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ARTICLE INFO ABSTRACT

Keywords: A proposal has been made to identify tuberculosis cells using a novel compact sensor based on photonic crystal
Biosensor fiber: PCF in accordance with hexagonal spectroscopy. This proposed structure, which consists of a closely
Tuberculosis packed hexagonal air hole in the cladding region and a hollow-core area, possesses a very low loss of 6.30 x
?::;Eg?ip’;"de] 1078 dB/m and an exceptionally high sensitivity of up to 91.75 % (tuberculosis cell for 1.345). Numerous optical

parameters have been identified and assessed, comprised of the numerical aperture, the V-parameter, or
normalized frequency (Veg), and the effective area (Aeg). The operational wavelength range is defined as
0.80-3.0 THz. The numerical investigation of the properties of the proposed TB sensors is performed within the
environment of COMSOL Multiphysics (Version 5.3) using FV-FEM stands for the full vector finite element
method. PCF sensors composed of hexagonal lattice in a circular form with ZEONEX as the backdrop material is
intended to boost the sensitivity response in comparison to the earlier works. Additionally, the sensor that is
being displayed achieves a single modality throughout its whole operational wavelength range. This proposed
sensor may play a significant role in identifying tuberculosis thanks to its superior sensitivity response and
extremely minimal confinement loss. So, it is clearly seen that this sensor could be used to bio-medical sectors
with process of terahertz (THz) wave pulse.

Optical sensor

1. Introduction thought to be tuberculosis (TB) infected. The TB bacteria can stay

dormant in the body for a very long time without doing any harm, but as

Photonic crystal fiber (PCF) sensors have demonstrated significant
potential in sensing applications, due to their adaptable design. Minimal
confinement reduction [1], strong birefringence [2], and profound
nonlinearity [3] are just a few benefits that PCF possesses over tradi-
tional fiber. There are numerous uses for PCF in the field of sensing
thanks to its added benefits of reduced computing time, low cost, and
good outcomes. PCF sensors have been used to measure temperature
[4], hydrostatic pressure [5], salinity [6], gas [7], the refractive index of
blood components [8], and to find dangerous food additives [9,10].
Mycobacterium tuberculosis is a common and possibly fatal illness that
causes tuberculosis. Nearly one-third of the world’s population is
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a person loses strength when the tuberculosis microbes activate, they
might commence impacting beyond the pulmonary system, and addi-
tional anatomical regions. An estimated 1.5 million people every year
pass away from TB. When a person with tuberculosis coughs or sneezes,
it can spread via the air [11]. Other diseases like HIV, which impairs
immunity, can make tuberculosis worse. The majority of tuberculosis
cases occur in underdeveloped nations with inadequate resources for
detecting and treating the illness [12].

The WHO wants to eradicate tuberculosis on a global scale. Ac-
cording to this plan, the number of deaths must be reduced by 75 % by
2025 (relative to 2015) and by 95 % by 2035 [13]. Traditional TB
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detection and diagnosis techniques can be expensive and time-
consuming. These techniques include bacterioscopy, mantoux testing,
swab culture, and chest radiology [14]. For the identification of myco-
bacteria by polymer chain reaction (PCA), a method referred to as
specific DNA sequence amplification is employed [15]. Due to the need
for skilled personnel and pricey testing equipment, this procedure is
costly and time-consuming, and it may produce inaccurate results [16].
In developing nations, several tuberculosis testing techniques are not
always accessible. An efficient method that has a high sensitivity, a
quick detection time, cost effectiveness, and ease of use is needed to
solve these issues. The design flexibility of PCF makes it potentially
useful for tuberculosis detection. Scientists have been working on opti-
cal biosensors for the past ten years to quickly and affordably detect the
bacterial cells that cause a variety of diseases. Due to their sensing
properties, ease of handling, straightforward design, and small size,
photonic crystal fiber can be based on wherein surface plasmon reso-
nance (SPR) among the numerous methods utilized [17] and spectros-
copy [18]. Due to their exceptional performance, PCF-based fibers are
receiving interest in the field of disease detection. Hsu et al. (2014) used
telecommunication wavelengths to detect the deoxyribonucleic acid
(DNA) of Mycobacterium tuberculosis (MTB) in order to demonstrate SPR-
based PCF. The wavelengths can be increased to increase sensitivity. The
design is complicated, yet [19]. Trzaskowski et al. created a portable
SPR device in 2017. 10 mg/ml quantities of the secretory protein Ag85
from Mycobacterium TB can be detected [14]. By using the Transfer
Matrix Method (TMM) to analyze the waveguide, in 2020, Ramanujam
et al. introduced a ring mirror-defect-based PCF based on SPR for
tuberculosis cell identification. This approach, however, also has
considerable complexity [11]. Based on absorption spectroscopy,
various designs have been examined.

This is the first time that a distinctive hexagonal structure for
tuberculosis cell detection has been offered to the spectroscopic-based
PCF sensor. The inquiry being proposed is entirely simulation-based.
Software called Comsol Multiphysics has been used to conduct all of
the observations. FV-FEM approach has also been applied to numerical
analysis. Additionally, many optical characteristics are adjusted to
improve response, producing a high sensitivity with minimal confine-
ment loss. The sensor displays better results as a single modality. In
comparison to recently published works [29-38], the sensitivity has
been enhanced to readily detect tuberculosis cells. The maximum sen-
sitivities are 91.75 %, 89.41 %, 91.74 %, 91.73 %, and 87.65 % and low
confinement loss of are 6.30 x 108 dB/m, 6.50 x 10~8 dB/m, 6.25 x
10 ®dB/m, 6.35 x 10 % dB/m, 6.45 x 10~® dB/m for RI of1.345, 1.346,
1.347, 1.348 and 1.349 respectively as well as the structure’s EML is
reduced to 0.0211 em™! at an operating wavelength of 1Thz. Subse-
quently, examining the optical characteristics of the suggested sensor
architecture clearly shows and reveals substantial values for relative
sensitivity and negligible quantities between effective material loss and
loss from confinement. Our findings highlight the suitability of the
suggested PCF sensor design for real-world uses like as bio-sensing and
bio-medical engineering in the detection of tuberculosis cells.

1.1. Design methodology and mode field distributions

Designing an incredibly sensitive sensor and little confinement loss is
the key goal. In order to attain high sensitivity, the hexagonal structure
in the cladding region was chosen, allowing for increased light-matter
interaction with very little confinement loss. For the purpose of
detecting TB cells, a new hexagonal structure design is put forth in this
article. A geometric framework supports the H-PCF that, as shown in
Fig. 1, consists of five strata of air apertures (AH) arranged in a hexag-
onal pattern. Diameters d; and A; of the cladding zone represent the
distance across and pitch as specified by the proper design approach.
The area of the cylindrical core’s diameter is assumed to be d = 80 pm.
In contrast, ZEONEX functions as a foundational fabric that facilitates
the attainment of the intended enhanced RS and reduced CL. The
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(c): Visualization of validation processes for the simulation findings of the proposed PCF
structure [7].

Fig. 1. Aesthetic representations of the terahertz-based PCF sensor under
consideration: (a) Cladding region and (b) Hollow-core region.

rationale behind the selection of Zeonex as background material is that
this particular borosilicate glass which has minimal optical loss, good
thermal steadiness and suitability for a broad variety of wavelengths is
employed in PCF for a various of photonic applications. The “air filling
ratio,” or di/A1, enables streamlined production in the “cladding zone”
of an expanding system. The H-PCF fiber is customized to operate within
the terahertz recurrence wave-band of 0.80-3.0 THz through the utili-
zation of a COMSOL Multiphysics software instrument based on PML
and FEM. In the case of two layers, the optimal parameters are imple-
menting a boundary condition of PML (Perfectly-matched layer (PML;)
=2150 pm and Perfectly-matched layer (PMLy) =2365 pm) with a 10 %
thickness relative to the maximum fiber width: With a cladding pitch of
Ay = Ay = A3 = A4 = A5 = 360 pm and a cladding distance of d; = 290
pm, respectively. (See details Table 1).

In Fig. 1(c), light laser is transmitted in the proposed structure of PCF
core and the optical spectrum analyzer (OSA) will shows data in the
computer monitor to determine the guiding properties such as high
sensitivity, low loss, effective mode index and effective area in the
injected tuberculosis cell. Then, we find experimental data graphically

Table 1
The H-PCF structure’s values and parameters.
Parameters Values Parameters Values
Cladding pitch (A;) 360 pm Sensitivity 91.75 %
tuberculosis cell (for
1.345)
Cladding distance (d;) 290 pm Effective area 1.38 x 1077
tuberculosis cell (for m?
1.345)
hollow core area (d) 80 pm Confinement loss 6.30 x 1078
tuberculosis cell (for dB/m
1.345)
Perfectly-matched layer 2150 Effective material loss 0.0211 cm™!
(PML;,) pm (EML)
Perfectly-matched layer 2365 - -
(PML5) pm
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usingMATLAB.

Fig. 1(c): Visualization of validation processes for the simulation
findings of the proposed PCF structure [7].

In both polarization phases, as illustrated in Fig. 2, all light passes
through the center of the core. (See Fig. 3.)

1.2. Experimental sensor system

Here, we have also presented the block diagram to detection tuber-
culosis cell with carefully by the following steps: Prepare a sample in the
core area of H-PCF structure and place it in the experimental sensor
system practically. The light source works as an interaction with the
sample via the proposed H-PCF. Then, we achieve different types of
refractive index (RI) based tuberculosis cell by the real-time data
collection and data analysis procedure.

1.3. Guiding properties of tuberculosis sensor

The tuberculosis sensor’s proposed spectroscopy-based structure for
quick detection of various tuberculosis cell types with fixed refractive
index (RI) values is depicted in Fig. 4. In the operating wavelength, the
differences in the RI of the chosen tuberculosis cells are quite small, the
RI of the background material, ZEONEX, was estimated [20].

The interaction of light with directed material is shown by the co-
efficient of relative sensitivity. The proposed hexagonal PCF’s sensing
response can be calculated by calculating relative sensitivity [21]:
R="

= x E (€9)
Deff

The sample’s index of refraction is n,, which for tuberculosis cells
ranges from 1.345 to 1.349; n.g, the effective refractive index of guided
modes at that specific terahertz wavelength; R, the relative sensitivity;
and E, the amount of light interacting with the analytic.

Additionally, the entire light-matter interaction is computed as
[22,23],

*[sampleRe (EXHY - ExHY) dXdy
S o Re (BxHy — E/H,) dxdy

The guiding modes’ electric field components, represented by Ex, Ey,
and magnetic field components, represented by Hx, Hy, respectively,

E= x 100% (2)

X- Polarization

Y-polarization

Fig. 2. Model mode field distribution for both polarizations within the opera-
tional frequency range of 1 THz.
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ascertain the recommended sensor’s relative sensitivity.

The sensitivity graph is shown for wavelengths between 0.8 THz and
3THz for TB cells with refractive indices between 1.345 and 1.349. It is
clear that the sensitivity rises with increasing wavelength up to 1.5 THz
before progressively starting to fall. The core power fraction achieves its
maximum value at 0.8 THz wavelength due to the strongest light
interaction, which is the cause of this. The relative sensitivity decreases
as the value of neg rises continuously. Therefore, 1 THz is selected as the
operating wavelength. Fig. 4 demonstrates that the refractive index from
1.345 to 1.349 at the ideal wavelength of 1THz has the maximum
sensitivity. The maximum sensitivities are 91.75 %, 89.41 %, 91.74 %,
91.73 %, and 87.65 %, for RI of 1.345, 1.346, 1.347, 1.348 and 1.349
respectively. The variances are slight and the sensitivity value for all
refractive indexes is greater than 92 %. The sensor is more effective if its
relative sensitivity performance is at its highest level. When compared to
earlier research, these sensitivity values are extremely high.

The modes of optical fiber are controlled by the normalized fre-
quency or V-parameter. Single-mode and multi-mode guiding modes are
the two distinct classifications. Applying expression (4) evaluates the V-
parameter. Fig. 5 depicts the relationship between a V parameter and
wavelength. The reported single-mode characteristics of the given hex-
agonal are observed in the 0.8 THz and 3THz wavelength range. The
estimated value is less than 2.405, as can be seen, and the V values are
extremely close to one another. For the purpose of highlighting the
discrepancies, the zoom area has been added to the above figure. As a
result, it only displays one modality. As a result, the proposed hexagonal
PCF can be used for sensory long-range, which is a strong suit of PCF-
based sensors. The graph clearly shows that the value of the V-param-
eter increases as the wavelength increases. (See Fig. 6.)

The subsequent equation is employed to ascertain the V-parameters
of the H-PCF [24]:

Vo _2'2'7‘ Ve 1%y < 2.045 “)

Where, in which n., denotes the core area’s refractive index which is
obtained from the software COMSOL Multiphysics between 0.08 and 3
THz (THz) in frequency and where ncl = 1 represents the cladding area’s
refractive index that is V = 2.93216*SQRT (n¢o * N¢o - Neo * Neo) and r
denotes the radius of the fiber core.

Regarding the increase in frequency within the THz range, the V-
parameter fluctuates with the intention of H-PCF as depicted in Fig. 5,
singular mode fiber, under optimal design conditions. Based on the
graph, an analysis is conducted that from approximately 2.10 THz on-
wards, the V-parameter increases proportionally with the frequency in
the terahertz segment. Once the frequency reaches approximately 3
THz, the V-parameter continues to increase at a slightly slower rate
compared to its initial value of 2.10 THz.

Confinement loss (CL) develops as a result of their permeable char-
acteristics. Transmitting electricity from principally responsible for
confinement loss is the cladding’s core. In order to perform the calcu-
lation of CL, it is considered the imaginary component of the index of
effective refraction. The loss confinement is computed using the
following expression [25].

L. {%B} = 8.686K, Im [nef] ©

C

The electromagnetic waves’ frequency (f) and speed (¢ = 3 x 108
ms 1) are given in this expression. In addition, I, is the imaginary
component and K is the number of free waves.

The hexagons, therefore, are tightly packed together in the cladding
area; there is very little confinement loss. At an operating wavelength of
1 THz, the confinement losses are 6.30 x 10~ dB/m, 6.50 x 108 dB/m,
6.25 x 10”8 dB/m, and 6.35 x 10-8 dB/m, 6.45 x 10-8 dB/m for 1.345,
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Fig. 3. Representation of block diagram for experimental system and identification of tuberculosis cell via the H-PCF structure [8].
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1.346, 1.347, 1.348, and 1.349 respectively.

The region of the effective mode is A¢fr. A lower effective area is
better for the nonlinearity effect, but communication devices can use a
higher value. Eq. (7) provides the empirical formula for the effective
area [26].
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Fig. 6. At optimal parameters, the behavior of CL in the THz region with
respect to frequency.

2
nete — LIt a) %
[ [P (rt)drt]

The effective mode area of the newly introduced TB sensor is
explored. Here, [ [’ I(rOrtdrt]? indicates the Integration of core power and
LS 12(rt)drt]? is the total power. It is simple to determine the effective
area from the power spectrum measurements. A is a crucial factor in
the optical signal’s propagation. Eq. (7) provides the absolute-Area
through which the electromagnetic signal travels.

The effective area grows with wavelength at working wavelengths
between 0.8 THz and 3THz, as depicted in Fig. 7. The effective region
subsequent to the ideal PCF fiber configuration is illustrated in Fig. 7.
Within the range of 0.8 to 3 THz, the EA decreases. Along the THz
waveguide, the low CL and high RS are denoted by the substantial EA.
The EA are 1.38 x 1077, 1.40 x 1077 m? and 1.41 x 1077 m?, 1.42 x
1077 and 1.45 x 1077 m? at 1 THz for RI of 1.345, 1.346, 1.347, 1.348
and 1.349 respectively.

The numerical aperture must be greater for applications involving
large-scale sensing. A study is done on the TB sensor’s NA. Determine the
numerical aperture utilizing the subsequent Eq. [27]:

2
R+r) ®

NA (R7 (!) = \/ngore - nZladding (m

Where, ncore and nejaading are the fiber core’s and the cladding’s
respective refractive indices (RI), while the symbol R denotes the radius
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frequency-dependent effective area of the model that

of curvature, r denotes the fiber core radius, and o denotes the fiber’s
acceptance angle.

For medical imaging, a high NA photonic crystal fiber is preferred.
Fig. 8 depicts the suggested sensor’s Numerical Aperture (NA). The
suggested sensor for the detection of tuberculosis cells has astonishingly
minimal confinement loss and high relative sensitivity. Seniority, it is a
strong contender for applications involving the detection of tuberculosis
due to its mono-mode characteristic. The potential of the sensor in
tuberculosis detection is considerable based on the responses for nu-
merical aperture and effective area. This is the first time a tuberculosis
sensor based on spectroscopy has been proposed with a sensitivity this
high (up to 92 %) and a loss this low. This suggests that the proposed
sensor may create new opportunities for the identification and diagnosis
of different TB cells.

Due to their susceptibility to leakage, the background materials
encountered a diverse range of losses within the core region of the PCF.
The primary loss metrics utilized in PCF are confinement loss and EML.
In the design of the fiber, ZEONEX is utilized extensively.

By employing the formula [28], the EML can be ascertained:
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Fig. 8. As demonstrated at different frequencies, the numerical aperture of
the model.
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The variables €, and y, denote, respectively, the relative permittivity
and permeability of free space. Furthermore, the absorption loss of the
material is denoted by Oy, While np, represents the refractive index
(RI) of the material. The expression for the pointing vector equation is S,
= 1 (Ex H). H* and E represent the complex parameters of the electric
and magnetic fields, respectively.

Pictured in Fig. 9 is the EML. The EML decreases substantially as the
frequency increases. 0.0211 cm ™! is the EML at an operational fre-
quency of 1 THz. The EML appears to be in a constant mode between 2
and 3 THz. This quantity of EML is inconsequential in relation to the
recommended H-PCF.

Fig. 10 shows both polarizations of EMI under optimal design con-
ditions. This study found that the maximum frequency range of 3 THz is
represented by the highest peak value of 1.40, which represents the rise
of EMI with frequency. At 1 THz, the refractive indices follow EMI
principles with values of 1.29, 1.29, 1.30, 1.30, and 1.27 for RI of 1.345,
1.346, 1.347, 1.348, and 1.349 respectively.

In Table 2, the relative sensitivity is shown for the optimum pa-
rameters and + 3 % variations of design parameters (such as air hole size
and core diameter) in this structure. Here, we seen that a few variances
between the +3 % variations of relative sensitivity (RS). So, we choose
optimum design parameters of relative sensitivity values because it’s
better optical performance and to detection tuberculosis cell easily.

Finally, Table 3 provides a comparative analysis of the PCF and its
optical characteristics as captured by the THz system. The proposed
PCFs are subsequently in comparison to the table’s standard articles.
Other reported PCFs have a lower EML and a greater sensitivity than the
H-PCF under consideration, as shown in Table 3.

The intended H-PCF is revealed to have circular air openings only.
However, contemporary fabrication techniques such as 3D printing,
capillary layering, sol-gel, and drilling hold promise for the production
of PCF [39-41]. In addition, it should be noted that the sol-gel and
capillary stacking techniques are ideally adapted for the production of
circular air holes [42-46]. Hence, it can be inferred that the H-PCF
under consideration is easily reproducible using the sol-gel technique.
Conversely, the method of selective infill [47] is ideal for loading or
filling chemicals (tuberculosis cells for 1.345) into the interior regions of
any PCF fiber. We obtained improved guiding properties, with
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Fig. 9. The recommended PCF for different frequencies results in EML or
effective material loss.
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Table 2
The relative sensitivity (%) of refractive index (RI) between the optimum pa-
rameters and the variations within+3 % at 1 THz.

Parameters (%) Relative sensitivity (%)of refractive index (RI)

1.345 1.346 1.347 1.348 1.349
+3% 91.90 % 89.88 % 91.95 % 91.90 % 87.80 %
Optimum 91.75 % 89.41 % 91.74 % 91.73 % 87.65 %
-3% 90.20 %, 88.20 % 89.15 % 90.60 % 86.45 %

Table 3

An analysis of the optical characteristics of established PCFs in comparison to
the proposed H-PCF.

Ref. Frequency/ Sensed EML Relative
wavelength chemical (em™ sensitivity (%)

[29] 1.33 pm Ethanol - 34.00 %
[30] 1.33 pm Benzene - 49.17 %
[31] 1.33 pm Sulfuric acid - 63.50 %
[32] 1 THz Ethanol 0.05 68.87 %
[33] 1.8 THz HCN 0.031 77.50 %
[34] 1.8 THz Cyanide 0.023 85.80 %
[35] 1 THz KCN 0.047 84.52 %
[36] 1.3 THz KCN 0.005 86.35 %
[371 1.5 THz RBCs - 80.93 %
[38] 1.6 THz Benzene - 85.70 %
This

Work 1 THz tuberculosis 0.0211 9175 %

(H- cell

PCF)

confinement loss, RS, EA, and EMI included, through the integration of
this method of selective filling into a functional research apparatus.

2. Conclusion

An innovative tuberculosis sensor in the form of a hexagon for
identifying tuberculosis cells is evaluated based on parameters for
example, a V-parameter for the effective area, sensitivity, and confine-
ment loss. Aperture of ZEONEX-based PCF at the operating wavelength
of 0.80-3.0 THz. An extremely low loss of 6.30 x 10~ dB/m is achieved,
with a maximal sensitivity of 91.75 % (tuberculosis cell for 1.345). An
effective sensor can be identified by the recommended hexagonal PCF’s
mono-mode behavior throughout the whole operational wavelength
range. The suggested sensor is promising for detecting tuberculosis and
has better results in Table 3, than the sensors discussed in the preceding

Sensing and Bio-Sensing Research 45 (2024) 100682

section. Here, air holes of different sizes and forms in photonic crystal
fibers are examined. Because of its geometric configuration, it is feasible
to produce and implement in practical settings. Consequently, this may
constitute an innovative methodology for the detection of tuberculosis
cell that is notably more precise, economical, and possesses enhanced
sensing capabilities in comparison to previous investigations. Conse-
quently, bio-sensing, bio-medical engineering, and other fields relating
to sensing will benefit from the structure of H-PCF. These findings
validate its potential for effectively detecting these analytics in practical
sensing applications.
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