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A B S T R A C T   

A microstructure alcohol biosensor has been proposed to operate in the wavelength range of 0.8 to 2.0 µm for the 
sensing of propanol, butanol, and pentanol, unveiling impressive results of relative sensitivity and confinement 
loss. The results are achieved by implementing closely arranged cladding air holes of 3 rings with a single 
elliptical core hole for analyte infiltration. Performance evaluation of the sensor was conducted using COMSOL 
Multiphysics software and yields relative sensitivity of 96.75%, 89.60%, and 82.02% for propanol, butanol, and 
pentanol, respectively, and confinement losses of 5.49 × 10− 12 dB/m for propanol, 1.98 × 10− 12 dB/m for 
butanol, and 9.36 × 10− 13 dB/m for pentanol. Other optical parameters have also been analysed that recorded 
effective refractive index, high power fraction, low birefringence, small effective area, and large nonlinear co-
efficients. The proposed biosensor is eligible for practical application in alcohol sensing with these results. 
Moreover, this proposed biosensor is suitable as a supercontinuum source in optical communication systems 
because of the high nonlinear coefficients.   

1. Introduction 

Optical fibres have profoundly progressed since the introduction of 
lasers in the 90s (Kadhum Hisham, 2018). With the advancement of 
technologies, optical fibres have been developed to improve the quality 
of life and further enhance the standard of living through the different 
fields of communication, illumination, optical imaging, sensors and 
many more (Yang et al., 2019). Photonic Crystal Fibres (PCFs) are the 
type of optical fibre constructed of microscopic air holes in glass in most 
situations, and it is the most favoured optical fibre (Knight et al., 1998). 
Recently, PCFs have been widely employed in sensing applications due 
to their reliability in light-analyte interaction depending on the refrac-
tive indices of the analytes tested. In terms of sensing applications, PCFs 
have been utilised in measuring strain, vibration, temperature, chem-
icals, pressure, torsion, current, displacement, voltage and bending 
(Mescia and Prudenzano, 2013). Compared to the conventional optical 
fibres, it benefits in possessing better light confinement, versatility in 
terms of their birefringence and dispersion, precise sensing, and the 
implementation of a single-mode for light propagation (Vishwakarma 
et al., 2017). Generally, the background material of PCFs is manufac-
tured of glass, which ranges from pure silica, BK7, Zeonex, and many 

more. There are many types of core designs implemented nowadays; 
however, the primary core designs are solid-core PCFs and hollow-core 
PCFs (De et al., 2019). Both structures can be applied depending on the 
requirements and nature of the experiment. Henceforth, multiple ad-
vancements have been researched and integrated into photonic crystal 
fibres. 

A group of researchers (Asaduzzaman et al., 2015) investigated an 
alcohol PCF sensor of elaborative design that includes 3 rings cladding 
air holes of circular dimension and 11 core holes arranged hexagonally 
to detect ethanol and propanol. While the fibre exhibits a complex 
structure, the sensor only yields a low relative sensitivity of 25.03% but 
a low confinement loss of about 10− 12 dB/m, obtained at 0.8 µm oper-
ating wavelength. Next, a Surface Plasmon Resonance (SPR)-based 
photonic sensor was introduced by Ahmed et al. (2019) to detect various 
alcohols, primarily propanol, butanol, and pentanol. The SPR alcohol 
sensor depicts relative sensitivities of 41.29% for propanol, 41.30% for 
butanol, and 41.32% for pentanol, at the wavelength of 1.5 µm, and no 
confinement losses have been recorded. Such low relative sensitivity 
was determined by a sensor design of 17 hollow holes arranged in an ‘X’ 
pattern and an analyte infiltrated ring situated at the exterior of the 
cladding, which is considered difficult to fabricate. Additionally, a 
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similar group of researchers (Ahmed et al., 2017) introduced 2 different 
fibre core designs for alcohol sensing for the selective analyte: propanol, 
butanol, and pentanol. The initial core design comprises 19 elliptical 
hollow holes for analyte infiltration that, at 1.5 µm operating wave-
length, achieved relative sensitivities of 58.17%, 58.74%, and 59.29% 
for propanol, butanol, and pentanol, respectively, and about 10− 10 dB/ 
m for confinement losses for the test analytes. On the other hand, the 
latter design is consisting of 19 circular core holes that depict little bit 
better relative sensitivities of 65.95% for propanol, 66.35% for butanol, 
and 66.73% for pentanol, and confinement losses in the order of 10− 10 

dB/m for all the alcohol analytes. This data is obtained at the same 
optimum wavelength of 1.5 µm. With the consideration of numerous 
core holes imposed, the production of the PCF structure shall bear 
fabrication difficulties. Then, Paul et al. (2017) recommended a 5 cir-
cular air hole layers arranged octagonally and a core design of 2 circular 
hollow hole rings as a porous core alcohol sensor for the selective 
detection of propanol, butanol, and pentanol. The assessed relative 
sensitivities for such design are 65.44%, 66.02%, and 66.39% for 
propanol, butanol, and pentanol, respectively, and confinement losses 
about 10− 6 dB/m for propanol, 10− 10 dB/m for butanol, and 10− 9 dB/m 
for pentanol. These data are obtained at an optimum wavelength of 0.8 
µm. Lastly, different researchers (Habib et al., 2021) assessed high 
relative sensitivities of 80.74% for propanol and 84.34% for butanol 
with low confinement losses of about 10− 10 to 10− 11 dB/m for both 
analytes, at 1.1 operating wavelength. The suggested PCF sensor design 
incorporated 5 layers cladding air hole in a hexagonal lattice and 1 large 
circular chore hole. On the contrary in the inclusion of 5 cladding rings 
in these designs, the photonic fibre sensors are prone to fabrication 
difficulties and may result in variation from the optimal results. 

In the previous studies (Asaduzzaman et al., 2015; Ahmed et al., 
2019; Ahmed et al., 2017; Paul et al., 2017; Habib et al., 2021), the form, 
orientation, and arrangement of the fibre design have impacted the 
performance of optical properties. Thus, this study has administered a 
straightforward fibre design incorporating a hollow elliptical core hole 
with 3 cladding rings of octagonal air holes in the innermost layer and 
followed by 2 circular air holes and evaluated the different optical 
properties: effective refractive index, birefringence, power fraction, 
relative sensitivity, confinement loss, effective area, and nonlinear 

coefficients. Notably, the assessed results of the proposed microstructure 
PCF have proven its applicability in alcohol sensing through its high 
relative sensitivities and low confinement losses at the optimum 
wavelength. 

2. Design 

The proposed microstructure of the PCF biosensor is a simple yet 
effective design that features an elliptical core hole surrounded by three 
layers of cladding air holes. The elliptical hole, located at the centre of 
the fibre, allows for selective sensing of propanol, butanol, and pentanol. 
The cladding air holes, arranged in a hexagonal lattice, consist of inner 
octagonal air holes in the first layer and circular air holes in the 
remaining layers, functioning to reduce loss from the core of the fibre by 
closely arranging and reducing the refractive index of the cladding re-
gion. To prevent stray light from reflecting into the cladding region, the 
Perfectly Matched Layer (PML) is imposed at the outermost structure of 
the PCF. The PML of the study was set to 10% of the total fibre diameter, 
which is a widely accepted value in the literature for similar PCF 
structures (Islam et al., 2019; Ahmed et al., 2017). This decision was also 
based on a review of literature (Rahaman et al., 2020) that indicates 
varying the PML does not significantly affect the performance of the PCF 
sensor. The proposed PCF sensor design for alcohol detection is shown in 
Fig. 1. 

The dimensions of the proposed PCF design have been meticulously 
selected through optimization techniques to enhance performance, sta-
bility, and fabrication compatibility. The pitch distance can be described 
as the distance of the centre of one cladding air hole to the centre of its 
adjacent air hole, which was initially set to 5 µm, followed by fixing the 
desired Air-Filling Fraction (AFF) value of 0.97, ultimately resulting in 
the derivation of the diameter dimension da = 4.85 µm. This approach 
was carefully taken to ensure that the proposed design meets the 
necessary requirements for its intended application. 

The elliptical core hole has a major axis with a diameter da = 4.85 
µm, whereas the minor axis db = 4.3 µm. As shown in Fig. 1, the cladding 
region is composed of 37 cladding air holes arranged in 3 layers with a 
hexagonal lattice that has an octagonal length l = 4.8 µm. With that, the 
distance between one cladding air hole to another becomes more 

Fig. 1. The architecture of the proposed alcohol sensor.  
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packed, which gives rise to better sensing accuracy and lower loss of 
light. 

In consideration of the elaborate manufacturing process involved in 
fabricating optical fibres, this proposed design is considered simple due 
to its core design and minimal cladding air holes. Fabrication of this 
design can be feasibly accomplished using various techniques, including 
sol–gel (El Hamzaoui et al., 2012), extrusion (Ghazanfari et al., 2017), 
stack-and-draw (Murphy et al., 2022), and 3D printing (Talataisong 
et al., 2018). One specific example of the fabrication method for this 
design is 3D printing, as demonstrated by a previous study (Bertoncini 
and Liberale, 2020). The specified dimensions of diameter da and db can 
be accurately achieved using this method, making it a promising 
approach for fabricating this type of PCF structure. 

3. Methodology 

The COMSOL Multiphysics version 5.6 software that is based on the 
full vector Finite Element Method (FEM) was used to investigate the 
operation of the proposed microstructure PCF. This approach was used 
to construct mesh analysis from the derivation of Maxwell’s equation, 
resulting in 28,655 mesh vertices, 56,764 triangular elements, 3,619 
edge elements, and 180 vertex elements. Fig. 2 shows the meshing of the 
proposed PCF design in the mode solver software, applying a fine mesh 
setting. 

Three test analytes were selected: propanol, butanol, and pentanol 
for the proposed alcohol sensing. For all the alcohol analytes, a set range 
of operating wavelengths from 0.8 to 2.0 µm was used. With increasing 
wavelengths, the appropriate refractive indices are shown in Fig. 3 
below. 

Effective refractive index, birefringence, power fraction, relative 
sensitivity, confinement loss, effective area, and nonlinear coefficient 
are the optical parameters to be evaluated to determine the potential 
and reliability of the proposed microstructure PCF design in practical 
implementations. 

With light interaction between the background material and analyte, 
the effective refractive index neff of the fibre structure is defined as 
(Akowuah et al., 2012): 

neff(λ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
A1λ2

λ2 − B1
+

A2λ2

λ2 − B2
+

A3λ2

λ2 − B3

√

(1)  

where λ is the operating wavelength, B(i=1,2,3) and C(i=1,2,3) are co-
efficients of that material. 

Birefringence measures the difference in effective refractive indices 
of both x- and y-polarisation of light (Arif et al., 2019; Yakasai et al., 
2019; Agbemabiese and Akowuah, 2020): 

B =

⃒
⃒
⃒nx

eff − ny
eff

⃒
⃒
⃒ (2) 

Power fraction F is the measure of the power transmitting through 
the core with respect to the total fibre dimension, and is determined by 
Yakasai et al. (2019), Podder et al. (2018), Maidi et al. (2021): 

F =
(sample)

∫
Re

(
ExHy − EyHx

)
dxdy

(total)
∫

Re
(
ExHy − EyHx

)
dxdy

× 100 (3)  

where Ex, Ey and Hx, Hy are the transverse electric field and magnetic 
field in the x- and y-plane, respectively. 

Relative sensitivity R is the sensing capabilities of the waveguide and 
the quantification of light-analyte interaction, which is defined by 
Yakasai et al. (2019), Islam et al. (2018), Maidi et al. (2022): 

R =
nr

neff
× F (4)  

where nr is the refractive index of the test analytes: propanol, butanol 
and pentanol. 

Confinement loss L is the evaluation of the tendency of light escaping 
from the core region to the surrounding structure. It can be quantified by 
Bai et al. (2018), Maji and Roy Chaudhuri (2013): 

L =
40π

ln(10)λ
Im

[
neff

]
× 106 (5)  

where Im(neff) is the imaginary part of the effective mode index. 
Effective area Aeff represents the cross-sectional area of the PCF in 

transverse dimensions and is computed by Jia et al. (2018), Yakasai et al. 
(2019), Kaijage et al. (2013), Begum and Abas (2018), Begum et al. 
(2009): 

Aeff =

( ∫∞
− ∞

∫∞
− ∞ |E|2dxdy

)2

∫∞
− ∞

∫∞
− ∞ |E|4dxdy

(6) 

Fig. 2. Mesh diagram of the proposed PCF sensor for alcohol sensing.  

Fig. 3. Refractive indices of propanol, butanol and pentanol against wave-
length from 0.8 to 2.0 µm. 
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where E is the transverse electric fields of the guided mode. 
The nonlinear coefficient demonstrates the nonlinearity of light 

interaction with the optical material and is found by Begum and Abas 
(2018), Kabir et al. (2020), Hossain et al. (2018), Kumar et al. (2020): 

γ =

(
2π
λ

)(
n2

Aeff

)

(7)  

where λ is the operating wavelength and n2 is the non-linear refractive 
index. 

4. Results and discussion 

For each of the analytes, the suggested microstructure PCF sensor 
was examined to acquire numerical results for optical parameters of 
effective refractive index, birefringence, power fraction, relative sensi-
tivity, confinement loss, effective area, and nonlinear coefficient. The 

mode profile of the proposed PCF alcohol sensor for propanol, butanol, 
pentanol at the optimum wavelength is shown in Fig. 4, in both x- and y- 
polarisation. 

Fig. 5 shows the results of effective refractive index in x- and y- 
polarisation of the test analytes in relation to operating wavelength from 
0.8 to 2.0 µm. It can be observed that as wavelength rises, the effective 
refractive indices for all test analytes decrease gradually. In addition, 
when compared among the selective test analytes, pentanol has the 
highest effective refractive index than butanol and propanol. This is due 
to the high refractive index of pentanol, then followed by butanol and 
propanol. Furthermore, the following optical properties are obtained for 
x-polarisation only, as the effective refractive index difference between 
x- and y-polarisation is almost negligible. 

The propagation of light within the core of the fibre is dependent on 
the shape of the core hole, as well as the refractive indices of the 
background material and test analyte. Due to the asymmetrical dimen-
sion of the core hole, light can be directed in different directions, which 
is known as the polarisation of light. The difference between the axes of 

Fig. 4. Mode profile of the proposed PCF alcohol sensor in x- and y-polarisation for (a) propanol (b) butanol (c) pentanol at 0.8 µm operating wavelength.  

Fig. 5. Results of the effective refractive index of the alcohol test analytes for 
the proposed microstructure PCF against operating wavelength from 0.8 to 
2.0 µm. 

Fig. 6. Results of birefringence of the alcohol test analytes for the proposed 
microstructure PCF against operating wavelength from 0.8 to 2.0 µm. 
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light polarisation determines the birefringence of the proposed fibre 
design. Fig. 6 presents the low results of birefringence for the selective 
test analytes with respect to the wavelengths. For the respective analyte, 
a similar trend is observed, the birefringence increases at earlier wave-
lengths, subsequently decreases, and further increases with the increases 
in wavelength. As the variation range of the birefringence is very small, 
between 0.0001 and 0.002, it can be considered that the polarisation of 
light within the core region is negligible. 

Fig. 7 displays the power fraction of the proposed microstructure PCF 
for propanol, butanol, and pentanol with respect to wavelength. The 
power fraction for all the 3 analytes decreases drastically at the earlier 
operating wavelength and subsequently increases slightly at approxi-
mately 1.0 µm wavelength, then decreases as the operating wavelength 
increases further. This outcome inferred that most powers are trans-
mitting at the earlier wavelength and develop into a non-uniform 
behaviour. As the highest value of power fraction is achieved at 0.8 
µm wavelength, it is marked as the optimum operating wavelength. At 
this wavelength, the depicted power fractions are 96.37%, 89.19%, and 

81.54% for propanol, butanol, and pentanol, respectively. 
Relative sensitivity depends on effective refractive index and power 

fraction. Thus, the relative sensitivity result of the proposed micro-
structure PCF against operating wavelength is presented in Fig. 8. As a 
similar trend to power fraction, the relative sensitivity decreases initially 
up to about 1.0 µm and gradually increases then decreases as the 
wavelength increases from 1.0 to 2.0 µm. The relative sensitivities of 
propanol, butanol, and pentanol at the 0.8 µm operating wavelength 
have been recorded to be 96.75%, 89.60%, and 82.02% for propanol, 
butanol, and pentanol, respectively. 

Generally, for the selective test analytes, a portion of the light will 
progressively leak out of the core hole into the surrounding fibre region. 
This trend is seen in Fig. 9 which shows the confinement loss of prop-
anol, butanol, and pentanol for the proposed sensor at operating 
wavelengths from 0.8 to 2.0 µm. The increasing trend of confinement 
losses of the test analytes arises due to the tendency of light signals to 
escape the waveguide as wavelength increases. At the wavelength of 0.8 
µm, the proposed microstructure PCF deduced confinement losses of 
5.49 × 10− 12 dB/m for propanol, 1.98 × 10− 12 dB/m for butanol, and 

Fig. 7. Results of power fraction of the alcohol test analytes for the proposed 
microstructure PCF against operating wavelength from 0.8 to 2.0 µm. 

Fig. 8. Results of the relative sensitivity of the alcohol test analytes for the 
proposed microstructure PCF against operating wavelength from 0.8 to 2.0 µm. 

Fig. 9. Results of confinement loss of the alcohol test analytes for the proposed 
microstructure PCF against operating wavelength from 0.8 to 2.0 µm. 

Fig. 10. Results of effective area of the alcohol test analytes for the proposed 
microstructure PCF against operating wavelength from 0.8 to 2.0 µm. 
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9.36 × 10− 13 dB/m for pentanol. 
Fig. 10 represents the effective area of the proposed fibre with 

respect to operating wavelength. It can be seen from the graph, the 
effective area of propanol, butanol, and pentanol increases exponen-
tially with the increases in wavelength. This is due to the phenomenon 
that the smaller wavelength utilises the small waveguide space while 
propagating through the core than the higher wavelengths. Propanol, 
butanol, and pentanol in the proposed microstructure PCF produce 
effective areas of 0.0320 µm2, 0.0257 µm2, and 0.0209 µm2, respec-
tively, at the optimum wavelength of 0.8 µm. 

Fig. 11 shows the graphical illustration of the nonlinear coefficient 
results against operating wavelength. The nonlinear coefficients of 
propanol, butanol, and pentanol decrease exponentially as the wave-
length increases from 0.8 to 2.0 µm. This trend of the nonlinear coeffi-
cient is distinguished due to the opposing nature to the effective area. 
The nonlinear coefficients of propanol, butanol, and pentanol yield 
7857 W− 1km− 1, 9794 W− 1km− 1, and 12030 W− 1km− 1, respectively. 

The performance of the proposed sensor is remarkable and suitable 

for sensing application; thus, Table 1 compares the recorded results to 
previous studies on PCF alcohol sensors that involves alcohol test ana-
lytes. As indicated in Table 1, the proposed PCF design achieved relative 
sensitivities of 96.75%, 89.60%, and 82.02% for detecting propanol, 
butanol, and pentanol, respectively, which are higher than those re-
ported in previous studies. Additionally, the confinement loss of the 
proposed PCF sensor is lower than that of the referenced studies. 

Therefore, the proposed PCF sensor has exhibited remarkable 
sensing performance and is well-suited for sensing applications, out-
performing prior PCF sensors in terms of sensitivity and confinement 
loss. 

5. Conclusion 

A straightforward microstructure PCF design has been proposed and 
simulated through the COMSOL Multiphysics software for analyte 
sensing evaluation. The background material is defined to be fused silica 
and selective test analytes of propanol, butanol, and pentanol, operating 
in the lower wavelength range from 0.8 to 2.0 µm. Based on the regular 
structure of a single elliptical core and 3 cladding air hole rings, the 
proposed microstructure PCF biosensor has determined the best per-
formance for alcohol sensing among previously suggested PCF sensors. 
At the optimal wavelength of 0.8 µm, the high depicted relative sensi-
tivities result of 96.75% for propanol, 89.60% for butanol, and 82.02%, 
confinement losses order for 10− 12 to 10− 13 dB/m for these analytes, and 
other assessed optical properties, the fibre architecture is not limited to 
sensing applications only but also optical communications, imaging and 
illumination. 
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