0.1 mK [9]. While capable of achieving sensitivity
equivalent to the sensor presented by Clow et al. [7] the reported response time was
30% slower, and had a larger overall footprint.

The issues posed by the use of these traditional sensors in the presence of
electromagnetic interference (EMI) and other considerations such as damage resil-
ience and projected lifespan, has resulted in significant investment being made in
the exploration of optical fibres as a means of high resolution temperature sensing.
While still relatively fragile compared to thermocouples and glass bulb thermome-
ters, optical fibre temperature sensors (OFTS) offer the possibility of a cost effec-
tive, high speed and precise sensor. The purpose of this review is to present the
current state-of-the-art in a subset of optical fibre sensors that is to say, liquid-filled
optical fibre temperature sensors (LiF-OFTS). Further to this, applications in which
they have been utilised will be presented along with a discussion of potential future
developments.

1.1 Temperature sensor requirements

As temperature sensors can be a mission critical piece of equipment various
standards have been issued with respect to their usage. Common publishers of
temperature sensor requirements for calibration and reporting include the ASTM
[10] and IEEE [11]. The measurement range of a given sensor is largely determined
by the nature of its operating environment. In an industrial process the range may
be several hundred Kelvin, whereas a homoeostatic biomedical thermometer
requires a range in the order of only 15 K [12]. Some commercially available probes
made from exotic materials such as a tungsten-rhenium alloy thermocouples (Types
G, C and D) have wide working ranges, approximately 273-2590 K [13]. These
commonly find application in processes involving high temperatures, however
require further protection if being utilised in an oxidising environment.

The overall resolution of a temperature sensor may be more important than the
operating range depending on an intended application. While it is not critical that a
domestic oven have precision temperature control, it can be of great assistance to
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Company General Electric Hanna Instruments SENSTECH
Sensor type PRT [18] TC (K-Type) [8, 19] NTC [20]
Min. temperature 283 K 73K 218 K
Max. temperature 450 K 573K 398 K
Resolution 0.003K 01K 0.044 K
Response time 05s 4s 0.75s
Accuracy 0.5K 0.5K 0.5K
Table 1.

Commercially available high vesolution temperature sensors.

pharmaceutical calorimetry. A review of the topic conducted by Buckton et al. [14]
highlighted the need for identical and constant temperatures within the fermenter
and calorimeter, along with maintaining an isothermal condition within the calo-
rimeter itself. As the heat released in these reactions is typically of the order

1 x 10~* mW it is readily evident that precision thermometry is beneficial in
obtaining repeatable results. Rossi et al. [15] examined the relationship between
intracranial and core temperatures in patients within 2-168 h post severe head
injury. From this, intracranial temperatures were verified by comparison to the
Delta OHM HD 9215, which had a resolution of 0.1 K. It was reported that core
temperature was a poor indicator of intracranial temperature during pyrexic epi-
sodes, which was indicative of benefits to independent high resolution temperature
sensing within the cranium. As magnetic resonance imaging (MRI) is common in
patients post trauma, significant benefit would be provided should the thermometer
be unaffected by the strong magnetic field, as it may remain in place to continue
real-time monitoring.

Sampling rate is an important factor when deciding on a temperature sensor as it
has to be considered in conjunction with the sensor response time. If the heat
transfer from the system is known, then a rate of temperature change may be
determined by Eq. (1) [16]. Evidently as temporal resolution is increased smaller
variations in heat, and as a consequence temperature, may be determined.
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Further to the items outlined above, specialised considerations may be required.
In automotive engine development it is commonplace to embed multiple sensors
inside the cylinder head/wall. While electronic sensors operate with little issue for
the majority of a four-stroke cycle (720°) the spark plug activates for several degrees
before or after top dead centre. As this is a period of strong pressure and thermal
gradients, EMI introduced by the spark plug creates difficulty in analysing the
recorded data [17]. A small sample of commercially available high resolution tem-
perature sensors is presented in Table 1.

2. Advantages of optical fibre sensors

As mentioned in the introduction, optical fibre sensors present many advantages
over their electronic counterparts. Therefore, the following section will examine
several properties of optical fibres which indicate their viability as an alternative to
electronic sensors.
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2.1 Construction

Commercially available silica fibres are widely used in the development of opti-
cal fibre temperature sensors owing to their small cross-sectional area and conse-
quentially their ability to be implemented in restricted areas. However, the
relatively low cost of silica fibre compared to more exotic fibres such as those
manufactured from fluoride or synthetic sapphire may be a factor to consider. As is
reported, optical fibre sensors are particularly suited to environments where an
electronic sensor may not have sufficient protection from EMI, and where line of
sight to the measurement point is obstructed [21]. Furthermore, optical fibre sen-
sors do not represent a potential source of ignition in an explosive environment; can
be biocompatible; and can be made to work over very long distances. To date,
optical fibre temperature sensors have been implemented in applications ranging
from in-vivo biomedical sensing [22], to structural and geothermal engineering [23].

2.2 Measurement stability

In civil engineering applications, such as bridges, use of chirped fibre Bragg
gratings (FBGs) provide excellent through life performance as fibre degradation is
in excess of 25 years [24] with data transmission losses being minimal [23]. Fur-
thermore, stability of measurements are generally quite good due to performance
being driven predominantly by the wavelength stability of light source used. This
being an easy factor to account for, as said light source may be kept in a controlled
environment.

2.3 Distributed sensing

In addition to the EMI resistance and dimensional advantages of using optical
fibre sensors, their ability to provide multipoint sensing with minimal use of fibre is
a desirable characteristic. One such method is the use of chirped FBGs whereby
multiple FBGs are inscribed on a single fibre, with the grating period modified at
each location thus providing high spatial resolution. Wave division multiplexing
(WDM) is another commonly used method in multi-point sensing with optical
fibres, however this method narrows the usable bandwidth of light proportionally
to the number of fibres used. Historically, Raman scattering has been used as an
efficient means of multi-point temperature measuring; however, Brillouin sensors
reported have shown exceptional strain measurement capability for an equivalent
temperature sensing performance [25].

3. Theory and working principles

In the use of optical fibres for temperature sensing, measurements can be
conducted using both intrinsic and extrinsic techniques. The most common tech-
nique for assessing temperature changes using optical fibres is the use of interfer-
ometry. Examples being fibre Bragg gratings (FBGs), extrinsic Fabry-Perot
interferometers (EFPIs), Mach-Zehnder interferometers (MZIs) and Sagnac inter-
ferometers (SIs). As the fibre requires a light source to conduct the measurement,
various types have been explored such as; broadband light source [26] monochrome
laser [21] and swept laser [27]. Measurements can be carried out by observing either
the transmitted spectrum, or the reflected spectrum. When recording the reflected
spectrum losses occur in the back reflections through the fibre and at the coupler
between the light source and spectrometer. That said however, this method allows
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for the fibre to be used as a point measurement device in applications where
transmission is impractical, i.e. biomedical [28], automotive [29], and pharmaceu-
tical [30] sensing. As the modus operandi of any particular optical fibre sensor is
modulation of the light source, this can be carried out via intensity, frequency, or
phase modulation. The latter of which will be the main focus of the review as this is
the method typically employed by LiF-OFTS.

3.1 Fibre Bragg gratings

Fibre Bragg gratings are created by periodically modifying the refractive index
of an optical fibre core. At each change of refractive index the reflected light
constructively interferes producing a high intensity narrowband signal. This effect
is described by Eq. (2) where 15 is the Bragg wavelength, n. is the effective
refractive index, and A is the pitch between each of the modified refractive indices.
Figure 1 provides a schematic of an FBG inscribed on a fibre core. As is evident
from Eq. (2) care must be taken to eliminate, or account for, mechanical straining of
the fibre as this will artificially modify the grating period. Once mechanical strain
has been determined the change in Bragg wavelength with temperature is given by
Eq. (3). A review on the packaging of FBGs is provided by Hong et al. [31].

Ag =2z - A (2)

dip AN dng

Owing to the simple nature of their construction FBGs have been utilised to great
success as a means of sensing temperature, however they are not without inherent
issues such as damage due to exposure to excessive temperatures [22], and grating
orientation to the heat source [32]. Zhang et al. [22] reported the assessment of
cylinder head temperature and mixture flow within maritime diesel engines, where
significant steps were taken to protect the fibre coating from excessive cylinder head
temperatures (873.15 K). Gassino et al. [32] examined the use of FBGs in the presence
of strong temperature gradients (~10 K/cm) during thermal ablation of tumours.
Several key design factors were discussed from which it was determined the largest
sources of error were caused by the temperature gradient along the length of the
FBG, and FBG orientation with respect to the temperature gradient.

D
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Figure 1.
Schematic of FBG, highlighting grating pitch (A) in fibre core.
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3.2 Extrinsic Fabry-Perot interferometers

Fabry-Perot based sensors are typically extrinsic in nature and used as a point
measurement device at the tip of an optical fibre. A common construction of EFPI
sensors involves a single mode fibre (SMF) spliced to a capillary with a multi-mode
fibre (MMF) which acts as a diaphragm fused to the opposing end of the capillary,
creating an air filled cavity between the SMF and MMF. Figure 2 highlights the
dimensions relevant to diaphragm deflection and rigidity, with the construction
presented in Figure 3. As light reaches the end face of the SMF a portion of the light
is reflected, with the remainder transmitted into the air cavity. Similar reflections
occur at the air-diaphragm, and diaphragm-external media interfaces. As the light
reflected from the inner and outer faces of the diaphragm has travelled a greater
distance, than the light reflected at the end face of the SMF, a phase difference
between reflections will exist. While FPIs behave similar to FBGs in that they have
varying refractive indices along the axial direction, adjustment of the diaphragm
thickness can be used as a means of increasing pressure sensitivity by modifying the
diaphragm flexural rigidity. Said flexural rigidity is determined by Eq. (4) [33]
where h, E and v are the diaphragm thickness, Young’s modulus, and Poisson’s ratio
respectively. Eq. (5) [33] provides the relationship between diaphragm displace-
ment and uniformly applied pressure, this being fundamental to the temperature
sensor presented by Poeggel et al. [34]. From this it becomes apparent that a thinner
diaphragm leads to greater maximum deflection, and said maximum deflection
occurs at the diaphragm centre.
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Figure 2.
Dimensions which influence diaphragm flexural rigidity and deflection.
SMF Capillary Diaphragm
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Figure 3.
Schematic of typical EFPI.
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Gao et al. proposed an alternative construction, using particle vapour deposition
(PVD) to create a ‘diaphragm’, which was fused directly to an MMF [35]. This
construction provides a number of advantages, such as a robust construction, and
the ability to custom tune optical path lengths without the uncertainties related to
splicing. Eq. (6) presents the relationship between the optical path differences
(OPD) with the thermal coefficients of refractive index (a,) and material thickness
(ay) for the PVD diaphragm.

OPD(T)

OPD(To) ~1+ (a, +ay)(T —Th) (6)

3.3 Mach-Zehnder interferometers

Mach-Zehnder interferometers (MZIs) operate by splitting the source light and
introducing an optical path difference, before recombining the beams prior to the
detector [36]. As a means of sensing in optical fibres, common practice has been to
splice a length of photonic crystal fibre (PCF) between two lengths of SMF [37-40].
These operate by allowing the core mode of the SMF to be split into core and
cladding modes at the first splice point within the PCF. These are subsequently
rejoined at the second splice point with an interference between the two modes
becoming apparent in the transmission, this is usually represented by resonant dip
(s) in the signal transmitted to the optical spectrum analyser (OSA). Modification to
the air holes of the PCF is commonly carried out via collapsing or filling with
various fluids, in order to increase sensitivity to the desired measurand. For the
purpose of temperature sensing it is common to fill the PCF holes with a fluid which
has a high magnitude (as it may be positive or negative) thermo-optic coefficient
[37, 39, 41, 42]. Figure 4 below provides a schematic of how a typical MZI sensor
setup is presented in literature. In a PCF the two branches of the MZI are the
cladding and core modes respectively. A transverse section of a PCF is presented in
Figure 5 where the core, and cladding air holes are highlighted.

3.4 Sagnac interferometers
Sagnac interferometers (SIs) behave similarly to MZIs in that they compare

optical path differences of two beams which have been split and subsequently
recombined. However, they differ such as the two beams counter-propagate with

Splice

Source 0OSA

Figure 4.
Schematic of Mach-Zehnder based sensor.



Applications of Optical Fibers for Sensing

Cladding Air Holes Core
\
Figure 5.
Transverse section of a photonic crystal fibre.
Source
3dB PCF
OSA

Figure 6.
Schematic of potential Sagnac interferometer based sensor.

respect to each other before being recombined at the detector. This type of inter-
ferometer is the basis of fibre-optic gyroscopes [43]. While it has been utilised in
thermometry [44, 45] the sensors reported have not seen a similar level of research
compared to their MZI counterparts. Reported sensors used a source beam counter-
propagated by a 3 coupler. Birefringence in the PCF resulted in the optical path
difference which was detected by the OSA [44, 45]. Figure 6 above highlights how
an SI based sensor may be constructed using optical fibre equipment.

4. Liquid filled optical fibre temperature sensors

As evident from Sections 1 and 3 temperature sensors have a long history. With
respect to LiF-OFTSs however, while several types of sensor and base technologies
have been presented in the literature, the authors have not encountered a concise
review of said sensors. The materials utilised have included; alcohol [44] motor oil
[34], silicone (polydimethylsiloxane) [46], and immersion oils [39]. While
polydimethylsiloxane (PDMS) has only been presented in its cured form, it is not
inconceivable that the liquid form be used given its optically transparent nature.
The following section is arranged by the base interferometry principle of each fluid
filled sensor.
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4.1 EFPI type sensors

Chen et al. presented an FPI construction which contained an air micro-bubble
encased in cured PDMS [46]. The sensor was manufactured by splicing an SMF to a
hollow core fibre (HCF) 282 pm in length. The PDMS was subsequently introduced
into the HCF via capillary effect. As PDMS entered the HCF it formed the air micro-
bubble with the SMF, where the length of air micro-bubble was controlled by the
period of time PDMS was allowed to enter the HCF. Online monitoring was
conducted to establish the free spectral range (FSR) best suited to the desired
application. A schematic of the sensor is presented in Figure 7.

The PDMS was cured for 45 min at 338.15 K, fixing the length of the air micro-
bubble. Testing was conducted between 324.35-343.65 K and compared to a PT100
thermometer with a resolution of 0.01 K. Results indicated sensitivity was quite
high with a value of 2.7035 nm/K and a highly linear response where R? = 0.992. In
addition to the reported sensitivity, reference was made to the benefit of using a
double FPI in the sensor. This consisted of a thin FPI (air micro-bubble) and thick
FPI (PDMS filling). The thin FPI allowed for a large FSR and the thick FPI offered
high temperature resolution.

Poeggel et al. [34] presented a novel ultra-high resolution temperature sensor
(UHRTS). The sensor was comprised of an existing optical fibre pressure tempera-
ture sensor (OFPTS) [47] which was further encased in an outer oil-filled capillary.
The sensor was noted to have an external diameter of less than 1 mm lending to its
capability to be used in volume restricted areas, a schematic of the sensor is pro-
vided in Figure 8. By combining an FBG with the highly sensitive EFPI, the UHRTS
behaved similar to that of Chen et al. [46] in that the FBG and air cavity allowed for
a wide spectral range to be utilised with the diaphragm element providing high
resolution. Dissimilar to Chen et al. however, the construction of the OFTS was
reliant on the thin diaphragm element to transduce volume changes in the oil to a
temperature measurement. This being in demonstrated by Egs. (4) and (5) in
Section 3. It was claimed that the high ratio of oil in the outer capillary compared to
air in the EFPI cavity was what resulted in high sensitivity. The sensor presented
had a reported, theoretical, sensitivity of 52.7 x 103 nm/K. Comparison of the
UHRTS to a Bosch BMP085 [48] was carried out over a temperature range of 7 K.
While both sensors detected the 7 K variation, measured EFPI sensitivity was much
lower than predicted, at 8.77 nm/K. It was suggested that the error was likely caused
by inconsistencies in the manufacturing process of the sensor, and the presence of
micro air bubbles in the oil which resulted in response damping. Considering oil was
introduced into the capillary via a micro-syringe rather than by capillary effect as
utilised by several authors such as Chen et al. [46] and Xu et al. [39] this may have

SMF Air HCF
l Micro-Bubble l
|
|
PDMS

Figure 7.
Schematic of PDMS FPI sensor based on Chen et al. [46].
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Resin < Diaphragm
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Figure 8.
Schematic of oil-filled EFPI sensor based on Poeggel et al. [34].
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Figure 9.

Schematic of an inline PCF sensor based on Qiu et al. [37].

been a contributing factor to bubble formation. Another potential application of the
sensor proposed by Poeggel et al. [34] is use of an ionising radiation sensitive fluid
whereby the temperature response varies with exposure to ionising radiation.

4.2 Mach-Zehnder interferometer type sensors

Qiu et al. [37] presented a temperature sensor based on a non-polarimetric PCF,
where the sensor was created by splicing a length of commercial single mode
(LMA-8) [49] between two lengths of SMF-28. During construction, isopropanol
was infused into the non-polarimetric PCF micro-holes by capillary effect, with the
PCF subsequently fused between the SMFs. LMA-8 PCF was chosen due to having a
diameter equal to that of the SMF-28, this reduced potential complications involved
in the splicing process, care was also taken to minimise collapsing of the fibre air
holes. Thermo-optic coefficients (TOCs) for the isopropanol and silica are —4.5 x
10~*/K and 8.6 x 10~%/K respectively. A schematic for the sensor is provided in
Figure 9, where an amplified spontaneous emission source (ASE) was used. As light
entered from the SMF into the PCF, cladding and core modes propagated at differ-
ent rates before recombining at the second splice point, this process introduced a
phase difference which was observed to be temperature dependant. Akin to the
designs of several other fluid-filled inline sensors, this sensor also relied on modify-
ing the core and cladding mode TOCs in order to maximise temperature sensitivity.
The sensor was tested in a temperature controlled device over temperatures ranging
from 296.85-339.25 K. Blue-shifting of the two tracked waveform dips was
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observed. A sample of how these waveforms may appear is presented in Figure 10.
Temperature sensitivities were reported as —133 and — 166 pm/K respectively.
While this was an order of magnitude improvement over previously published
works [50-52] it was significantly less sensitive when compared to the design of
Qian et al. [44], indicating that exploiting the birefringent nature of PCFs may be
highly beneficial in the development of inline PCF sensors.

Wang et al. [38] presented a fluid-filled PCF-based modal interferometer
(PCFMI). The air holes of the PCF were filled with an oil provided by Cargille
Laboratories Inc. (Cedar Grove, NJ, USA) (TOC = —3.37 x 10~ */K). The system
design was similar to that of Qiu et al. [37]. That said however, the operation has
similarities to that of Wang et al. [41] with the interference of LP; and LP;; modes
at the second splicing (recombination) point. Simulation suggested that tempera-
ture sensitivity increased proportionally with the ratio of filled to unfilled PCF, and
that for constant filling ratio the sensitivity increased with increasing wavelength. It
was reported that the latter was due to larger mode field areas of the longer wave-
lengths. Validation experiments were carried out at three filling ratios (k = 0.256,
0.282, 0.476) over a temperature range of 298.15-355.15 K. Results were in agree-
ment with theoretical prediction, transmission spectra blue-shifted with increasing
temperature, and the largest filling ratio (k = 0.476) resulted in the highest tem-
perature sensitivity. Similarly, longer wavelengths resulted in increased sensitivity
with a peak value of —340 pm/K at 1480 nm. Another benefit of the proposed
sensor type is the linear response to straining, once matrix values were determined,
the wavelength shifts may be used to produce temperature and strain measure-
ments simultaneously. The matrix for the sensor presented by Wang et al. is pro-
vided by Eq. (7) where S and S, are the temperature and strain sensitivities
respectively. A and B are the two waveform dips which were monitored.
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Wang et al. [41] presented an ultra-high resolution PCF sensor which had a
single liquid filled cladding hole. In the precision filling of the hole, an initial 10 pm
end cap was placed on the PCF, after which a hole was precision drilled into the
desired PCF hole using a femtosecond laser (FSL). A Cargille Laboratories Inc.
immersion oil with a TOC of —3.89 x 10~* was introduced via capillary effect. The
filled region of PCF was subsequently reduced incrementally by ~1 cm until a
coherent resonant dip was present. Experimental results between 307.15 and
308.55 K indicated exceptional sensitivity at 54.3 nm/K. Linearity of the results was
not provided. Numerical comparison was carried out in Comsol Multiphysics where
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Figure 10.
Representation of how two waveform dips may appear in a transmission spectrum.
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the fibre and liquid rod core modes were compared. Results indicated coupling only
occurred between the respective LPy; modes, where the coupling wavelength
shifted by 292 nm between 303.15 and 308.15 K this giving a projected sensitivity of
58.4 nm/K. While predicted sensitivity largely agreed with experimental observa-
tions, the location of the dip did not. It was determined that this was predominantly
due to uncertainty surrounding the refractive index of the immersion oil, as it had a
tolerance of +0.002, where an error of 0.001 led to a 150 nm wavelength shift.

Liang et al. [42] reported the first double-filled PCF sensor, with the two fluid
rods having varied optical properties, both immersion oils were provided by
Cargille Laboratories Inc. The first had a refractive index (RI) of 1.466 with a TOC
of —3.91 x 10~* and the second 1.500 with a TOC of —4.01 x 10~* respectively.
Owing to energy differences the PCF LP;; core mode was neglected. Finite element
analysis indicated an interaction existed between LPg; (core)-LPg;(rod 1), and LP;
(core)-LPq1(rod 2). This indicated two waveform dips would be present in the
transmission spectrum. Furthermore rod 1 displayed red-shift with increasing tem-
perature with the converse being true of rod 2. As the two liquid rods were rela-
tively far apart geometrically, there was no reported interaction. Temperature
response was recorded between 325.15 and 327.15 K in increments of 0.2 K. Dip
sensitivities were recorded as being 42.818 and — 11.343 nm/K with linearities of
R? = 0.99951 and 0.99935, thus indicating the sensor had extremely high sensitivity.
A highly sensitive strain response was also reported. Force on the fibre was
increased from 0.218 to 0.855 N in increments of 0.049 N, with strain sensitivities
being —38.041 and 8.702 pm/pe Linearities were R? = 0.99869 and 0.99495.

Xu et al. [39] utilised a thin core fibre (TCF) rather than PCF in the development
of their sensor. By immersing the TCF in a Cargille Laboratories Inc. immersion oil
and sealing the PCF within a capillary, the influences of external refractive indices
was eliminated. The TCF was approximately 20 mm long with the protective capil-
lary 40 mm long. A schematic of the sensor is given in Figure 11. Similar to PCF
style temperature sensors, there was a resonant dip in the transmission spectrum,
which was located at 1561.7 nm for the unfilled sensor. Temperature was modulated
on an unspecified thermoelectric cooler, which could be controlled to 0.1 K resolu-
tion in the temperature range 288.15-318.15 K. Results were in good agreement with
other published works, where a temperature sensitivity of 9.0 pm/K was recorded
with a sensor linearity of R? = 0.9957.

The introduction of immersion oil (TOC = —3.95 x 10~*/K) and capillary
resulted in higher temperatures moving the resonance dip to a shorter wavelength,
i.e. blue-shift, this being the converse of the bare TCF Mach-Zehnder Interferome-
ter (TCFMI). Experimental results indicated that introduction of the immersion oil

SMF TCF SMF
l l \ 4
I I
AB Glue Cargille Oil Capillary AB Glue

Figure 11.
Schematic of sensor based on Xu et al. [39].
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as a sealing fluid increased the temperature sensitivity of the interferometer >250x
compared to the baseline at —2.3 nm/K. Heating and cooling the sensor showed
repeatable results with the fitted polynomial having an R? = 0.999. It should be
noted however at higher temperatures, the sensitivity decreased and the fitting
error increased. Peak resolution was reported at 283.15 K as 0.008 K with an OSA
resolution of 0.2 pm.

Xu et al. [39] went further to quantify the influence of strain on the sensor by
measuring the temperature responses of a mechanically strained bare TCFMI, and
an air-sealed TCFMI. Results indicated that the resonance-dip blue shifted with
strain on the bare TCFMI, and the air sealed TCFMI appeared relatively tempera-
ture insensitive. The work concluded on the point of the sensitivity being primarily
driven by the sealing fluid’s thermo-optic coefficient. Again, however, the sensor
required transmission of the light in order to be used, thus eliminating its potential
to be used as a point sensor.

4.3 Sagnac interferometer type sensors

Qian et al. [44] presented an alcohol filled temperature sensor based on a highly
birefringent photonic crystal fibre (HiBi-PCF) within a fibre loop mirror (FLM) as
illustrated in Figure 12, the light source used was a super-luminescent light emitting
diode (SLED). Owing to the birefringence of the HiBi-PCF, the counter-propagating
waves caused by the 3 dB coupler have an optical path difference at recombination.
Two resonant dips manifested in the transmission spectrum at 293.15 K, these being
present at 1455.8 and 1549.8 nm. The sensor was tested in two conditions within an
unspecified controlled temperature chamber. The first of these increasing from
293.15 to 307.15 K and the latter reducing the temperature from 293.15 to 281.15 K
with the two resonant dips’ responses being monitored. Measurement linearities
were R? = 0.9995 and R? = 0.9997 respectively. Measured sensitivities were 6.2 and
6.6 nm/K compared to the theoretical values of 6.1 and 6.5 nm/K.

Cui et al. [45] proposed an SI type sensor similar in construction to that of Qian
et al. [44]. The study conducted, however, went further in an effort to quantify the
influence of selective hole filing in the PCF versus non-selective filling. Further to
this, the length of PCF and hole fill ratio were explored. Simulations of no infiltra-
tion, all holes filled, small holes filled, and big holes filled were carried out; with the
birefringence sensitivity to infiltrating liquid being monitored. While all three lig-
uid filled cases indicated a reduced PCF birefringence, the ‘big holes filled’

SLED OSA

3dB Coupler

/

HiBi-PCF Temperature Chamber

Figure 12.
Schematic of HiBi-PCF sensor based on Qian et al. [44].

13



Applications of Optical Fibers for Sensing

condition resulted in the highest temperature sensitivity, with a birefringence
change of 27% as liquid refractive index was varied from 1.33 to 1.36. Dissimilar to
the selective collapsing and cleaving method employed by Peng et al. [40] Cui et al.
[45] offered a simplistic method of sealing the outer holes by introducing a micro-
droplet of glue to the fibre face while monitoring with a microscope. It was claimed
that the process could be conducted in under a minute with repeatable results after
minimal training. During experimentation, water was used in place of ethanol due
to the high coefficient of thermal expansion, and reduced tendency to evaporate.
The sensor indicated a good sensitivity of —2.58 nm/K with a linearity of R? =
0.9991. The OSA used to conduct the experiment had a resolution of 0.02 nm thus
giving the sensor a resolution in the region of 7.75 mK. Accounting for the length of
liquid filled PCF, results similar to that of Wang et al. [38] indicated increasing the
ratio of filled to unfilled PCF increased temperature sensitivity.

4.4 Similar sensors

While one could consider liquid crystal based sensors in a similar category to
those above, the authors wish to express they fall outside the remit of this chapter.
However should the reader wish to explore these technologies, Windhorn and Cain
[25] provides a good starting point. Several recent works exploring the use of liquid
crystal thermometry using PCFs have also been published [53-55]. Wolinski et al.
presented a multi-faceted liquid crystal PCF which was capable of temperature,
electric field, and hydrostatic pressure detection [56].

5. Conclusions

The remit of this review was to address current state-of-the-art LiF-OFTSs
presented in literature. The optical fibre sensors examined were based on the prin-
ciples of extrinsic Fabry-Perot interferometers, Mach-Zehnder interferometers and
Sagnac interferometers. While sensitivities varied to an extent, they each presented
performance equivalent to, or better than, reported electrical sensors. As noted in
other reviews of optical fibre sensing such as that of Lee [57] and Poeggel et al. [58]
optical fibre sensors had numerous additional advantages over their electronic
counterparts such as immunity to EMI, small form factor, along with distributed
and multiplexed sensing capability. Perhaps encouragingly, the commercial mar-
ketplace for optical fibre sensors appears to have matured significantly since the
publication of Lee’s review [57]. A driving factor in this will likely have been the
coupled high resolution and fast response times, which are generally sub-Kelvin and
sub-second respectively.

While FBGs remain the predominant method of temperature sensing, EFPI
sensors have gained momentum in the commercial arena with companies such as
FISO & Opsens offering varied ranges, sensitivities and sampling rates, indicating
that they are slowly gaining favour in engineering and biomedical applications. That
said however, MZI based temperature sensors were the more reported sensor type
in literature. From this review it was obvious that while several ultra-high resolu-
tion liquid filled temperature sensors have been developed there is still scope for
significant work to be carried out to improve their performance and stimulate
widespread commercial deployment.

Considering that a significant portion of optical fibre sensor research has been
focused towards biomedical applications in recent years, it is understandable that a
market for inline sensors may not exist, that said however it may bode well for the
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Company Proximion OPSENS RJC Enterprises

Sensor name WISTHEAT [60] OTG-MPKS [61] N/A [62]

Sensor type FBG GaAs Crystal EFPI

Min. temperature 228.15K 293.15K 288.15K

Max. temperature 523.15K 318.15K 328.15K

Resolution 70 mK(0.5 pm OSA) 10 mK 100 mK
Table 2.

Commercially available optical fibre temperature sensors.

designs of Chen et al. [46] and Poeggel et al. [34]. Another factor which has often
been overlooked is the filling liquid properties, the majority of MZI sensors used an
immersion oil provided by Cargille Laboratories Inc. and one reported using
isopropanol. While the isopropanol may act as an irritant, the immersion oil used
may be toxic if swallowed or inhaled, such as that of the Series AA [59]. It is also
known to be damaging to waterways, thus indicating strict environmental controls
require consideration. That said however, monitoring of industrial equipment using
this method is more than plausible with the potential to use multiple PCFs on a
single fibre to provide distributed sensing, Table 2 lists example commercially
available OFTSs. While the sensors are not of a liquid filled construction, they
indicate the minimum required performance of any potential liquid filled sensor in
order to potentially be commercially competitive.
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Nomenclature

Symbol Name Unit
D Flexural rigidity Pa.m?
E Young’s modulus N/m?
p Pressure N/m?
Q Heat J

R Outer radius m

Sr Temperature sensitivity /K

S, Strain sensitivity -

T Temperature K

To Initial temperature K

c Specific heat capacity J/kg.K
h Thickness m
N Effective refractive index -

r Reference radius m
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t Time S
Z Deflection m
A Bragg grating pitch m
a, Thermal coefficient of refractive index /K
ay Thermal coefficient of thickness /K
£ Strain -
A Wavelength m
B Bragg wavelength m
v Poisson’s ratio -
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