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A square-core photonic crystal fiber (PhCF) has been presented for liquid
(petrochemical) sensing application. The sensor performance has been studied
numerically in the frequency range from 1.2 to 3.8 THz. The core hole is filled
with pure petrol, kerosene, and diesel. Strut size is varied to explore the sensor’s
performance and the analysis is performed in terahertz (THz) frequencies. The
photonic crystal fiber sensor shows a relative sensitivity of around 97.0% and a
confinement loss in the order of 10−14 at 3.7 THz. This photonic crystal fiber sensor
can be fabricated using extrusion and 3D-printing technologies.
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1 Introduction

With the development of automobile industry, the use of petrochemicals (e.g., petrol or
diesel) has been enhanced. Therefore, the quality of the fuel used in any motor vehicle
determines how long it will last. A low-quality (impure) fuel will not only degrade the machine’s
performance, but it will also be extremely hazardous to our environment [1–3]. Use of impure
fuel in automobile emits huge amount of carbon dioxide (CO2) which pollutes our environment
as well as largely increases the Earth temperature [4, 5]. Kerosene, as a domestic fuel, is
significantly less expensive than petrol or diesel. Since kerosene can smoothly be mixed with
diesel or petrol, some dishonest businessman intentionally mixes kerosene with diesel or petrol
to earn extra money. When this impure fuel is used by motor vehicle users, it results in massive
emission of CO2, causing the air, water, and soil pollution [6, 7]. Therefore, it is the need of
scientific community to develop an efficient mechanism to sense pure petrochemicals. Early on
several technologies have been reported for detecting petrochemicals. Among them, some
techniques include checking various properties of petrochemicals (e.g., viscosity, density,
colour, and odour, etc.). There are also some other methods (e.g., chromatography
technique, titration, and ultrasonic techniques, etc.) [2, 8]. Nevertheless, the techniques are
laborious, expensive, and not enough accurate.

In the last decade, researcher scholars have suggested photonic crystal fiber (PhCF)
based sensors for liquid/chemical sensing. PhCFs, unlike traditional optical fibers, offer
more tuneable optical properties. In addition, since liquids/chemicals can be selectively
injected into PhCF holes to create light-matter interactions, PhCFs are pertinent to perform
liquid/chemical sensing applications [9–14]. Ademgil and Haxha presented a PhCF based
liquid sensor with a relative sensitivity of ≃23.8% [9]. Asaduzzaman and Ahmed reported a
microarray elliptical core PhCF sensor with a sensitivity of ≃29.5% [10]. Asaduzzaman and
his research group presented a hybrid-PhCF for chemical sensing and they found the
sensitivity of ≃49.2% [11]. Arif and Biddut suggested another new PhCF sensor with a
sensitivity of ≃53.5% [12]. Chowdhury and his group proposed a porous-core PhCF sensor
for liquid sensing application where they found a relative sensitivity of ≃61.5% and

OPEN ACCESS

EDITED BY

Amrindra Pal,
DIT University, India

REVIEWED BY

Arun Uniyal,
Dehradun Institute of Technology
University, India
Vivek Srivastava,
ABES Engineering College, India

*CORRESPONDENCE

Md. Ekhlasur Rahaman,
ekhlaseceku@gmail.com

SPECIALTY SECTION

This article was submitted
to Optics and Photonics,
a section of the journal
Frontiers in Physics

RECEIVED 14 November 2022
ACCEPTED 23 December 2022
PUBLISHED 10 January 2023

CITATION

Hossain MB, Kříž J, Dhasarathan V and
Rahaman ME (2023), Photonic crystal fiber
(PhCF) for petrochemical sensing.
Front. Phys. 10:1097841.
doi: 10.3389/fphy.2022.1097841

COPYRIGHT

© 2023 Hossain, Kříž, Dhasarathan and
Rahaman. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Original Research
PUBLISHED 10 January 2023
DOI 10.3389/fphy.2022.1097841

https://www.frontiersin.org/articles/10.3389/fphy.2022.1097841/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1097841/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.1097841&domain=pdf&date_stamp=2023-01-10
mailto:ekhlaseceku@gmail.com
mailto:ekhlaseceku@gmail.com
https://doi.org/10.3389/fphy.2022.1097841
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.1097841


negligible confinement loss [13]. Podder et al. presented an Acid
sensor with a sensitivity of ≃63.5% [14]. Paul and his team reported
an Alcohol sensor where they achieved a sensitivity of ≃67.6% [15].
In the last few years, the researchers have found that this PhCF
sensor can perform much better if they are operated in terahertz
(THz) frequencies [16–21]. Sultana and her lab group presented a
THz sensor with a sensitivity of ≃68.9% and a confinement loss of
≃7.8 × 10−12 cm−1 [16]. Shafi and Sen suggested an octagonal-PhCF
sensor for analyte sensing, where they achieved a sensitivity of
≃77.1% [17]. Ahmed and his lab member reported a blood
component sensor with a sensitivity of ≃80.9% and a
confinement loss of ≃1.23 × 10−11 dB/m [18]. Islam et al.
brought forward another THz sensor with high sensitivity
(i.e., ≃85.7%) and negligible confinement loss (i.e., ≃1.7 ×
10−9 cm−1) [19]. Habib et al. also reported a hollow-core PhCF
sensor with a sensitivity of ≃89% [20]. Moreover, Karki and his
group reported an advanced SPR biosensor for detecting cancer
cells [22]. This group also presented another biosensor for
Hemoglobin detection [23]. Singh et al. suggested a fiber Bragg
grating sensor for Petrochemicals sensing [24].

Considering the necessity of Petrochemicals sensing, we have
presented a square-core PhCF sensor for petrochemical sensing.
The main objective of this work is to minimize the PhCF
fabrication complexity by creating similar (square) shape core and
cladding structures and to get better core power fraction and enhanced
relative sensitivity for pure fuel sample sensing.

2 Model

We consider an optical fiber with a diameter of 3 mm. The outer
layer is called perfectly matched layer (PML), usually ≃10% of fiber
radius. The centre hole is designed to put analyte through it and
there are 20 air holes with the same size of centre one. The air holes
(which are marked by white colour) guide the light through the
centre hole (core region, which is marked by red colour). The
length of each side of the square holes is 400 µm. The spacing
between any 2 consecutive holes (which is called strut size) is kept
same throughout the sensor geometry. However, we varied the strut
size and core-clad holes width to explore the PhCF sensor’s

performance. Petrochemicals (e.g., petrol, kerosene, and diesel)
are opted in this work as sensing analyte. We opt Zeonex as the
background (fiber) material, as Zeonex exhibits outstanding optical
properties (e.g., high optical transparency, high heat resistance,
strong resistance to acids, humidity intensive, and insignificant
material dispersion). Figure 1A shows cross-sectional view of the
PhCF sensor. Figure 1B depicts the meshing phenomenon that was
considered during the simulation, which is the segmentation of the
computational area into rectangular or triangular areas within a
finite number of dimensions. An increase in mesh density can
significantly improve light propagation towards the sensor, making
numerical analysis easier and sensor accuracy higher. In this
simulation, physics-controlled mesh and finer element size is
chosen. The complete mesh possesses 22246 domain elements
and 2246 boundary elements, where the number of degrees of
freedom solved for is 155907.

Up to now, various advanced techniques have been reported for
PhCF fabrication (e.g., sol-gel [25], drilling [26], extrusion [27], 3D-
printing [28], etc.). The sol-gel and drilling methods are potentially
capable to fabricate PhCF structures made of circular holes. In
contrast, extrusion and 3D-printing techniques can fabricate PhCF
models with square, rectangular, and elliptical holes. Since the
proposed petrochemical sensor made of square-shape holes,
extrusion and 3D-printing techniques can be used to fabricate this
PhCF sensor.

3 Methodology

The electromagnetic wave propagation characteristics through
optical media need to be analysed for both optical communication
and sensing applications. So far, various numerical tools have been
suggested in this purpose and these tools are based on several
computational methods (e.g., beam propagation method (BPM),
finite integration technique, full vectorial finite element method
(FV-FEM), etc.). Nevertheless, when compared to other approaches
FV-FEM is the best acceptable method because of its computational
efficiency [29]. Therefore, we used FV-FEM based commercially
available software to design and simulate this PhCF sensor. Once
the sensor structure is built, we select the materials (e.g., analyte

FIGURE 1
Cross-sectional view and meshing view of the PhCF sensor. (A) Cross-sectional details. (B) Meshing details.
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material, fiber material, cladding material, etc.) and choose mesh.
Here, physics-controlled mesh and finer element size is chosen. The
complete mesh possesses 22246 domain elements and 2246 boundary
elements, where the number of degrees of freedom solved for is
155907. Once mesh study is completed, we simulate the model for

a certain operating frequency. We can also run the system model for a
range of frequencies (e.g., 1.2 to 3.8 THz). In this case, Parametric
Sweep is used to simulate this model.

Nevertheless, in our work, we analyse diverse sensing properties
(e.g., relative sensitivity, core power fraction (CPF), confinement loss,

FIGURE 2
Relation of core power fraction with respect to core width and operating frequency. (A) Core power fraction vs. core width. (B) Core power fraction vs.
operating frequency.

FIGURE 3
Core power fraction for different petrochemicals. (A) Strut distance 15 μm. (B) Strut distance 10 μm. (C) Strut distance 5 μm.
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effective material loss (EML), effective area, non-linearity, etc.) of the
petrochemical sensor numerically. CPF (P) is the ratio between light
power through the core area and power injected in entire area of the
sensor and can be defined as [16, 18, 21].

P � ∫
core

Re ExHy −HxEy( )dxdy∫
all
Re ExHy −HxEy( )dxdy × 100% (1)

Relative sensitivity (R) determines the sensor’s efficiency to sense
petrochemicals. For a specific frequency, R expresses the level of light-
material (injected petrochemical) interaction and R is obtained as
follows [16, 18, 21].

R %( ) � nf
neff

× P (2)

where nf stand for refractive index (RI) of petrochemical (i.e., nf =
1.418 for petrol, nf = 1.44 for kerosene, and nf = 1.46 for diesel) [30],
and neff denotes effective RI.

Due to the non-perfect structure of PhCF or material impurities,
the useful light-power can leakage from core area to cladding area.
This light leakage is known as confinement loss (Lc) and can be
calculated as [16, 18, 21].

Lc cm−1( ) � 8.686 ×
2πf
c

( )Im neff( ) (3)

where Im[neff] indicates the imaginary part of effective RI.
EML (Leml) is an evaluation of THz light absorption by a substrate

material per unit length, which can be obtained as [16].

Leml �
			
∈0
μ0

√ ∫
mat

nmat αmat E| |2dA∫
all
SzdA

∣∣∣∣∣ ∣∣∣∣∣⎛⎝ ⎞⎠ (4)

where ∈0 and μ0 denote the permittivity and permeability in free space;
nmat and αmat denote the substrate material’s RI and the absorption
loss of bulk material; and Sz stands for the poynting vector.

The area that is enveloped by the fundamental mode field, is called
effective area (Aeff). Aeff is defined as [18, 19, 21].

EA µm2( ) � ∫I y( )ydy[ ]2∫I y( )2dy[ ]2 (5)

The power intensity within an optical fiber outlines the non-
linearity, which is a function ofAeff. The higher the power intensity the
lower the effective area; the higher the mode area the lower the non-
linearity (γ). Here γ is calculated as follows [31].

γ W−1km−1( ) � 2πf
c

×
n2
Aeff

(6)

where n2 denotes the non-linear coefficient of bulk material.

FIGURE 4
Effective RI vs. operating frequency. (A). Effective mode index. (B) Strut distance 15 μm. (C) Strut distance 10 μm. (D) Strut distance 5 μm.

Frontiers in Physics frontiersin.org04

Hossain et al. 10.3389/fphy.2022.1097841

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1097841


4 Results

In this work, we consider three fuels (e.g., pure petrol, kerosene,
and diesel) as the sensing analyte. Then simulation is accomplished for
a range of operating frequencies (i.e., 1.2 to 3.8 THz). First, we put

pure petrol through the PhCF sensor and then we change strut size to
explore various sensing properties (e.g., effective refractive index
(ERI), core power fraction (CPF), relative sensitivity, effective
material loss (EML), confinement loss, effective area, non-
linearity, etc.).

FIGURE 5
Sensitivity vs. operating frequency. (A)Core filled with Petrol at various strut. (B)Core filled with all petrochemicals at strut of 15 μm. (C)Core filled with all
petrochemicals at strut of 10 μm. (D) Core filled with all petrochemicals at strut of 5 μm.

FIGURE 6
(A) Confinement loss vs. operating frequency, (B) EML vs. operating frequency.
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Figure 2A shows CPF variation with core width variation when
core region is filled with pure petrol at frequency 3 THz. It is found
that CPF is potentially increasing with increasing core size up to
400 µm and then there is no significance increase in CPF. For this
reason, we fix the core width at 400 µm for rest of the analysis. Then we
varied the strut size to investigate the CPF variation for this sensor (see

Figure 2B. The lower the strut size the higher the CPF. We also varied
the operating frequency, and it is observed that the CPF values are
increasing with increasing frequencies.

Next, we explored the CPF profiles for other petrochemicals.
Figures 3A–C show CPF variation with petrochemical variation
when the strut size is 15 μm, 10 μm, 5 μm, respectively. The CPF

FIGURE 7
Effective Area vs. operating frequency.

FIGURE 8
Non-linearity vs. operating frequency.

TABLE 1 Comparison with previously reported works.

PhCF models Operating regions Sensitivity (%) Confinement loss EML Effective area

[9] 1.5 µm 23.75 5.5 × 10−5 cm−1 ——– ——–

[12] 1.3 µm 53.35 3.7 × 10−11 cm−1 ——– 3.93 µm2

[16] 1.0 THz 68.9 7.8 × 10−12 cm−1 .050 cm−1 ——–

[18] 1.5 THz 80.9 8.6 × 10−14 cm−1 ——– 1,55,000 μm2

[19] 1.6 THz 85.7 1.7 × 10−9 cm−1 ——– 69,800 μm2

This sensor 3.7 THz 97.0 1.32 × 10−14 cm−1 .0105 cm−1 90,600 μm2
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values are higher for a petrochemical with higher RI (e.g., diesel) and
vice-versa. Also, for all three fuels, the CPF values are significantly
increasing with increasing frequencies.

Figure 4A shows ERI variation with strut size variation when core
region is filled with pure petrol. The smaller the strut size the lower the
ERI. However, the ERI values are increasing with increasing
frequencies. Similarly, we explored the ERI profile variation for
other petrochemicals. Figures 4B–D show ERI variation with
petrochemical variation when the strut size is 15 μm, 10 μm, 5 μm,
respectively. The ERI values are higher for a fuel with higher RI (e.g.,
diesel) and vice-versa. Additionally, for all three petrochemicals, the
ERI values are increasing with increasing frequencies.

Figure 5A shows sensitivity variation with strut size variation when
core region is filled with pure petrol. The smaller the strut size the higher
the sensitivity. Also, the sensitivity values are increasing with increasing
frequencies. Then the relative sensitivity for other petrochemicals is also
explored. Figures 5B–D show sensitivity variation with fuel sample
variation. The sensitivity values are higher for a fuel with higher RI
(e.g., diesel) and vice-versa. For all three fuel samples, the sensitivity values
are significantly increasing with increasing frequencies. The sensitivity
values for petrol, kerosene, and diesel are 93.8%, 94.75%, and 95.4%when
strut is 15 μm; 96.35%, 96.75%, and 97.0% when strut is 10 μm; and
97.65%, 97.85%, and 97.98% when strut is 5 μm; respectively, at 3.7 THz.

Now, we fixed the strut size at 10 μm, and we study confinement loss,
EML, effective area, and non-linearity for this sensor. Figure 6A shows
confinement loss profiles, and the confinement loss values are lower for a
fuel with higher RI (e.g., diesel) and vice-versa. For all three
petrochemicals, the higher the operating frequency the lower the
confinement loss. The confinement loss values for diesel, kerosene,
and petrol are .55 × 10−14 cm−1, .8 × 10−14 cm−1, and 1.32 × 10−14 cm−1,
respectively, at 3.7 THz. Figure 6B shows EML profiles and the EML
values are lower for a petrochemical with lower RI (e.g., petrol) and vice-
versa. Also, for all three fuels, the higher the operating frequency the
higher the EML value. The EML values for petrol, kerosene, and diesel are
.0098 cm−1, .0102 cm−1, and .0105 cm−1, respectively, at 3.7 THz.

The effective area values are higher for a fuel with lower RI (e.g.,
petrol) for an operating frequency up to 2 THz and then it goes in
reverse way (as shown in Figure 7). For all petrochemicals, the higher
the operating frequency the lower the effective area. The effective area
values for petrol, kerosene, and diesel are 9.03 × 104 μm2, 9.05 ×
104 μm2, and 9.06 × 104 μm2, respectively, at 3.7 THz.

The non-linearity values are higher for a fuel with higher RI (e.g.,
diesel) for an operating frequency up to 2 THz and then it goes in
reverse way (as shown in Figure 8). Additionally, for all fuels, the
higher the operating frequency the higher the non-linearity value.

A comparative study reflects the significance of the current
research work and here we compare the sensing properties of this
PhCF petrochemical sensor with previously reported relevant works
(as shown in Table 1).

5 Conclusion

We present a square-core photonic crystal fiber (PhCF) for
petrochemical sensing. The sensor performance has been studied
numerically and the study has been accomplished in terahertz
(THz) frequencies (i.e., 1.2 to 3.8 THz). The petrochemical (e.g.,
pure petrol, kerosene, and diesel) is injected into the sensor and
different sensing properties have been analysed. This PhCF sensor
shows a relative sensitivity of around 97.0%, an effective material loss
of .0105 cm−1, and a confinement loss of 1.32 × 10−14 cm−1 at 3.7 THz.
Since this PhCF sensor made of square-shape holes, it can be
fabricated using extrusion and 3D-printing technologies.
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