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Abbreviations

PCF	 Photonic crystal fiber
SC-PCF	 Solid core photonic crystal fiber
HC-PCF	 Hollow core photonic crystal fiber
NA	 Numerical aperture
FBG	 Fiber Bragg grating
TIR	 Total internal reflection

FP cavity	 Fabry–Pérot cavity
SMF	 Single mode fiber
MMF	 Multi-mode fiber
LMA	 Large mode area

RI	 Refractive index

MZI	 Mach–Zehnder interferometer
SPR	 Surface plasmon resonance
LC	 Liquid crystal
PBG	 Photonic band gap fiber
Hi-Bi	 Highly birefringent
LPG	 Long period grating
DC-PCF	 Dual core photonic crystal fiber
MOF	 Microstructure optical fiber
D-PCF	 D-shaped photonic crystal fiber
LC-PCF	 Liquid crystal photonic crystal fiber
SERS	 Surface enhanced Raman scattering
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Abstract
The detection and monitoring of physical, chemical and biomedical parameters are 
increasingly reliant on fiber-optic sensing technology. Of applicable optical methods, photonic 
crystal fiber (PCF) sensors show its potential as a sensitive technique in environmental, 
industrial, food preservation and medical applications. Such a system incorporates the 
fabrication of a particular PCF, the interaction of wave propagation with the measured field, 
signal processing to offer automated real-time measurement in terms of the amplitude, phase, 
polarization and wavelength of spectrum.

This article is an endeavour towards giving a brief overview of the development of analyte 
sensors using PCFs in the last few years. Different kinds of PCF analyte sensors are discussed 
based on the measuring entity and reported works. This discussion integrates a variety in 
the nature of the core, metal coating on the PCF and liquid infiltration in the holes. It is also 
considered to present the phenomena of its internal structure and interference techniques for 
several applications. Advances in this technology, particularly in the areas of gas sensing, 
chemical spices and bio analytes, will be discussed in this article with some applications.

Keywords: photonic crystal fiber, interferometry, surface plasmon resonance, fiber-optics 
sensor
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1.  Introduction

Fiber optics technology is one of the great branches of optics, 
especially in the twentieth century. Starting from the first low-
loss single-mode waveguides in 1970, this technology expands 
itself at a tremendous rate in the field of communication, sens-
ing, medicine delivery etc. Optical fiber-based sensors became 
very popular due to their high sensitivity, small size, flexibil-
ity, immunity to radio frequency and electromagnetic inter-
ference and they can be used in many unfavorable situations. 
But after some time, fiber optics technology faced some short 
degrees of freedom, such as, lack of variation of geometry 
and silica-based refractive index profile selection etc., which 
brings saturation in improving its optical characteristics [1].

Fiber-optic sensors are useful in many applications where 
electrical sensors cannot be used, such as microwave fields, 
high voltage devices, power plant, high radiation in atomic 
research area and mining industry applications, etc. These 
sensors can be used in environmental monitoring, controlling 
the soil heating process in the case of removing toxic organic 
compounds from an industrial area using radio waves, in 
magnetic resonance scanners (MRIs), in laser therapy, to 
ensure industrial safety in generators and transformers, espe-
cially in a harsh environment, to monitor chemical and pet-
rochemical materials, during wood drying and in welding 
mechanism up to the gas detection in volcanoes to name a 
few.

Then after waiting for nearly three decades of development 
in photonic crystal fibers (PCFs), in 1996 Russell and his 
colleagues [2] provided a strong impulse in fiber optics tech-
nology towards a new beginning for versatile and improved 
applications. PCF is a relatively new wing of optical fiber 
technology and has drawn enough attention due to its flex-
ible geometrical structure that led to many unique proper-
ties. These advance properties are useful in several fields of 
application. PCF sensor technology is one of them. Generally, 
PCF is made of only one material, silica. Its cladding region 
consists of many air holes along the cross section  that run 
throughout the length of the fiber assuring the confinement of 
light in the core region. The construction of the PCF fiber core 
may be hollow or solid. Also the air hole shape, size, relative 
position, core diameter and nature of the PCF core provides 
a great design flexibility and hence there are many possible 
ways to improve its optical properties, such as, confinement 
loss, birefringence, dispersion, nonlinearity, operating range 
and number of propagating modes [2–4]. All these parameters 
indicate a huge possibility in making a new PCF-based sensor 
technology. These types of sensors may solve the problem in 
distance monitoring in the industry; mining applications could 
also use the sensors in hazardous environments, for example 
high temperature, high pressure, nuclear radiation, noise and 
high electromagnetic field etc.

This article is a study to represent a compact overview 
in the prospects of photonic crystal fiber for analyte sensing 
applications. It consists of a basic theory of PCF, its appli-
cation, different types of analyte sensors based on its use 
and variety in design, limitations, existing technology and 
future scope. The authors also propose an advanced PCF 

sensing probe with experiment setup and finally some con-
cluding remarks.

2. Theoretical background of PCF

The working principle of PCF is the same as for photonic 
crystal. For both of these optical components, incident light 
gets strongly reflected by a periodic structure. This phenom
enon is observable in colorful peacock feathers, the wings of a 
butterfly and opal in nature. The main concept behind the light 
propagation through the PCF was that light can be guided in 
a particular region namely as core, by the arrangement of the 
2D photonic crystal around it.

A periodic wavelength scale lattice of micro-structured air 
holes in glass material working as a photonic crystal around 
the core is known as cladding. The holey cladding region is 
running throughout the length of the fiber to prevent leakage 
of light from the core. Depending on nature of the core, PCF 
can be broadly classified into two categories, solid core PCF 
(SC-PCF) and hollow core PCF (HC-PCF) [3–5]. In general, 
the basic parameters of PCFs are the diameter of the core, the 
diameter of cladding air holes and the center-to-center dis-
tance between two successive air holes, i.e. pitch. A schematic 
diagram of PCF and its parameters are shown in figure  1. 
For a PCF, the shape of the core and distribution of cladding 
air holes provide a great design flexibility as well as enor-
mous improvement in optical properties [4]. For this adapt-
able nature, PCF-based sensors are considered as an excellent 
competitor for the currently available conventional sensors 
based on optical fiber and other commercial sensors.

2.1.  Solid core PCFs

The early demonstrated PCF was SC-PCF [3]. In a SC-PCF 
(figures 2 and 3), the core is made of silica and cladding con-
sists of air holes in a silica background. Though the whole 
fiber is made of a single material, the holey cladding brings 
down the refractive index of the cladding in comparison to 
the core. So, there is a positive refractive index difference 

Figure 1.  Schematic diagram of PCF and its parameters.
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between core and cladding. Based on this, light is guided in 
the core by a modified total internal reflection (TIR) [4].

SC-PCFs have many advanced optical properties, such as 
endlessly single-mode propagation through a long wavelength 
range [3, 6, 7], high birefringence [8, 9], high nonlinearity [10, 
11], large mode area [12, 13], dispersion tailoring [14, 15], and 
low loss [16, 17] etc. These charming properties make them 
advantageous, not only in the field of communication [11, 18] 
but also in supercontinuum generation [19], making Raman 
fiber laser [20], spectroscopy [21], sensing [22] etc. Numerous 
SC-PCF-based analyte sensors will be discussed in later sections.

2.2.  Hollow core PCFs

In 1999, HC-PCF was reported for the first time [5]. In 
HC-PCF (figures 4 and 5), the core is made of air and air 

holes are distributed around the hollow core in a silica back-
ground. Particularly, this surrounding air hole distribution 
prevents the escape of light from the air core. In a HC-PCF, 
light is guided in the presence of a photonic band gap (PBG) 
due to the negative core-cladding refractive index difference. 
One can correlate the guiding of light through a HC-PCF with 
the conduction of electrons in a material at the presence of 
energy-band structure in solid state physics [23].

PBG fiber avoids intrinsic absorption and scattering losses 
compared to TIR-based fibers. HC-PCF allows the transmis-
sion of selective modes depending on the band gap [23]. A 
HC-PCF is able to support high power density without break-
through. So, they are capable of pushing the threshold inten-
sity of stimulated Raman scattering and Brillouin scattering up 
to a high level. The Fresnel reflection problem can be almost 
eliminated in PBG fiber due to the small refractive index dis-
continuity between the fiber guided mode and the outer mode. 
Due to these unique guidance mechanisms this fiber has many 

Figure 2.  Diagram of a solid core PCF.

Figure 3.  Microscopic picture of a fabricated solid core PCF 
(reproduced from [4], with the permission of Springer Nature).

Figure 4.  Diagram of a hollow core PCF.

Figure 5.  Microscopic picture of fabricated hollow core PCF 
(reproduced from [4], with the permission of Springer Nature).
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pragmatic applications [5, 24–26], such as HC-PCF supports 
nonlinear optical processes [27, 28], high power ultrafast las-
ing [29], and optical amplification [30] etc. Gas, low refractive 
index liquid or vapor can be infiltrated in the core of HC-PCF. 
It will allow a strong interaction between guided light and an 
infiltrated analyte. This phenomenon promotes HC-PCF as an 
efficient element in analyte sensing.

2.3.  Numerical formulation

For the guidance of light through PCF, numerical aperture (NA) 
and V-number are two important parameters. Light gather-
ing potential of an optical fiber is presented by NA. More NA 
means more light gathering capability of the fiber. It is a dimen-
sionless quantity. For a PCF, NA can be calculated as follows,

NA =
»

n2
core − n2

eff.� (1)

Here, ncore is the refractive index of core and neff is the effec-
tive refractive index of the guided mode of PCF. neff can be 
presented as neff  =  β/k0; where β is the propagation constant 
of guided mode and k0 is free space propagation constant. 
Also, k0  =  2π/λ; λ is the propagating wavelength [31].

V-number clearly indicates the endlessly single mode (ESM) 
propagation capability of a PCF. When a PCF is able to accom-
modate only fundamental mode throughout a very long wave-
length range then it is known as an endlessly single mode fiber. 
For a PCF refractive index difference between core and cladding 
is directly dependent on propagating wavelength. According to 
Mortensen et al [6], the V-number of a PCF can be calculated as

VPCF(λ) =
2πΛ
λ

»
n2

core(λ)− n2
eff(λ).� (2)

Here Λ is pitch of the fiber. It is noticeable that ESM operation 
of a PCF depends on its structural parameter as well as prop-
agating wavelength. Single mode cut-off criteria for a PCF is  
VPCF <π [6].

3.  PCF analyte sensors

Considering structural flexibility and advanced optical prop-
erties, many research groups are showing their interest in 
making PCF-based sensors. These are going to prove them-
selves as a strong component in optical device-based sens-
ing field. Versatile application fields of these sensors are 
presented in figure 6. At the beginning, efforts were mainly 
focused in making sensors using commercially available 
PCFs. In most of the cases, PCFs were integrated with dif-
ferent interference techniques, such as the Sagnac interfer-
ometer, core-offset induced interferometer, Mach–Zehnder 
interferometer and Michelson interferometer [32]. With time, 
the focus of research was shifted toward the improvement of 
internal microstructure of PCF to enhance its sensitivity and 
area of applications. Many PCF-based sensing probes have 
already been demonstrated using these techniques and applied 
for sensing different parameters. Scientists are still trying to 
improve the techniques for making highly sensitive commer-
cially available PCF-based sensors. This article is an endeavor 
towards giving a brief overview of the development of PCF-
based analyte sensors. Based on the measuring entity, these 
sensors are classified and discussed in the proceeding sections.

3.1.  Refractive index sensors

In many situations, the characterization and in situ measure-
ment of fundamental properties of the material are essential. 

Figure 6.  Typical applications of PCF analyte sensors.
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To carry out such measurements, optical sensors are a poten-
tial which will be compact, lightweight, simply structured, 
well responsive and immune to electromagnetic interference 
(EMI). Refractive index (RI) is a fundamental property of 
any material. For many important applications, RI is neces-
sary to measure, such as in the chemical and food processing 
industry, fluid industry, measurement of oil concentration in 
oil industry and quality control of a material. In the begin-
ning of the twenty-first century, fiber Bragg grating (FBG) 
and conventional optical fiber-based sensors were in use. 
Diez et al demonstrated a gold-coated tapered fiber sensing 
probe [33]. Swart reported a long period grating (LPG)-based 
two-path Michelson interferometer for RI sensing [34]. Then, 
Korposh et al demonstrated a poly allylamine hydrochloride 
(PAH) and SiO2 nanosphere-coated LPG fiber-based RI sen-
sor [35]. Oliveira et  al presented a multi-parameter sensing 
probe that consisted of one untapered FBG, one tapered FBG 
and one no-core fiber section [36]. During this time, various 
PCF-based sensors have started to develop, which are having 
high sensitivity and long sensing range.

At the earlier stage, mostly large mode area (LMA) PCF-
based sensors were reported. In 2005 Minkovich et  al [37] 
demonstrated a LMA tapered fiber sensor, which consisted of 
a cladding air hole collapsed region. It has the resolution of 
around 1  ×  10−5 RIU for RI higher than 1.44. Then a sens-
ing probe was fabricated [38] in which a three-hole micro-
structured optical fiber was combined with a standard FBG 
that is written in the suspended Ge-doped silica core. It has 
a resolution of 3  ×  10−5 and 6  ×  10−5 RIU around mean 
refractive indices 1.33 and 1.40 respectively (figure 7). An 
infiltrated photonic band gap fiber-based RI sensor [39] was 
demonstrated having resolution of 2  ×  10−6 RIU in the RI 
range from 1.333 to 1.390. It works based on a demodula-
tion technique and has a blue shift of 110 nm for RI change of 
0.02 at RI 1.35 (figure 8). Then, a 32 mm long interferometer 
was fabricated [40] that consists of a sensing probe made of 
a LMA PCF spliced between two SMFs. Using this, RI was 
measured from the shift of interference pattern with changing 
analytes. It has a resolution of 2.9  ×  10−4 in the RI range from 
1.38 to1.44. In the same period, a liquid infiltration technique 
successfully combined with PCF, due to its hollow nature and 

many improvised RI sensors, were demonstrated. Using this 
technique, a single cladding air hole infiltrated SC-PCF [41] 
sensor was reported for RI sensing. It worked based on strong 
field overlap between the core mode and fluid infiltrated wave-
guide associated mode. This sensor has a high sensitivity of 
30 100 nm RIU−1 with a resolution of 4.6  ×  10−7 (figure 9).

Figure 7.  Image of the three-hole PCF with a suspended Ge-
doped silica core. It is combined with fiber Bragg grating and 
holes are filled with analyte then used as a refractive index sensor 
(reproduced from [38], with the permission of OSA publishing).

Figure 8.  Schematic diagram of the photonic band gap fiber with 
a hollow core. It is filled with a tested analyte (na) for refractive 
index measurement (reproduced from [39], with the permission of 
Elsevier publishing).

Figure 9.  Diagram of an analyte channel solid core PCF containing 
a microfluidic channel (red colored) worked as a refractive index 
sensing probe (reproduced from [41], with the permission of OSA 
publishing).

Figure 10.  Cross section of the proposed gold layer containing 
D-shaped PCF refractive index sensing probe which worked based 
on SPR theory (reproduced from [45], with the permission of 
Springer publishing).
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Then dual core PCF was introduced in the field of sens-
ing. An RI sensor [42] was proposed based on all solid band 
gap guided dual core PCFs in which coupling between the 
core modes is modified by the liquid infiltrated central hole. 
It shows a sensitivity of 7000 nm RIU−1 in a relatively large 
RI range.

The sensitivity of PCF sensors was increased in many 
folds when the plasmonic layer was incorporated internally or 
externally with the fiber structure. The number of publication 
is increased with the PCF-based SPR sensors. The sensitiv-
ity of SPR-based sensors can be determined from wavelength, 
amplitude or phase interrogation method. A selectively sil-
ver film-coated PCF sensor [43] was demonstrated by Zhang 
et  al. An externally graphene and silver-coated PCF sensor 
[44] was reported with external flow of the analyte having sen-
sitivity 860 RIU−1 with a high resolution of 4  ×  10−5 RIU. 
Then a D-shaped PCF-based SPR sensor was presented [45] 
which has a very high sensitivity 7700 nm RIU−1 and a reso-
lution of 1.30  ×  10−5 RIU in the RI range from 1.43 to 1.46 
(figure 10). In 2016 Rifat et al proposed a unique multi-core 
flat fiber SPR sensor for high RI sensing [46]. It showed maxi-
mum wavelength sensitivity 23 000 nm RIU−1 and amplitude 
sensitivity 820 RIU−1 with a high resolution in the RI range 
1.460–1.475. Very recently a D-shaped PCF sensing probe 
is reported which consists a curved gold layer and two light 
passing passageways near the polished surface [47]. It is giv-
ing high sensitivity of 11 055 nm RIU−1 with a resolution of 

9.05  ×  10−6 RIU for low RI monitoring. A few more RI sen-
sors are presented in table 1.

3.2.  Gas sensors

Optical fiber-based gas sensing techniques are getting popu-
lar with time over the use of spectrophotometers in analyzing 
the spectrum of gases and to identify them. The atmosphere 
consists of many gases, some of which are essential for leav-
ing where as some are harmful. The levels of essential gases 
should be maintained and the levels of harmful gases should 
be controlled under a safety limit. Leakage or emission of 
hydrocarbons, hydrogen and various toxic gases from indus-
try, thermal power stations, mines, home, workplace, motor 
vehicles, chemical plants are serious matters of concern for 
the safety of living things as well as controlling environmental 
pollution. In this regard, the development of gas sensing tech-
nology is thrust into the context of global sustainable devel-
opment. In the present situation, it is necessary to develop 
a gas sensor that is less power consuming, lightweight, 
fast responding, having a long lifetime and able to work in 
extremely hazardous environments. To fulfill these criteria 
in last few decades many fiber-based gas sensors and remote 
sensing systems are reported. Low loss silica fiber consisting 
of a gas sensor [63] is one of them. Cao et al demonstrated a 
plastic clad optical fiber-based sensing probe for an evanes-
cent wave using gas sensing [64]. Also a LPG fiber coated 

Table 1.  Comparative representation of different PCF-based RI sensors.

Reported structure
Spectral 
range (nm) RI Range

Observed 
quantity Sensitivity Resolution(RIU) Ref.

Photonic crystal fiber modal interferometer 1250–1340 1.33–1.45 Interference 
pattern shift

— 7  ×  10−5 [48]

Coated photonic band gap fibers ~1550 1.33–1.35 Wavelength 2.2  ×  104 nm RIU−1 ~10−6 [49]
Surface long-period gratings deposited onto  
a D-shaped photonic crystal fiber

1250–1650 1.00–1.45 Wavelength 585.3 nm RIU−1 — [50]

Cavity made with a micro-mirror and a  
bi-functional large radius of curvature lensed 
PCF

1260–1350 1.328–1.357 Intensity — 2.60  ×  10−5 [51]

PCF-based polymer fiber directional coupler 400–900 1.337–1.344 Wavelength 1.66  ×  103 nm RIU−1 ~2  ×  10−6 [52]
Selectively liquid infiltrated dual core PCF 1200–1700 1.30–1.40 Wavelength 65 166 nm RIU−1 — [53]
Four-analyte channel PCF consisting two 
gold wire

1600–2000 1.30–1.79 Wavelength 3233 nm RIU−1 3.09  ×  10−5 [54]

Metamaterial-incorporated D shaped PCF 755–830 1.34–1.36 Wavelength 3700 nm RIU−1 2.70  ×  10−5 [55]
PCF consisting of an annular analyte channel 
and gold-graphene layer coating

700–1000 1.38–1.42 Wavelength 7500 nm RIU−1 1.33  ×  10−5 [56]

Gold-coated D-shaped PCF with various side 
polished lengths

500–1200 1.40–1.42 Wavelength 7381 nm RIU−1 — [57]

Diamond ring fiber coated with gold layer 
from inside and directly filled with an analyte

500–900 1.33–1.39 Wavelength 6000 nm RIU−1 1.67  ×  10−5 [58]

Gold nanowire combined with solid core 
PCF

600–1100 1.27–1.36 Wavelength 2350 nm RIU−1 2.80  ×  10−5 [59]

Gold grating incorporated D-shaped PCF 1500–1700 1.36–1.38 Wavelength 3340 nm RIU−1 5.98  ×  10−6 [60]
Silver nano grating incorporated dual core 
PCF

550–850 1.330–1.365 Wavelength 13 600 nm RIU−1 7.35  ×  10−6 [61]

Alcohol filled LMA-10 PCF-based  
Mach–Zehnder interferometer

1524–1572 1.335–1.350 Wavelength 386 nm RIU−1 — [62]
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with a metal-oxide-semiconductor film was presented as a gas 
sensor [65]. Then a silver layer as well as a vapor sensitive 
polymer layer consistent fiber-based Fabry–Pérot (FP) cav-
ity was applied for gas sensing by Liu et al [66]. Alali et al 
reported a fiber loop ring down based gas flow sensor [67]. 
But less versatility in structure and material restrained devel-
opment of ultrasensitive gas sensors.

PCF-based gas sensors are new hope in this field. Though 
this is not a fully developed technology, it has many possibili-
ties. Also this technology is very compatible with telecommu-
nication systems, so they are suitable for real time detection 
and remote sensing [68]. According to our best knowledge, in 
2002 for the first time a SC-PCF-based gas sensor [69] was 
demonstrated using an evanescent-wave sensing technique 
(figure 11). The next year, a PCF gas sensor was demonstrated 
[70] for acetylene and methane sensing having relative sen-
sitivity 12.6% and 14.9% respectively. It has a response time 
of ~1 min. Then a water core microstructure fiber consisting 
of a seven-hole adjoined triangular-lattice (SAT) geometry 
was designed [71] for gas sensing. It works based on band 
gap theory and having loss less than 1 dB m−1 (figure 12). A 
stretched air hole containing a modified microstructure optical 
fiber sensor was proposed [72]. It is working based on eva-
nescent wave sensing and having maximum relative sensitiv-
ity of 30%–35% with low loss (figure 13). Both SC-PCF and 
HC-PCF can be used in making gas sensors, however due to 
the more interaction of the guided light with suspected gases 
HC-PCFs are more preferred. From a reported article it can be 
clearly visualized that a PCF having an air hole at the center 
of the core shows much better relative sensitivity. Also, sen-
sitivity suffers increment with an increasing central air hole 
diameter [73]. Then hollow core photonic band gap fibers 

were presented [74, 75] at a different bandwidth for high con-
centration methane sensing. A three air hole ring consisting of 
a tapered SC-PCF sensor was reported [76] for gas molecule 
detection (figure 14).

At the same time a photonic band gap fiber was combined 
with the spontaneous gas-phase Raman scattering [77] for a 
natural gas density measurement based on photomultiplier. 
A microstructure optical fiber Bragg grating was presented 
[78] as a gas sensor working based on reflection mode. It 
has a sensitivity of ~0.017–0.022 dB/%. Also a C-type fiber 
and a Ge-doped ring defect PCF was combined together [79] 
for making an in-line chemical gas sensor. In this device, a 
sensing probe was connected to the light source and detector 
using SMF. In this probe, PCF works as a sensing medium and 
C-type fibers as inlet or outlet components. This sensor works 
in a low concentration of ̴ 0.5% with a fast dynamic response 
time at a low pressure of 10 Torr (figure 15).

A Raman spectroscopy-based HC-PCF was proposed [80] 
as a sensor, which is capable of measuring various gases and 
chemical vapors at very low concentration. Later on an index-
guiding PCF consisting of a hollow high index (GeO2–SiO2) 
ring with a central air hole as well as five layers of air holes 

Figure 11.  Silica-air microstructure fiber incorporated gas chamber 
used for evanescent wave gas detection (reproduced from [69], with 
the permission of SPIE publishing).

Figure 12.  Fibers with a seven-hole adjoined triangular-lattice 
geometry which was used for evanescent wave-based aqueous 
sensing applications (reproduced from [71], with the permission of 
IOP science publishing).

Figure 13.  A stretched air hole based modified microstructure 
optical fiber working on evanescent wave-based sensor (reproduced 
from [72], with the permission of Elsevier publishing).

Figure 14.  SEM image of PCF with micro tapper PCF exposed to 
vapor molecules of volatile compounds for gas molecule detection 
(reproduced from [76], with the permission of AIP Publishing).
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in cladding was reported [81] as a gas sensor. It has relative 
sensitivity 13.23% for methane at a 1.33 µm wavelength 
with a confinement loss of 3.77  ×  10−6 dB m−1 (figure 16). 
A lightweight SC-PCF (LMA-8) consisting of an in-line 
interferometer was demonstrated [82] for hydrogen concen-
tration measurement from 0% to 5%. It shows sensitivity of 
0.25 nm for one presence of hydrogen using reflection tech-
nique. A suspended ring-core PCF-based in-line gas sensor 
was experimentally demonstrated [83] for acetylene detec-
tion. In this sensor, a suspended ring-core fiber is combined 
with a c-type fiber and MMF. It shows much higher sensitiv-
ity in comparison to the conventional PCF sensors. Then a 
grapefruit PCF internally coated with a micro porous hybrid 
polymer of poly (ally amine)-co-poly(ethylene glycol) (PAH/
PEG) thin film was demonstrated [84] for 2,4-dinitrotoluene 
vapor sensing. It has sensitivity of 2 pm/ppbv at a vapor pres
sure 411 ppbv and temperature of 25 °C (figure 17). Recently a 
graphene-coated tapered PCF MZI is reported [85] for hydro-
gen sulphide gas sensing having sensitivity of 0.031 43 nm 
ppm−1 in the range of 0–45 ppm.

3.3.  Bio sensors

PCF-based bio sensors are a point of interest of many 
research groups due to its great potential in versatile appli-
cations, such as, health monitoring, chemical analysis, 
medicine preparation, pharmaceutical testing, defense, 
and food technology. Silica-based optical fibers have good 

bio-compatibility [86]; so these fiber sensors are considered 
as a good competitor of available commercial bio sensors. 
Also, fiber sensors can be sterilized without affecting their 
properties. PCF-based sensors are nonelectrical so they can 
be used safely in medical diagnosis. Due to the holey nature 
of PCF, bio-chemical samples can be accommodated in holes 
of fiber in liquid or gaseous form, and as a result interaction 
between the guided light and suspected analytes is very high. 
So, using this, characteristics of high sensitivity as well as 
portable sensing probes can be manufactured. Only a few 
nano liter or micro liter analyte samples are needed to use 
a PCF sensor. Though fiber-based tip sensors needed a very 
small amount of analyte [87, 88] it is not the case for many 

Figure 15.  Structure of the proposed gas sensor device. Here PCF is used as the sensing medium, c-type fibers as inlet/outlet components 
for gases and SMF for the connection to the source and detector (reproduced from [79], with the permission of OSA publishing).

Figure 16.  Hexagonal holes consisting of a proposed PCF structure used for flammable and/or toxic gas sensing (reproduced from [81], 
with the permission of Elsevier publishing).

Figure 17.  (i) SEM image of grapefruit PCF and (ii) the inner side 
is coated with specific gas-sensitive thin film. Long period grating is 
combined with this fiber and used as a gas sensor (reproduced from 
[84], with the permission of SPIE publishing).
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conventional sensors. All these unique features make the 
PCF using bio sensors suitable for present time practice with 
a lot of future hopes. During the development of PCF-based 
bio-chemical sensors two trends can be clearly visualized. 
The focus was shifted from the structural design to the com-
bination of SPR phenomenon with PCF for the development 
of advanced bio sensors.

In 2003 a double-clad PCF bio sensor was demonstrated 
[89] for two-photon fluorescence detection using dye material 
(figure 18). Jensen et al reported a DNA detectable 20 cm long 
air-suspended PCF sensing probe [22]. Then a micro struc-
tured polymer optical fiber (mPOF) based antibody sensor 
was demonstrated [90] which contains six air holes in the core 
region and antibodies are captured inside of these holes. For 
this structure, bridges are supporting the core during cleav-
ing. The outer diameter and air hole diameter of this mPOF 
are 300 µm and 60 µm respectively; the microscopic image 
is shown in figure 19. Sometimes water molecule detection 
becomes necessary in the bio-medical field. Keeping this in 
mind, a sensor was reported [91] using a HC-PCF having a 
core diameter of ~50 µm. Raman resonance technique was 
combined with the fiber to identify the stretching vibrations of 
water molecules. Then a PCF-based sensor was demonstrated 
[92] for low RI bio fluid detection in which both core and 
cladding are micro structured. It has a sensitivity coefficient 
of ~4.28 (figure 20).

A long-period grating inscribed LMA-10 PCF was reported 
for bio layer sensing [93]. The side of the PCF holes are 
coated with a monolayer of poly-L-lysine (PLL) and DNA. 
This sensor can be used for double-stranded DNA detection 
from the resonant wavelength shift with varying layers of 
thickness. It shows sensitivity of 1.4 nm/1 nm bio layer (figure 
21). Cox et al demonstrated a kagome lattice cladding consist-
ing of a hollow core microstructured optical fiber (HC-MOF)-
based rhodamine sensor [94]. It works based on the surface 
enhanced Raman scattering (SERS) phenomenon and silver 
nanoparticles are used as a rhodamine absorber (figure 22). In 
the same year, a soft glass microstructured optical fiber-based 
protein concentration measurement sensor was reported [95] 
having three air holes at the center.

In 2007  a HC-PCF-based dye concentration detection 
sensor was reported [96], which is able to measure down to 
1  ×  10−10 M (figure 23). Then a polymethyl methacrylate 
(PMMA)-made PCF biosensor was proposed [97]. It consists 
of an immobilized antigen sensing layer on inner walls of 
holes. It is able to perform label-free bio sensing of selective 
antibody biomolecules with sensitivity up to 20 nm/1 nm bio 
layer. Also, a silica-made exposed core fiber had been fabri-
cated [98] and applied for biochemical sensing (figure 24). 
Emiliyanov et al demonstrated a TOPAS cyclic olefin copoly
mer made of an mPOF [99] biosensor. It is able to detect 
selective antibodies, such as Cy3-labelled α-streptavidin and 
Cy5-labelled α-CRP.

Sensitivity as well as the sensing range of PCF sensors are 
improvised considerably when plasmonic metal layers are 
incorporated with the fiber structure. In this way, an index-
guided PCF sensing probe working based on surface-enhanced 
Raman scattering (SERS) was reported [100]. It consists of 
four big air holes in the core region. Also, gold nanoparticles 
are associated with this probe either by coating inner walls 
of air holes or by mixing with the filled analyte. For both of 
the cases, probes are quite sensitive. When gold nano particle 
coating is applied then it is able to measure 10−5 M rhoda-
mine B solution and for the gold analyte mixture infiltration it 
is able to measure 10−7 M rhodamine B solution (figure 25). 
A broad spectral SERS-based sensor was developed [101] 
using silver nanoparticle cluster-incorporated SC-PCF. The 
silver nanoparticle cluster is synthesized using the green syn-
thesis process. It is able to measure 4-Mercaptobenzoic acid 
down to 10−6 M (figure 26). Recently Rifat et al proposed 
[102] a very high sensitive titanium di-oxide and the gold-
coated D-shaped bio-sensor having sensitivity 46 000 nm 
RIU−1 and resolution 2.2  ×  10−6. In 2017, a quasi-D-shaped 
PCF using a plasmonic biosensor was proposed by An et al. 
The polished surface of this sensor was coated with graphene 
and indium tin oxide. It has maximum wavelength sensitiv-
ity 10 693 nm RIU−1 and resolution 9.35  ×  10−6 RIU in the 

Figure 18.  SEM image of a double-clad PCF used for bio sensing 
(reproduced from [89], with the permission of OSA publishing).

Figure 19.  Micrograph of the end-face of the microstructured 
polymer optical fiber used as a biosensor (reproduced from [90], 
with the permission of OSA publishing).
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analyte RI range from 1.33 to 1.38 [103]. Based on the posi-
tion of incorporated plasmonic metal layer SPR sensors can 
be classified into two categories, such as internally metal 
film-coated and externally metal film-coated sensing probes. 
A few more SPR-based bio sensors having versatile struc-
tures are presented in table 2.

3.4.  Humidity sensors

Humidity measurement is inherent in the case of environmental 
monitoring, air conditioning, food processing, horticulture, 
and structural monitoring in greenhouses, museums, humi-
dors, and industrial space etc. PCF-based humidity sensors are 
able to satisfy all these purposes. Mathew et al demonstrated 
a PCF-consisting interferometer [114] using a humidity sen-
sor having a sensitivity of ̴24 pm/%RH for relative humidity 
(RH) greater than 70%. This sensor was fabricated without 

Figure 22.  SEM image of the hollow core microstructured optical 
fiber with a kagome lattice cladding was used for rhodamine 
detection based on a surface enhanced resonant Raman scattering 
technique (reproduced from [94], with the permission of OSA 
publishing).

Figure 23.  (i) Selectively filled hollow core PCF, and (ii) a 
microscope image of it after the cladding holes have been sealed by 
a fusion splicer. The arrow showing the section where the analyte 
can be filled in the existing hollow core. It was used for bio sample 
detection (reproduced from [96], with the permission of OSA 
publishing).

Figure 20.  Polymer (PMMA) microstructured fiber. Fabricated microstructured fiber and an electrical field profile. It is usable for low 
refractive index liquid bio-molecule sample sensing (reproduced from [92], with the permission of OSA publishing).

Figure 21.  End facet of the LMA10 PCF and a hole of this PCF containing biofilm. The combination of this PCF with a long period of 
grating is usable for the thickness measurement of the monolayer of poly-L-lysine (PLL) and double-stranded DNA bio-layer (reproduced 
from [93], with the permission of OSA publishing).
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any hygroscopic material and works based on reflection mode, 
shown in figure 36. A polymer-infiltrated PCF-based interfer-
ometer was designed [115] by splicing an SMF and a LMA-
10 fiber to study RH. This sensor has a compact size, less 
response time, measurement accuracy, long-term stability 
and less thermal sensitivity. These advanced features make it 
suitable for measuring RH ranging from 86% to 98% with 
high resolution. In the same year, Noor et al demonstrated a 
hollow core photonic band gap fiber (HC-PBF)-based sensing 
head [116] without any humidity detectable material coating. 
There is a small gap between HC-PBF and connecting SMF 
to satisfy air diffusion into HC-PBF. Over the range of 0 to 
90% RH it shows a sensitivity of 3.02 mV/1% RH with good 
linear response. The effect of agarose coating thickness on 
the sensitivity of a RH sensor [117] was studied by the same 
group. The sensing probe was made of a PCF-SMF spliced 
element using an interferometer and shows high sensitivity of  
1100 pm/% RH for an RH range of 90%–98%.

A polyvinyl alcohol-coated PCF modal interferometer-
based RH sensor was demonstrated [118] having a sensitivity 
of 40.9 pm/%RH within a range of 20%–95% RH. Then a 
SMF-PCF-SMF spliced probe consisting of an interferom-
eter sensor was reported [119] without any thin film coating. 
This fast responding sensor gives the highest sensitivity of  
188.3 pm/%RH in the range of 80%–95% RH (figure 37). 
In 2013, a RH sensor head is demonstrated [120] based on 
a hybrid fiber probe. This device is composed of a FBG and 
agarose infiltrated reflection type PCF interferometer. It 
shows a sensitivity of 0.163 dB/%RH in an RH range of 60%–
95%. In the same period, an interior nano-film-coated PCF-
LPG-based humidity sensor was reported [121]. Figure  38 
shows the microscopic image of the interior polyallylamine 
hydrochloride and polyacrylic acid-coated PCF. Figure 38(ii) 
shows LPG inscribed in PCF by focusing a CO2 laser beam 
with a galvanometer and the inset consists of the outlook of 
the PCF-LPG probe. This sensor has an RH sensitivity of  
0.0007 %/pm.m. A SMF-PCF-SMF spliced probe was applied 
for humidity measurement [122]. Poly allylamine hydrochlo-
ride (PAH) and poly acrylic acid (PAA) polymeric nano-
coatings were deposited layer-by-layer on this fiber probe. 
This humidity sensor has a sensitivity of 0.86 mrad/% RH for 
20%–95% RH with a response time of 0.3 s (figure 39). Then a 

SnO2 nano film-coated PCF-based humidity sensor was dem-
onstrated [123] which is able to measure 20 to 90% RH with a 
resolution of 0.067% HR.

3.5.  Other types of sensors

There are few more unique PCF analyte sensors. Wu et  al 
demonstrated a polyimide-coated Hi-Bi PCF-based Sagnac 
interferometer for salinity measurement [124] having a sensi-
tivity of 0.742 nm (mol/l)−1. The radial pressure effect on this 
spiral probe is induced by the swelling of the polyimide coat-
ing. In 2018, a dual core PCF-based salinity sensor [125] was 
proposed with a sensitivity of 5675 nm RIU−1 and detection 
limit of 0.0037 RIU. Earlier, SERS was generated using metal 
nanoparticles and applied for bio imaging, medical diagnosis, 
and bio-sensing etc [126, 127]. A few years before, a SERS 
active HC-PCF probe was demonstrated [128] for detecting 
serological liver cancer biomarkers, epidermal growth factor 
receptor biomarkers and oral squamous carcinoma cell lysates 
using three different SERS nano tags. It is also able to identify 
hepatocellular carcinoma biomarkers-alpha fetoprotein and 
alpha-1-antitrypsin secreted in the supernatant from Hep3b 
cancer cell line. In this process, the needed sample volume is 
~20 nl (figure 40).

Figure 24.  Exposed-core silica-made fiber used for bio-chemical 
sensing applications (reproduced from [98], with the permission of 
OSA publishing).

Figure 25.  Schematic of the rhodamine sensing probe. It consists 
of an index-guided PCF having four big air holes and gold 
nanoparticles for the generation of surface enhanced Raman 
scattering (reproduced from [100], with the permission of OSA 
publishing).

Figure 26.  Microscopic image of the cross-section of the solid core 
holey PCF used for mercaptobenzoic acid detection (reproduced 
from [101], with the permission of Springer publishing).
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Then a flying particle detector was demonstrated based on 
a HC-PCF having a core diameter of 12 µm [129]. It works 
at a 1064 nm wavelength using a long length fiber (figure 
41). Johny et al proposed a FBG-combined four-ring liquid 
crystal PCF-based sensor [130]. It was used for oil and gas 
sensing over a wide wavelength range from 800 to 1700 nm 
(figure 42). In 2019, a petrol adulteration detection sensor was 
reported using a dual core PCF probe. It has a sensitivity of 
20 161 nm RIU−1 with good linear response over a long adul-
teration range [131].

4.  Present technologies and future hopes

Though a PCF-based waveguide was invented in 1996, it took 
nearly four years to make it applicable as a sensor. The PCF-
based sensing technology has enriched a lot theoretically as 
well as experimentally by the contribution of many research 
groups. In the present scenario, the majority of the proposed 
sensors are on paper, i.e. sensor models are proposed based 
on simulation work. But PCF fabrication technology has been 
drastically developed in the last decade. It is really hopeful 
regarding practical realization of those proposed sensors. 
Earlier PCF was fabricated using the popular stack and draw 
technique [2] only. After that, many techniques have been 
developed to fabricate advanced PCFs, such as sol-gel [132], 
drilling [133], extrusion [134], and 3D printing [135]. Using 
these techniques, asymmetric PCF structures can also be 

Table 2.  Comparative representation of different PCF-based SPR bio sensors.

Proposed structure
Wavelength 
(nm)

Refractive 
index range

Observed 
quantity Sensitivity Resolution Fig. Ref.

Honeycomb PCF internally coated 
with a gold layer

940–1060 ~1.32 Amplitude 
wavelength

400/RIU 2.5  ×  10−5 RIU 27 [104]

13 750 nm RIU−1 7.2  ×  10−6 RIU
Slotted SC-PCF sensor for detection 
of bio-layer thickness

600–920 1.40–1.42 Amplitude ~0.22/nm 0.044 nm 28 [105]

H-shaped PCF having two U-shaped 
cavities which are uniformly coated 
with thin gold and titanium dioxide 
layer

1450–1650 1.32–1.33 Wavelength 5  ×  103 nm RIU−1 — 29 [106]

Internally gold film coated slotted 
PCF

500–800 1.33–1.34 Amplitude 220/RIU 4  ×  10−5 RIU — [107]

External metal nano layers consisting 
polymer PCF

440–600 1.330–
1.335

Amplitude 106/RIU 8.33  ×  10−5 RIU 30 [108]

Exposed-core grapefruit fiber with 
external thin silver coating on the 
exposed section

880-1200 1.33–1.42 Wavelength 13 500 nm RIU−1 7.41  ×  10−5 RIU 31 [109]

Hexagonal PCF externally coated 
with a copper-graphene layer

520-820 1.33–1.37 Wavelength 2000 nm RIU−1 5  ×  10−5 RIU 32 [110]

High birefringent SC-PCF consisting 
of two big holes internally coated 
with gold and filled with an analyte

540–660 1.37–1.38 wavelength 3100 nm RIU−1 — 33 [111]

Gold film-coated square-lattice D-
shaped PCF

1300–1550 1.34–1.41 wavelength 12 450 nm RIU−1 8.03  ×  10−6 RIU 34 [112]

Externally gold layer coated modi-
fied hexagonal PCF

590–770 1.33–1.37 Wavelength 1000 nm RIU−1 1  ×  10−4 RIU 35 [113]

Figure 27.  Cross section of solid core PCF having a small central 
hole surrounding by honeycomb photonic crystal reflector with two 
large gold-plated channels and an outer aqueous analyte layer as a 
suspected material (figure courtesy from the [104]).

Figure 28.  Slotted PCF SPR biosensors consisting of a gold layer 
with the air hole defects near gold layers. It was used for bio 
layer thickness measurement (reproduced from [105], with the 
permission of OSA publishing).
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realized practically. For the fabrication of PCF sensors gener-
ally, a piece of PCF having the length fraction of a centimeter 
to a few centimeters is spliced between two standard optical 
fibers to make a sensing probe. Also light can be launched and 
collect directly from the PCF probe by using free space cou-
pling [136]. Though the commercialization of these sensors 
are at proposal stage, undoubtedly PCF-based sensors have 

huge possibilities over the other available sensors. Moreover, 
PCF-based sensor fabrication is costly at present but with the 
development of technology it must be cost effective even to 
suit the household applications. Currently, PCF-based sensors 
need some real time applications, improvement of its detec-
tion range and the capability of various bio-chemical analyte 
detection. As such, a geometrical pattern of PCF substantially 
affects the optical properties of PCF so designing more simple 
structured PCFs avoiding the structural complexity can take 
the PCF-based sensor technology to a new height. Advanced 
PCF sensor technology must be another successful step 
towards labs on a fiber access. Selective infiltration of PCF 
micro-channels enhance the interaction between guided light 
and suspected analytes as well as its sensitivity. Until now, 
many technological developments take place for the selective 
infiltration of PCF air holes; such as by applying pressure or 
by employing capillary forces, using focused ion beam milled 
micro channels, with the help of dye-doped curable polymers, 
by blowing a hole through the fiber wall for both air holes of 
SC-PCF as well as the core of HC-PCF [137–141]. Also, for 
the fabrication of well responding SPR-based PCF sensors, 

Figure 29.  Cross section of the H-shaped fiber sensing probe for analyte sensing. It has a GeO2 doped solid silica core and two U-shaped 
analyte channels. The inner surface of these U-shaped regions are covered with a uniform gold and TiO2 layer successively (figure curtsy 
from the [106]).

Figure 30.  Structure of the large mode area polymer PCF 
consisting a silver layer surrounded by an analyte channel. It works 
as a SPR sensor (reproduced from [108], with the permission of 
MDPI publisher).

Figure 31.  Cross section of the exposed-core grapefruit fiber 
with silver coating on the exposed section used as an SPR sensor 
(reproduced from [109], with the permission of MDPI publisher).

Figure 32.  Schematic diagram of the externally copper-graphene-
coated PCF with an external analyte channel used for bio-chemical 
sensing (figure curtsy from the [110]).
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uniform plasmonic metal layer coating is needed to reduce sur-
face roughness and make sure there is a streamline flow of the 
analytes. To ensure uniformity and control the thickness of the 
plasmonic layer, the chemical vapor deposition technique can 
be applied [142]. Between these internal and external sensing 
approaches, later one is more compatible for mass production. 
So, external sensing using PCF sensors can be promoted more 
for commercial applications. It will automatically bring down 
the cost of PCS sensors. Aside from silica, some polymers are 
also used as the background material of PCFs, for example, 
TOPAS, poly (methyl methacrylate) (PMMA), polyamide-6 
(PA6) etc. These polymer fibers are mainly applied for mak-
ing sensors working in the THz frequency region [52, 73, 143, 
144]. So, these are the starting light of hopes for the PCF sen-
sor technology toward the development of advanced sensors 
and its significant applications.

5.  Proposal for an advanced PCF sensor

The reduction of PCF sensor manufacture complexity is the 
biggest challenge in front of researchers. One of these com-
plexities is the air channel filling with analytes and the con-
trolled flow of the analyte through them because the majority 
of proposed PCF sensors are based on air hole infiltration 
[145]. An external analyte channel will be a useful solution 
to this problem. The structural flexibility of PCF can be inte-
grated with the superiority of flat fiber. Flat fibers are advan-
tageous because of their large sensing area, fast response, 
compatibility with standard optical fiber-based networks, and 
immunity against EM interference. Over the past few years 
flat fiber-based waveguides are designed as well as fabricated 
for communication purposes [146, 147]. Recently, a flat fiber-
based multicore analyte sensor was proposed [46] but it is 
also not free from void infiltration complexity. At the pres-
ent scenario, doped silica solid cores consisting of flat fiber 
(figure 43(a)) will be a solution to previous limitations. In 
this case, a plasmonic metal layer can be deposited on the top 
surface of the flat fiber by the spattering technique [148] and 
the suspected analyte can be poured on top of the plasmonic 
metal. The analyte can be changed without much difficulty as 
it is situated externally. It is well established that materials, 

Figure 33.  Hi-Bi near-panda microstructured optical fiber with two 
internal gold-coated analyte filled holes. It was used as an SPR-
based biochemical analyte sensor (reproduced from [111], with the 
permission of IOP science publishing).

Figure 34.  Cross section of the square-coated D-PCF used for 
biological sensing (reproduced from [112], with the permission 
-lattice based gold layer of Springer publishing).

Figure 35.  Schematic diagram of the external gold layer-coated 
PCF SPR sensor used for biological as well as biochemical analyte 
detection (reproduced from [113], with the permission of Elsevier 
publishing).

Figure 36.  Experimental setup of a PCF interferometer-based 
relative humidity sensor (reproduced from [114], with the 
permission of the Institution of Engineering & Technology).
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Figure 37.  (i) Diagram of the relative humidity sensor consisting of two collapsed regions; (ii) cross section of the PCF used to fabricate 
this humidity sensor (reproduced from [119], with the permission of IOP science publishing).

Figure 38.  (i) Cross-section of interior nanofilm-coated PCF with polyallylamine hydrochloride and polyacrylic acid. (ii) humidity sensor 
setup (reproduced from [121], with the permission of Elsevier publishing).

Figure 39.  Microscopic image of the PCF-SMF collapsed junction used to build up the interferometer for humidity measurement 
(reproduced from [122], with the permission of Elsevier publishing).

Figure 40.  Schematic of the binding of surface-enhanced Raman scattering nano-tags to immobilized biomarkers inside the core of hollow 
core PCF for multiplex detection (reproduced from [128], with the permission of John Wiley and Sons publishing).
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such as titanium dioxide (TiO2), graphene-enhance coupling 
between core guided mode and SPP mode [149, 150]. So, the 
sensitivity of a flat fiber sensor can be improvised by apply-
ing a thin layer of coupling enhancing material in between 
the plasmonic metal and the analyte. A schematic diagram of 
the suggested experimental setup using a flat fiber probe is 
depicted in figure 43(b). Light can be launched from a broad 
band source to the sensing probe using free space coupling. 
That can be channelized to the optical spectrum analyzer for 

SPR spectrum analysis. This proposed sensor can be applied 
for different liquid chemical sensing.

6.  Conclusion

In summary, this article presents an updated review on dif-
ferent types of PCF analyte sensors and its development with 
time. In the beginning, various analyte sensors were reported 
using commercially available solid and hollow core PCFs. 

Figure 43.  (a) Proposed PCF sensing probe. (b) Schematic of experimental setup.

Figure 41.  SEM image of the hollow core PCF and experimental setup and with a superimposed near-field optical mode profile at a 
1064 nm wavelength (reproduced from [129], with the permission of Springer Nature publishing).

Figure 42.  (i) Cross section of liquid crystal PCF with (ii) 2D and (iii) 3D views of electric field pattern for oil and gas sensing (reproduced 
from [130], with the permission of Springer publishing).
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Also, most of these sensors work based on interferometry 
techniques. Later on, the focus of research shifted toward 
the designing of improvised PCF sensors and their real time 
applications. This development trend of PCF sensor technol-
ogy is thoroughly discussed.

The first phase of this write up begins with the theoretical 
background and basic structures of PCF followed by refrac-
tive index sensors, gas sensors, bio sensors, humidity sen-
sors and some other sensors. Variety in PCF structures have 
tried to be presented based on their applications. It ended up 
with advantages as well as limitations of PCF sensor tech-
nology to date and the proposal of an advanced PCF-based 
sensor.

Undoubtedly PCF-based sensor technology is a highly 
potential branch of fiber optics as well as establishes a lot of 
future potential. PCF fabrication technology is still at its infant 
stage. There are a few more concerns that have to be overcome, 
such as its compactness as a sensor device, enhancement of its 
stability and the increment of its industrial applications.

It can be concluded from the above discussions that variety 
in the structure of PCF, its usability in different fields and its 
wide range analyte sensing capability demonstrate its impor-
tance for fabricating sensors. The increasing research inter-
est and fast development in this field gives a clear indication 
about the advancement of PCF sensor technology. It is expect-
ing that, in the near future, PCF sensors will be commercially 
available even for domestic applications.
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