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A B S T R A C T   

A photonic crystal fibre (PCF)-based sensor has been proposed and thoroughly investigated for the identification 
of blood components, including red blood cells, haemoglobin, white blood cells, plasma, and water. To evaluate 
the sensor’s sensing and propagation properties, a numerical analysis was performed using the COMSOL Mul
tiphysics software. The proposed sensor design features an octagonal core and two layers of cladding with 
octagonal and circular air holes. At the optimal wavelength of 7.0 μm, the extensive simulation results confirms 
that the proposed sensor achieves high relative sensitivity of 99.89%, 99.13%, 97.95%, 97.77%, and 96.68% for 
red blood cells, haemoglobin, white blood cells, plasma, and water, respectively. Furthermore, the design 
demonstrates favourable confinement loss, propagation constant, V-parameter, spot size, and beam divergence. 
Therefore, the proposed PCF-based sensor holds great promise not only for medical sensing applications but also 
for optical communications. Its advanced design and highly sensitive capabilities make it a valuable tool for a 
wide range of potential applications in the biomedical and telecommunications fields.   

1. Introduction 

Traditionally, optical fibres have been developed and used for tele
communication purposes. Due to technological advances, optical fibres 
have also been used as a tool for sensing applications, which was pro
vided by the improving fabrication techniques. Photonic Crystal Fibres 
(PCFs) have unique properties such as birefringence, dispersion, and 
confinement loss, which can be modified by adjusting the shape and 
diameter of air holes and pitch [1]. PCFs are robust under harsh con
ditions and have numerous potential applications such as optical 
communication [2], imaging [3], filters [4], and sensing applications 
[5]. Hollow core PCFs allow for strong light-analyte interaction, leading 
to new sensing applications such as refractive index sensing [6], tem
perature sensing [7], chemical sensing [8], gas sensing [9], magnetic 
field measurement [10], and blood component detection [11]. 

Human blood is made up of different components, among which are 
red blood cells (RBCs), white blood cells (WBCs), haemoglobin (HB), 
plasma, and water. The current detection of these components are by ion 
chromatography [12], using gold nanoparticles [13], and piezoelectric 
quartz crystals [14]; for the necessary diagnostic of thalassemia, he
mophilia, anemia, myeloma, and so on [15]. Hence, PCF-based 
biosensor has also been introduced to the application of sensing these 
various blood components. Singh and Kaur [16] proposed the first blood 

component sensor operating in the optical wavelength. The PCF follows 
the design of a circular ring core and four rings cladding air holes in a 
circular arrangement, thus, obtained relative sensitivities of 56.05%. 
53.72%, 66.46%, 54.04%, and 55.09% for RBCs, WBCs, haemoglobin, 
plasma, and water, respectively, at their optimal wavelength. Later, the 
same researchers [17] enhanced the PCF sensor design by increasing the 
core sensing ring by 0.6 μm and all cladding air holes by about 1.5 μm. 
However, the relative sensitivities for the blood component analytes 
showed no significant change with values of 55.83%, 58.05%, 62.72%, 
65.05%, and 66.47% for RBCs, haemoglobin, WBCs, plasma, and water, 
respectively. Islam et al. [18] have proposed a PCF-based sensor for the 
detection of plasma, which employs a microstructured benzene-shaped 
core and five layers of circular air holes in the cladding region. The 
performance was evaluated by analysing its relative sensitivity, 
confinement loss, effective area, and numerical aperture. At the opti
mum wavelength of 1.33 μm, the sensor achieved a high relative 
sensitivity of 77.84% for plasma detection. A group of researchers [19], 
then, introduced a porous core PCF with numerous core holes and five 
layers of circular cladding air holes. With emphasis on their complex 
design, a higher relative sensitivity results have been obtained: 80.93% 
for RBCs, 80.56% for WBCs, 80.13% for haemoglobin, 79.91% for 
plasma, and 79.39% for water. Additionally, Hossain and Podder [20] 
recommended a segmental PCF-based sensor for detection of blood 
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components. The design consists of a single rectangular core and six 
segments of air holes in the cladding region that enhances the relative 
sensitivities obtained. At the optimum parameter, the relative sensitiv
ities are 93.50%, 92.15%, 92.41%, 90.48%, and 89.14% for RBCs, 
WBCs, haemoglobin, plasma, and water, respectively. Another group of 
researchers [21] demonstrated a high relative sensitivity for blood 
component sensing using a PCF. The relative sensitivities are 96.19% for 
RBCs, 95.57% for WBCs, 95.89% for haemoglobin, 95.39% for plasma, 
and 95.01% for water, respectively, through a square core and four 
cladding air hole segments design. 

Despite the critical importance of accurate and efficient blood 
component detection in medical diagnosis and treatment, current 
sensing techniques suffer from limitations in sensitivity and specificity. 
This creates a significant need for the development of new, highly sen
sitive sensing methods that can accurately detect a range of blood 
components. The proposed research seeks to address this gap in 
knowledge by investigating the feasibility and performance of a novel 
PCF-based blood components sensor that offers high sensitivity. This 
paper presents a blood component PCF-sensor with a simpler design 
comprising a hollow octagonal core and two layers of cladding air holes. 
The proposed sensor exhibits significantly improved sensing capabilities 
in the optical wavelength range 2.5 μm to 7.0 μm. Numerical simulation 
of the design demonstrates that the proposed fibre can support excellent 
sensing capabilities under optimised conditions. Given that, the relative 
sensitivities obtained for all the blood components are above 96% and 
confinement losses of approximately lower than 10− 7 dB/m about the 
optimum wavelength. In addition, the proposed sensor functions as a 
single-mode fibre by determining the V-parameter that offers beneficial 
results of propagation constant, spot size, and beam divergence. 

This paper is organised as follows: Section 2 present the design, 
material used with its refractive index in the proposed PCF sensor for 
detecting blood components. Section 3 describes the numerical simu
lation methodology employed to evaluate the PCF design. Section 4 
presents the results of the study, including the relative sensitivity and 
confinement loss of the sensor for detecting red blood cells, haemoglo
bin, white blood cells, plasma, and water. In addition, the implications 
of these results and potential applications in medical sensing and optical 
communications are discussed. Finally, Section 5 provides a summary of 
the main findings and conclusions of the study. 

2. Design 

The overall diameter of the proposed blood component sensor in 
40.8 μm, and the cross-sectional design is shown in Fig. 1. A fully 
functional PCF sensor consists of core, cladding and the Perfectly 
Matched Layer (PML). The cladding incorporates two layers of air holes: 

octagonal hollow holes in the first ring and followed by circular hollow 
holes surrounding a single octagonal core hole. The core length l is 7.55 
μm and is infiltrated with the different blood components for sensing. 
The octagonal cladding holes in the first ring follows the core length l =
7.55 μm and circular air hole diameter d in the second ring is 7.6 μm. The 
PML is set to 10% of the total diameter to consider the loss properties in 
the fibre and the fabrication complexity. Blood contains various com
ponents that includes water, plasma, white blood cells, haemoglobin and 
red blood cells with refractive indices of 1.33, 1.35, 1.36, 1.38, and 1.40, 
respectively [21]. The background material is fused silica and its 
refractive index of fused silica is determined by Sellmeier equation 
[22,23]: 

n2 = 1+
0.69617λ2

λ2 − 0.06842
+

0.40794λ2

λ2 − 0.116242
+

0.89748λ2

λ2 − 9.896162
(1)  

where, λ is the operating wavelength. 
Fabrications of PCFs has evolved throughout the years and different 

techniques has been introduced to ease the process of manufacture such 
as stacking, extrusion, 3D printing and many more [24–28]. For the 
fabrication of PCFs with octagonal core and cladding holes, the ultra- 
simplified single-step 3D printing technique is recommended, as sug
gested by Cordeiro et al. [29]. 

3. Methodology 

This study employs the full vector Finite Element Method (FEM) with 
a Perfectly Matched Layer (PML) boundary, which is the most effective 
numerical approaches for engineering design simulation. This PML 
boundary conditions provides efficient method for evaluating the 
propagation properties of leaky modes in PCFs that allows evaluation in 
a single run. 

The operating wavelength range for this study is between 2.5 and 
7.0 μm, which covers the medium and long wave infrared (IR) region. To 
determine the results of the blood components sensor, the main mea
surement metric of the PCF-based sensors is the evaluation of the rela
tive sensitivity. However, to deduce overall performance of the sensor, 
other optical properties are computed that includes confinement loss, 
chromatic dispersion, propagation constant, and V-parameter. 

Relative sensitivity S represents the interaction between the light 
intensity and sensing analyte. [8,30,31]: 

S =
nr

Re
(
neff

)×P (2)  

where, nr is the refractive index of the test analyte, Re(neff) is the real 
part of the effective refractive index, and P is the power fraction. 

Power fraction P is the ratio between the power flowing through the 
sample in the core to the power over the total structure of the fibre. The 
power ratio is given by [8,31,32]: 

P =
(sample)

∫
Re

(
ExHy − EyHx

)
dxdy

(total)
∫

Re
(
ExHy − EyHx

)
dxdy

× 100 (3)  

where, E and H are the electric fields and magnetic fields, respectively, 
and the x and y subscripts represent the polarisation of these fields in x- 
and y-directions. 

Electromagnetic waves in the waveguide of the fibre are prone to 
leak into the surrounding structure and confinement loss is the term for 
this loss of light signal. Confinement loss L is the measure of leakage of 
light, and it is defined as [33–35]: 

L =
40π

ln(10)λ
Im

(
neff

)
× 106 (4)  

where, Im(neff) is the imaginary part of the effective refractive index and 
λ is the operating wavelength. 

Propagation constant β occurs for any electromagnetic signal and it is 

Fig. 1. Cross-sectional architecture of the proposed blood components sensor.  
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the variation of the amplitude spreads in a given direction [36]: 

β = neff
2π
λ

(5) 

V-parameter V is the single-more propagation parameter to deduce 
whether the fibre is subjected to multimodal distortions, and it is defined 
as [37–39]: 

V =
2π
λ

R
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

n2
co − n2

cl

√

(6)  

where, R is the radius of the core, and nco and ncl are the refractive index 
of core and cladding, respectively. 

Spot size Weff is the radius of the optical signal around the core of the 
fibre that can be determined using the Marcuse equation [40–42]: 

Weff = R×

(

0.65+
1.619

V 3
2

+
2.879

V6

)

(7) 

Beam divergence θ quantifies the light beam quality and measures 
the angle of spreading of light beam around the core of the fibre, which 
is calculated in radians by [40,41,43]: 

θradian = tan− 1
(

λ
πWeff

)

(8) 

However, to determine the beam divergence θ in degrees, it can be 
found by [40,41,43]: 

θdegree = θradian ×

(
180
π

)

(9)  

4. Results and discussions 

Several optical parameters have been considered in the analysis of 
the proposed PCF for the use in blood components (RBCs, HB, WBCs, 

Fig. 2. Mode profile of (a) red blood cells (b) haemoglobin (c) white blood cells (d) plasma (e) water in the proposed sensor at λ = 7.0 μm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Effective refractive index of the blood components sensor at different 
operating wavelength. 

Fig. 4. Power fraction of the blood components sensor at different oper
ating wavelength. 

Fig. 5. Relative sensitivity of the blood components sensor at different oper
ating wavelength. 
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plasma, and water) sensor including effective refractive index, power 
fraction, relative sensitivity, confinement loss, propagation constant, V- 
parameter, spot size, and beam divergence. Fig. 2 displays the mode 
distribution profile of the test analytes within the core of the fibre at 
operating wavelength of 7.0 μm. 

Effective refractive index is obtained through the COMSOL software 
and the results for the test analytes are shown in Fig. 3. The effective 
refractive indices of these blood components rely significantly on their 
respective refractive index; refractive index of RBCs is the highest, fol
lowed by HB, WBCs, plasma, and water. As seen from the figure, 
effective refractive index of the analytes decreases as wavelength in
creases from 2.5 to 7.0 μm. 

Power fraction results of the sensing analytes in the proposed PCF is 
presented in Fig. 4. The power fractions of the different blood compo
nents (RBCs, HB, WBCs, plasma, and water) follow a similar trend to one 
another that increases initially to a maximum percentage, respective to 
the analyte, and decreases consequently with the increase of operating 
wavelength. These results are then used to compute the relative 
sensitivities. 

Relative sensitivity measures the interaction of optical light with the 
sensing analytes and the results for sensing RBCs, HB, WBCs, plasma, 
and water are shown in Fig. 5. Based on Eq. (2), relative sensitivity re
lates to the results of effective refractive index and power fraction, thus, 
corresponding trend is seen in the figure. In the earlier operating 
wavelength range, relative sensitivity of the blood components increases 
initially, and subsequently decreases as wavelength further increase. 
The obtained high relative sensitivity results are attributed to the larger 
dimension of the core hole. The larger size of the core hole facilitates 
greater infiltration of analytes into the fibre and results in enhanced 
light-analyte interaction, thus leading to higher relative sensitivity. The 
optimum wavelength of this study is defined at λ = 7.0 μm, as the 
highest relative sensitives are obtained at this wavelength. Therefore, at 
the optimum operating wavelength, the obtained relative sensitivities 
are 99.89% for RBC, 99.13% for HB, 97.95% for WBCs, 97.77% for 
plasma, and 96.68% for water. 

Light signal tends to escape from the core of the fibre with respect to 
the wavelength, and this loss in light intensity is referred to as 
confinement loss. This condition aligns with the phenomenon shown in 
Fig. 6, which demonstrates the outcome of confinement loss of the 
sensing analytes in correspond to the operating wavelength. In the 
increasing set range of wavelength, the confinement losses increase for 
the blood components. Additionally, the relationship between the 

refractive index of the test analyte and the confinement loss can be 
observed, where a higher refractive index of the analytes results in lower 
confinement loss. This is due to the refractive index difference between 
the core and cladding, which leads to better light confinement in the 
core of the fibre. At 7.0 μm optimal wavelength, the confinement losses 
of 2.56 × 10− 9 dB/m for RBCs, 6.74 × 10− 9 dB/m for HB, 1.46 × 10− 8 

dB/m for WBCs, 3.51 × 10− 8 dB/m for plasma, and 1.33 × 10− 7 dB/m 
for water are dB/m, respectively. 

The graphical representation of propagation constant against oper
ating wavelength 2.5 μm to 7.0 μm is shown in Fig. 7. Propagation 
constant of the proposed PCF reduces gradually when the operating 
wavelength increases. In other words, a low propagation constant is 
achieved at a high wavelength. This characteristic is desirable in optical 
fibres, as a lower propagation constant indicates that the light signal can 
travel over longer distances with minimal attenuation and loss. 
Furthermore, this feature can also enhance the relative sensitivity of the 
PCF sensor, making it a preferred choice in various sensing and 
communication applications. Notably, the results of the different blood 

Fig. 6. Confinement loss of the blood components sensor at different oper
ating wavelength. 

Fig. 7. Propagation constant of the blood components sensor at different 
operating wavelength. 

Fig. 8. V-parameter of the blood components sensor at different oper
ating wavelength. 
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components are close together, and at the operating wavelength of 7.0 
μm, the propagation constants are 1.156 × 106 rad/m for RBCs, 1.139 ×
106 rad/m for HB, 1.122 × 106 rad/m for WBCs, 1.113 × 106 rad/m for 
plasma, and 1.097 × 106 rad/m for water. 

V-parameter determines whether the proposed fibre operates as a 

single-mode or multi-mode fibre. Fig. 8 presents the results of V- 
parameter for the infiltrated blood component analytes corresponding to 
the operating optical wavelength. The V-parameter reduces gradually as 
the wavelength increases; this acts in accordance to the difference of 
refractive index between the core and cladding decreases with 
increasing wavelength. Veff should be less than or equal to 2.405 to 
deduce to be a single-mode fibre [37]. Hence, the proposed design 
operates as a single-mode fibre throughout the set operating 
wavelength. 

From Eq. (7), the V-parameter can quantify the spot size. The rela
tionship between spot size of the proposed sensor for the blood com
ponents and operating wavelength is shown in Fig. 9. Profoundly, the 
spot sizes of the test analytes drastically decrease at earlier wavelength 
and subsequently decreases gradually as the wavelength further in
creases. It can be seen that higher refractive index analyte produces 
smaller spot size. A smaller spot size is beneficial as it results in better 
resolution and higher sensitivity in sensing applications. This is because 
a smaller spot size allows for tighter focusing of the light, which can 
interact more extensively with the entirety of the analyte in the core. 
Consequently, smaller spot size can lead to more precise and accurate 
measurements. At optimum wavelength of 7.0 μm, the spot size for 
RBCs, HB, WBCs, plasma, and water are 5.13 μm, 5.19 μm, 5.28 μm, 
5.29 μm, and 5.36 μm, respectively. 

Referring to Eq. (8), beam divergence of the proposed PCF can be 
deduced from the spot size. Fig. 10 represents the beam divergence (in 
degrees) of each test analytes against operating wavelength, which 
demonstrates an increasing trend. With increasing wavelength from 2.5 
to 7.0 μm, the beam divergences increase, where it profoundly follows 
the respective refractive indices; RBCs has the highest angle divergence 
and water has the smallest. All the values are less than 25◦, indicating 
small divergence of the optical beam. This is a favourable behaviour for 
analyte sensing, as it implies that the light remains focused and confined 
over a longer distance, resulting in better sensitivity of the PCF sensor. 
Furthermore, a small beam divergence can also lead to improved 
transmission efficiency, as light can travel with less loss. The results of 
beam divergence in degrees are 23.48◦ for RBCs, 23.25◦ for HB, 22.88◦

for WBCs, 22.86◦ for plasma, and 22.56◦ for water, at wavelength λ =
7.0 μm. 

Table 1 presents a detailed comparison table on important results 
between the proposed PCF and prior studies. In the following table, it 
confirms that the proposed sensor is better than the previously reported 
studies. 

5. Conclusion 

A highly sensitive, simple, photonic crystal fibre (PCF)-based blood 
components sensor has been developed. This sensor is capable of 
detecting red blood cells, haemoglobin, white blood cells, plasma, and 
water. The sensor design employs a two-layer cladding structure with 
octagonal holes in the first ring and circular holes in the second ring, 
along with a single octagonal core hole. The design was analysed 
numerically on COMSOL Multiphysics using finite element method 

Fig. 9. Spot size of the blood components sensor at different oper
ating wavelength. 

Fig. 10. Beam divergence of the blood components sensor at different oper
ating wavelength. 

Table 1 
Comparison table on proposed PCF against prior PCFs at optimum wavelength.  

References Design Relative Sensitivity (%) 

Core Cladding RBCs HB WBCs Plasma Water 

Ref. [16] Circular hollow ring Circular air holes in 4 rings 56.05 66.47 53.72 54.04 55.09 
Ref. [17] Circular hollow ring Circular air holes in 4 rings 55.83 58.05 62.72 65.05 66.47 
Ref. [18] Benzene-shaped core Circular air holes in 5 rings – – – 77.84 – 
Ref. [19] Porous core Circular air holes in 5 rings 80.93 80.56 80.13 79.91 79.39 
Ref. [20] Rectangular hollow hole 6 hollow cladding segments 93.50 92.41 92.25 90.48 89.14 
Ref. [21] Square hollow hole 4 hollow cladding segments 96.19 95.89 95.57 95.39 95.01 
Proposed 

PCF 
Octagonal hollow hole Octagonal and circular air holes in 2 rings 99.89 99.13 97.95 97.77 96.68  
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(FEM) simulation techniques. 
The PCF sensor functions as a single-mode fibre and exhibits 

favourable results for relative sensitivity, confinement loss, propagation 
constant, V-parameter, spot size, and beam divergence. At the optimum 
wavelength of 7.0 μm, the sensor demonstrates high relative sensitivities 
of 99.89% for RBC, 99.13% for HB, 97.95% for WBCs, 97.77% for 
plasma, and 96.68% for water. These findings showcase the sensor’s 
capabilities in detecting blood components and highlight its potential 
for medical sensing applications. Moreover, the sensor’s favourable re
sults for confinement loss, propagation constant, spot size, and beam 
divergence indicate that it may have potential applications in optical 
communications. 
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