Numerical Study of Kagome-Inspired PCF Design for Enhanced SPR Biosensing: Novel Design and Implications for Blood Component Detection
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Abstract— This numerical study presents a novel hollow core "photonic crystal fiber " biosensor based on the Kagome lattice and incorporating "surface plasmon resonance " for the effective detection of various blood components. Targeting blood components like water, glucose, crypton, plasma, sylgard, ethanol, polyacrylamide , hemoglobin , and bovine serum albumin . The biosensor operates by monitoring shifts in the resonance wavelength . The research included a dual-polarization approach, examining both transverse magnetic  and transverse electric  modes. The maximum wavelength sensitivities () of  for  and  for respectively is achieved. Peak amplitude sensitivities () of  for  and for  respectively are obtained. Both polarizations achieved a sensor resolution () on the order of . Owing to its high sensitivity and advanced design, this biosensor is a promising tool for analyzing blood components.
[bookmark: _Hlk182295025]Index Terms— Kagome lattice, hollow core; , , blood components, , 
1. Introduction

[bookmark: _Hlk182297655]Blood components detection using photonic crystal fiber based surface plasmon resonance  biosensors represents a significant advancement in medical diagnostics, offering a nuanced understanding of an individual’s health status. Blood, a vital fluid in human bodies, comprises several key components, including white blood cells , red blood cells , plasma, platelets, crypton, ethanol, sylgard, glucose, polyacrylamide , bovine serum albumin ,  hemoglobin , etc. [1]. Each component plays a crucial role in maintaining bodily functions. Detection and analysis of these components are essential for diagnosing and monitoring a wide range of medical conditions. The ability to detect these components through biosensors can revolutionize healthcare by enabling early detection of diseases, personalized medicine, and continuous health monitoring.  technology’s precision in measuring refractive index  changes associated with different blood components can facilitate the identification of specific health issues, contributing to timely and effective treatment strategies [2], [3], [4], [5], [6], [7], [8]. Consequently,  biosensors for blood component detection stand indispensable in advancing diagnostic capabilities, underscoring their importance in modern medical practice. Considering this, we introduce a -based  biosensor, to monitor various blood components for early detection of any potential disease in the human body [9], [10]. Blood component  transport oxygen to body tissues and transfer CO2 back to the heart. Lack of in the blood can cause Anemia [11].  are responsible for fighting foreign infections, those deficiencies can cause Leukopenia [12]. Similarly, platelets play a critical role in blood clotting and wound healing. When platelet count decreases in the body it can cause a condition called Thrombocytopenia [13]. Another blood component, plasma, carries proteins, water, enzymes, salts, etc. to different parts of the body and if plasma content gets disturbed a condition called Hypoalbuminemia can develop [14]. Therefore, monitoring blood components is essential for the proper functioning of the human body.  biosensors excel in detecting subtle variations in , a capability essential for distinguishing among diverse blood constituents. Their application extends across numerous medical disciplines, aiding in the identification of a range of health markers such as genetic anomalies, glucose levels, cholesterol, and conditions including COVID-19 and diabetes [15]. This underscores their broad and impactful use in the health sector. Recently, various  biosensor have been presented by various research groups for the detection of different blood components. For instance, in their research, Chaudhary et al. [16] demonstrated a   biosensor with a coating of titanium dioxide (TiO2) and gold (Au), aimed at distinguishing between various blood elements , , , plasma, and water. Similarly, Rajeswari et al. [17] developed a biosensor utilizing indium tin oxide (ITO) in a  setup, tailored for the detection of blood plasma by adjusting variations in water and plasma concentrations within blood samples. Jabin et al. [18] presented a design for a  biosensor, focusing on the identification of the blood component . These examples illustrate the diverse efforts undertaken to leverage  sensing technology for the detection of distinct blood components. Thus, several attempts have been made to successfully detect various blood components using the  sensing technique. Current investigations in this field aim to discover novel plasmonic substances, expand mode configurations, and boost sensitivity levels. The design architectures of  biosensors traditionally fall into one of three primary models, external metal deposition , internal metal deposition , and theshaped framework [19]. Classical plasmonic materials such as Au, copper (Cu), aluminum (Al), silver (Ag), and graphene have been favored in past studies [20], [21] [22] . However, modern research efforts are venturing into the use of cutting-edge materials including MXenes, transition metal dichalcogenides (), transparent conductive oxides (), magnesium fluoride (MgF2), perovskites, silicene, and phosphorene, as well as metal combinations like Au-Ag, Au-Cu, Au-TiO2 alloys, etc. [24] [25]. Therefore, exploring novel combinations of materials becomes a key area of research in the development of  biosensors. This pursuit involves examining various sensing dynamics, employing the foundational concepts of coupled-mode theory for light propagation in both transverse magnetic  and transverse electric orientations, respectively. Detailed discussions on sensing capabilities and parameters are provided in further sections. The design and analysis of  sensors utilize the finite element method , which aids in examining mode behaviors, sensitivity, geometric optimization, and interactions between materials. Additionally, it facilitates the exploration of birefringence, dispersion, loss metrics, and the overall durability and efficacy of the sensor. Computational procedures such as wavelength interrogation and amplitude interrogation are applied to discern the resonance wavelength  variations between various blood components. Thus, equipping the  sensor to rapidly detect the onset and progression of blood components.
2. Biosensor geometry
[bookmark: _Hlk181440192][bookmark: _Hlk181512001]Figure (1) illustrates a proposed hollow core  biosensor model inspired by the Kagome model for distinguishing various blood components [26]. The hollow core are generally made of Si glass which is surrounded by air holes or other features in the cladding. The main advantages of the hollow core are expressed as follows.
· Enhanced light-metal interaction: Hollow-core  models allow light to be guided through an air-filled core. This enhanced the evanescent field's interaction with the surrounding plasmonic material. This also have strengthened the sensor's sensitivity due to the changes in the  of the analyte.
· Improved sensitivity: The hollow-core configuration allows lighter to interact directly with the plasmonic materials and analyte, which increases the sensitivity to even small changes. This is particularly useful in applications like biosensing or chemical detection, where a trace quantity of substances needs to be detected.
· Reduced dispersion: Hollow core  often exhibit low dispersion, which helps maintain stable  conditions over a broader wavelength range, potentially enabling multi-wavelength sensing.
Finally hollow core are generally chosen for maximum sensitivity and strong analyte interaction. The operational wavelength of the proposed biosensor is within the near-infrared  wavelength range, i.e. to  for  and  respectively. Fused silica (Si) and are selected as the backdrop materials responsible for improving electron excitation and coupling incident light for surface plasmon wave generation. This is because sufficient interaction between the core and surface plasmon polaritons  is required for generating the  The geometrical design of the sensor consists of four elliptical air holes having semi-minor axis ,, semi-major axis ,. The internal and external ellipse create a hollow nanorod which is used as an air channel in the proposed biosensor. The distance between the center of two ellipses is called pitch  This arrangement will assist in making the core-guided modes more lossy. The base material used in the sensor model is fused Si. The BK7 material has been used to form a Kagome lattice in the middle of fused Si. A combination of Au and TiO2 is used as plasmonic materials in the biosensor model. Au is supposed to be one of the most desirable plasmonic materials due to its highly stability and chemically inert nature. It possesses strong , enabling high sensitivity to changes. Its biocompatibility makes it ideal for biological sensing. Furthermore, Au surfaces can be easily functionalized for specific analyte detection, enhancing the sensor's selectivity. The optimized thickness of the Au is selected as A thin layer of TiO2 is installed over the Au layer as it offers unique advantages due to its high , enhancing phase-matching for improved sensitivity, and its photocatalytic properties, which keep the sensor's surface clean and functional over extended periods. TiO2 is biocompatible and chemically stable for biosensing applications, ensuring durability. The optimized thickness of the TiO2 layer is selected as 85 A third layer is the sensing layer which is used to analyze various blood component. The thickness of this layer is selected as . Finally, a perfect-matched layer  is installed to reduce light reflections at the sensor boundaries. The thickness of the  layer is selected as .
[image: ]
Figure 1. Sensor geometry (a) 2D model (b) 3D model of the fiber (c) Zoom view Kagome lattice 
[bookmark: _Hlk181434029]It is important to note that the optimized sensor dimensions are obtained after performing series of failed calculation in which sensor geometrical configuration are tested for sensing parameters with the different thickness. At the optimized geometrical dimensions sensor not only perform well by producing most sensitive sensing results but these dimensions are most ideal from fabrication perspective. In the later sections of the article, details about the sensor behavior are presented when the optimized sensor dimensions are altered. 
Figure 1 (a) illustrates the two-dimensional  view of the proposed Kagome design-driven  biosensor. The arrangement over the Kagome lattice consists of two elliptical holes. Similarly, the whole design of the sensor model is further repeated below the Kagome lattice position. All the geometrical dimensions are obtained through rigorous simulation after which the biosensor is performing at its full capacity. Thus, the presented dimensions are optimized for better performance. Figure 1 (b) presents the three-dimensional  cross-sectional view of the biosensor fiber. The  of Si and BK7 are expressed by the "Sellmeier equation" represented by Equation (1) [27], [28] [29].
                                               (1)
Where  is  at wavelength   and  represents “Sellmeier coefficients”, for BK7 these coefficients have value 1.03961212, 0.231792344, 1.01046945, 6.00069867,  and  respectively and for fused Si values of the constant can be obtained from [30]. The of the Au is obtained by the "Drude Lorentz model" and presented by Equation (2) [29]. 
                                (2)
Where  is frequency-based permittivity,  is permittivity at infinite frequency,  is the angular frequency of the incident light,  represents plasma frequency,  is the free electron damping coefficient, ,  and  represents damping constant for  “lorentz oscillator”. The values of these standard constants for Au can be obtained from [29]. The of TiO2 can be obtained from [31]. The of the air is  obtained from the Ciddor equation [32]. Sensor computational is performed through   based on COMSOL software package [33]. User controlled free triangular meshing condition is used to mesh the components as represented in Figure (2). Air holes, Au, and TiO2 components are meshed using extremely fine mesh. BK7, fused Si, sensing layer, and are meshed through extra fine mesh condition. Statistically 81645 triangular elements, 8478 edges, and 389 vertices are meshed. Domain element minimal grid integrity of 0.4184, the element aspect ratio of 0.001963, and the total area of the meshed region is 1646.13 . Different mesh conditions provide an optimal balance between computational efficiency and accuracy. The sensor structure is simulated using the scattering boundary condition (SBC) [33]. 
[image: ]
Figure 2. Mesh configuration for the proposed biosensor
[bookmark: _Hlk182294211]2.1 Production feasibility assessment for proposed biosensor
[bookmark: _Hlk181521383][bookmark: _Hlk181437358]Numerous methods exist for crafting biosensor models, with prominent ones being the sol-gel method, injection molding, and notably the stack and draw method. Stack and draw method are favored for its cost-effectiveness and adaptability. This method involves aligning capillaries of specific dimensions into a pre-determined 2D layout by stacking them together. They are then heated to merge, followed by drawing them into fibers within a fiber drawing tower. Subsequently, the fibers are cooled and encased in a protective layer. For the deposition of metals like Au and TiO2  alternative methods such as thermal evaporation, end-face polishing, sputtering, electroless plating, and chemical vapor deposition  are utilized [29]. Among these, is particularly acknowledged for its straightforwardness in sensor model production. There are further several advantages of using elliptical air holes over the conventional circular air holes in the sensor model these advantages can be summarized as follows.
Polarization control: Elliptical air holes allow for more precise control over the polarization of the guided modes. This can improve the sensor's response in both  and ,  which ultimately enhances sensor sensitivity.
Mode confinement: Elliptical holes can provide stronger confinement of the electric field near the metal dielectric interface layer. This leads to better interaction with the plasmonic materials like Au and TiO₂, which is essential for effective biosensing.
Tailored dispersion properties: Elliptical air holes offer better flexibility in controlling the dispersion and birefringence of the . This ability improves the sensor’s wavelength selectivity and enhance its response to detect a specific blood component. 
Real time fabrication of the proposed having elliptical air holes can be performed by implementing the following steps in a consecutive manner. 
Preform preparation
· Thin-wall capillaries: First of all, begin by creating thin-wall capillaries that will later form the structure’s air holes.
· Solid rods and stacking: Stack the thin-wall capillaries with solid rods to create the initial preform for the . In this case, elliptical capillaries can be created by slightly flattening round capillaries or adjusting their shapes during stacking.
Structuring elliptical air holes
· The elliptical shape of the air holes can be achieved by controlling the temperature and pressure during the drawing process, or by pre-structuring elliptical capillaries before stacking. Precise control over the shape is crucial to achieve the desired dimensions and orientation of the ellipses.
Stacking
· Carefully stacking of the elliptical capillaries and solid rods in the desired arrangement is performed to achieve the Kagome lattice pattern.
· This stacked layout forms the preform that will be drawn into a fiber. Ensuring proper alignment and maintaining the elliptical shapes is important at this stage.
Drawing process
· Heat the stacked preform in a furnace to a high temperature, which softens the glass tubes.
· Later draw the structure into a fiber while maintaining the elliptical shape of the air holes. This step requires precise control over the drawing speed and temperature to prevent the elliptical shapes from collapsing or distorting.
Plasmonic coating (CVD process)
· CVD TiO₂: Applying a thin layer (optimum thickness) of TiO₂ using . TiO₂ enhances the  contrast and can improve the coupling with the metal layer.
· CVD Au: Depositing an Au layer on the outer walls of the elliptical air holes or on the outer surface. The Au layer is essential for  because it provides the  effect necessary for biosensing.
Post-processing
· Inspect the  for consistency in the elliptical shape, as well as uniformity in the TiO₂ and Au coatings.
· Structural defects or irregularities in the elliptical holes can affect the sensor’s performance, so quality control at this stage is critical.
Final assembly and sensing setup
· Integrate the fabricated into the biosensing setup. Connect the  to a light source, optical spectrum analyzer  and a computer for data acquisition and analysis. 
[image: ]
Figure 3. Pictorial view of the various blood components, sensing setup and fiber fabrication process 
Table (1) presents the  of the various blood components used in this work for analyzing the sensor performance.  
Table 1. Refractive index of blood components
	Blood Component 
	RI
	Ref.
	Blood Component 
	RI
	Ref.

	Water
	1.330
	[34]
	Glucose (40 gm/100 ml)
	1.400
	[1]

	Crypton
	1.340
	[35]
	
	
	

	Plasma 
	1.350
	[36]
	Sylgard
	1.430
	[35]

	Ethanol
	1.360
	[37]
	PA
	1.452
	[1]

	Hb
	1.380
	[38]
	BSA
	1.470
	[1]




[bookmark: _Hlk182294246]3. Methodology and analysis of findings
In the  sensor framework, light predominantly localizes in two critical zones, the "core region" and the "metal-dielectric interface". The incident light is trapped in the hollow core region and assists in the creation of the core mode, while at the interface gives rise to the mode. These two modes interact at a key interaction point, i.e.,  
[image: ]
Figure 4. Field distribution intensity profile (2D-left) and (3D-right) for blood component BSA, core mode (a)  (b)  ; SPP mode (c)   (d) 
According to the coupled-mode theory, light propagation takes place in optical fibers into two principal directions horizontal and vertical, commonly referred to as  (longitudinal) and  (radial or azimuthal), respectively. It is noted that the interaction between the core mode and  mode may be more pronounced in one of these orientations. However, this study aims to harness a comprehensive understanding, leading to the investigation of both  and in detail. 
Figures 4 (a-b) present the 2D and 3D models of and  field distributions for the blood component BSA at of 2382 nm and 2365 nm, respectively. Figures 4 (c-d) reveal the mode profiles for and  respectively.
Similar profiles for other blood components are possible. Electric field distribution and mode coupling of  are detailed using coupled mode theory as expressed by Equation (3-4) respectively [31].
                                                (3)
                                                 (4)
Here, ,  represent the amplitudes of the interacting modes, with z indicating the spatial coordinates along the direction of propagation. The propagation constants for these modes are denoted by ,, and the coupling coefficients, symbolized by , enable their interaction. When the real parts of ,match, they result in phase-matching, which is crucial for energy transfer between the modes, triggering .  happens when light waves interact with plasmons at a metal-dielectric interface. The interaction between the and core modes leads to a coupled mode propagation constant (and which are calculated using a specific formula expressed by Equation (5) [31].
                                               (5)
[bookmark: _Hlk181435181]Here  presents the propagation constant,  is the average of and, is the coupling strength,  is given by  having imaginary part denoted by  and  respectively.  
[bookmark: _Hlk181521198]While it may be a question of interest to various researchers why higher order  modes are chosen over lower order  modes in this investigation. The following are some prominent reasons for choosing higher order  modes over lower order modes.
· Enhanced sensitivity: Higher-order  modes typically exhibit stronger field confinement and larger evanescent field penetration depths compared to lower-order modes. This makes them more sensitive to changes near the sensor surface, this is quite essential for detecting small variations associated with biomolecules in biosensing applications.
· Improved signal-to-noise ratio (SNR): Higher-order modes offer a more pronounced resonance shift in response to analyte binding, leading to better This improves the reliability and accuracy of measurements, especially in cases where precise detection of analytes is required, such as in the case of blood component analysis.
· Optimal mode overlaps with analyte region: In -based  biosensors, higher-order  modes are more likely to overlap with the analyte region (where the target biomolecules are present). This overlap increases the interaction between the evanescent field and the blood components, thus enhancing the sensor sensitivity.
· Control over polarization and propagation characteristics: Higher-order modes allow for more control over the polarization (radial, azimuthal, or longitudinal) and propagation characteristics of the electromagnetic fields. This flexibility can be advantageous for optimizing the design based on specific detection requirements or sample characteristics.
3.1 Determining biosensor characteristics
In  biosensors, the core mode confinement loss () represents the extent of light intensity attenuation occurring as the incident light propagates with in the core of the  This loss significantly influences the sensitivity, detection capabilities, and overall operational efficacy. It is represented by Equation (6) [29].
                          (6)
Where  represents the imaginary component of the effective, and depicts the wavelength in . Mode coupling occurs at the , achieving its peak value as detailed in Table (2). The distinction between blood components can be discerned by examining their specific wavelengths at  and   core mode respectively. 
Table 2. Primary outcomes  and 
	Blood
Components
	
	
	Shift 

	
	
	RW
	
	RW
	
	

	Water
	3.48
	841
	8.74
	862
	5.26
	21

	Crypton
	4.39
	1012
	10.47
	1011
	6.08
	01

	Plasma 
	6.43
	1185
	15.63
	1163
	9.20
	22

	Ethanol
	7.48
	1374
	18.42
	1331
	10.94
	43

	Hb
	8.64
	1576
	26.42
	1509
	17.78
	67

	Glucose
	9.52
	1787
	32.42
	1693
	22.90
	94

	Sylgard
	14.32
	1827
	48.96
	1891
	34.64
	64

	PA
	19.42
	2087
	63.82
	2097
	44.40
	10

	BSA
	24.82
	2382
	79.84
	2365
	55.02
	17


[image: ]Figures 5 (a-b) illustrate the  behavior for both  and , respectively. It is apparent from these figures that blood components demonstrate unique  peaks at different  Consequently, an individual blood component can be precisely identified by its characteristic  and loss spectrum. Table (2) provides a consolidated overview of the key insights derived from Figure 5 (a) and Figure 5 (b), which correspond to the  and , respectively. Here  and  signifies the change developed in the confinement loss and resonance wavelength between and  This information can be further used to obtain more statistical information about the behavior of the modes along different polarizations.

















Figure 5.  behavior of the blood component (a)  (b) 
One can conclude from Table (2) that due to change in  and  for different blood components. The variation in  concerning the  is calculated using wavelength sensitivity () which is represented by Equation (7) [29].
                                             (7)
Where the  shifts between two individual blood components are measured by  and .  represents the change in and  presents the change in . The  between various blood components can be obtained from Table (1).
Thus, the obtained values of the  for  corresponding to water, crypton, plasma, ethanol, Hb, glucose, sylgard, and PA are , , , , , , ,   respectively. 
Similarly,  for  corresponding to water, crypton, plasma, ethanol, Hb, glucose, sylgard, and PA are , , , , , , ,  respectively. The average values of  for  and  are  and  respectively. 
[image: ]
Figure 6. Comparison of the  corresponding to  and  
Figure (6) represents comparison of the  among  and Here, it can be concluded that both  has obtained high  but precisely  have achieved the maximum  for various blood components at optimum design conditions. Furthermore, amplitude interrogation method is used to calculate the amplitude sensitivity ( of the biosensor. This approach provides details about changes in light amplitude due to  effects. It is computed by Equation (8) [29].
                                  (8)
Where  represents the change in the confinement loss. Figures 7 (a-b) represents the  for and  respectively.
 for  corresponding to water, crypton, plasma, ethanol, Hb, glucose, sylgard, and PA are , ,,,,,  and  respectively. Similarly,  for  corresponding to water, crypton, plasma, ethanol, Hb, glucose, sylgard, and PA are ,, , ,,, , and  respectively. It can be observed that the highest  is obtained for the water component for both polarizations. High  further enhances the resolution of the biosensor.
[image: ]
Figure 7. Variation in amplitude sensitivity for blood components for  and 
Sensor resolution ( represents the biosensor's ability to discern extremely minor variations in the  of blood components. It is determined by Equation (9) [29].
                                          (9)
Where  is the minimum spectral resolution of . The calculated  for water, crypton, plasma, ethanol, Hb, glucose, sylgard, and PA for  are 5.84×10-6, 5.78×10-6, 5.29×10-6, 9.91×10-6, 9.47×10-6, 7.50×10-6, 8.46×10-6 and 6.10×10-6 RIU respectively. Similarly, the  for water, crypton, plasma, ethanol, Hb, glucose, sylgard, and PA for  are 6.71×10-6, 6.57×10-6, 5.95×10-6, 1.12×10-5, 1.08×10-5, 1.51×10-5, 1.06×10-5 and 6.71×10-6 RIU respectively. The relationship between the change in  and shift in  is important from the point of biosensor optimization. 
Finally, the fitting between  and  for various blood components corresponding to  and  is presented in Figure 8 (a) and Figure 8 (b) respectively. Fitting parameters R2, , and  obtained a value of , , and , corresponding to Likewise for  fitting parameters R2, , and have obtained a value of , , and , respectively.
[image: ]
Figure 8. Polynomial fitting of  with  for various blood components corresponding to  and 
Therefore, for  and , the value of R² approaches unity, demonstrating a high degree of correlation between the sensor parameters and design model.
[bookmark: _Hlk181520908]3.2 Sensing parameter evaluation by increasing the thickness of plasmonic materials beyond optimum thickness 
In this section, we explore how variations in the sensing parameters,  and  arise from increasing the total width of the plasmonic materials beyond their optimal thickness. The combined thickness of the plasmonic materials Au and TiO2 is increased from  and to  and  respectively. The  corresponding to  and  with the new thickness of plasmonic materials for blood components are presented in Figures 9 (a-b) respectively. Table (3) offers a thorough analysis of the graphs, detailing the variations noted in  and the observed shifts in for both  and  respectively. This analysis aims to elucidate the impact of these changes on the biosensor's performance metrics and operational efficiency. 
[image: ]
Figure 9.  behavior of the blood component (a)  (b) 
Figure 9 (a) and Figure 9 (b) represent the change in the  for and respectively for increased thickness. The computed values of the  for corresponding to water, crypton, plasma, ethanol, Hb, glucose, sylgard, and PA are ,,, ,, , ,and respectively. Similarly, the  for  corresponding to water, crypton, plasma, ethanol, Hb, glucose, sylgard, and PA cells are ,,, , ,,, and respectively. The average values of  for  and are  and  respectively. Elevated  can result in decreased . 
This is due to the biosensor potentially showing a diminished shift in  in reaction to changes in the  of blood components. Such a decrease in  could complicate the detection and quantification of minor fluctuations in blood components. Consequently,  exhibits a significant decline when the plasmonic materials' total thickness surpasses the ideal limit.  for the biosensor's performance for the new thickness of the plasmonic material is represented by Figure 10 (a) and Figure 10 (b) respectively.
Table 3. Primary outcomes  and 
	Blood
Components
	
	
	Shift 

	
	
	RW

	

	RW

	

	


	Water
	07.12
	982.0
	18.11
	991.0
	10.99
	09

	Crypton
	08.52
	1134
	24.12
	1129
	15.60
	05

	Plasma 
	11.63
	1285
	34.42
	1277
	22.79
	08

	Ethanol
	16.47
	1453
	44.34
	1439
	27.87
	14

	Hb 
	22.18
	1642
	56.18
	1613
	34.00
	29

	Glucose
	29.16
	1842
	75.11
	1987
	45.95
	145

	Sylgard
	34.45
	1878
	89.18
	2175
	54.73
	297

	PA 
	39.42
	2103
	99.52
	2376
	60.10
	273

	BSA
	48.12
	2352
	123.4
	2619
	75.28
	267



[image: ]
Figure 10. Change in amplitude sensitivity for various blood components (a)  (b)
 of ,,,, ,,  and  are obtained corresponding to water, crypton, plasma, ethanol, Hb, glucose, sylgard and PA concerning  Similarly,  of , , ,   , , , , and   are obtained corresponding to water, crypton, plasma, ethanol, Hb, glucose, sylgard and PA concerning  
It is noted that the highest  is achieved for the water components for both polarizations, yet this peak  is considerably lower than the  reached the optimal thickness of the plasmonic material. The decrease in  is attributed to an increased , which in turn leads to a reduction in . 
 reflects the degree to which the intensity of the reflected or transmitted light is altered in response to  changes in blood components. With a high , a smaller amount of light is retained within the core, resulting in diminished amplitude changes in the biosensor's output for a given RI variation.
[image: ]
Figure 11. Sensing parameters comparison at optimized and increased thickness (a) Wavelength Sensitivity (b) Amplitude Sensitivity 
Lastly, the sensing parameter is also anticipated to experience a notable decline. In conclusion, elevated  within a  sensor can detrimentally affect both and , leading to diminished capability in detecting and quantifying  changes in blood components. It is generally advantageous to keep  at a minimum to improve the sensitivity and overall performance. The expected minimum  of the order of 10-6 may decrease to 10-5. Similarly, other sensing parameters may also be adversely influenced by alterations in the optimal geometrical configurations. Figure 11 (a) and Figure 11 (b) offer a graphical comparison of the sensing parameters at optimized versus increased thickness of the plasmonic material. It is observed that augmenting the thickness of the plasmonic layer leads to a discernible drop in the values of these sensing parameters, marking a substantial decline in their characteristic measurements. Consequently, this study undertakes a dual-mode exploration, encompassing both  and  Through this approach, the research has successfully attained high values of  and   from the Kagome biosensor configuration, showcasing its proficiency in detecting minute variations within its ambient conditions. We document  values in the range of 10-6, indicating a high level of sensitivity. To evaluate the real-world applicability of our biosensor, we examined its ability to identify various blood components. In Table (4), a detailed comparison is presented between the performance parameters of our biosensor and those found in prior research on blood component detection. 
Table 4. Feature comparison with previously reported biosensors 
	Modes/Year
Design/Ref.
	Blood  
Components
	
(nm/RIU)
	
(RIU-1)
	
(RIU)

	TM pol./
2022/
EMD/
[16]

	Water-
Plasma
	2000
	249.1
	5.0×10-5

	
	Plasma-
WBC
	3000
	333.2
	3.3×10-5

	
	WBC-Hb
	4400
	574.3
	2.2×10-5

	
	Hb-RBC
	12400
	NA
	8.6×10-6

	TM pol.
TE pol./
2022/
EMD/
[39]
	Water
	1750
	2576.38
	5.7×10-5

	
	Plasma
	
	
	

	
	WBC
	
	
	

	
	Hb
	
	
	

	
	RBC
	
	
	

	
	Water
	1950
	5078.99
	5.1×10-5

	
	Plasma
	
	
	

	
	WBC
	
	
	

	
	Hb
	
	
	

	
	RBC
	
	
	

	TM pol.
2022/
IMD/
 [40]
	RBC
	
6680

	

5663
	

NA


	
	WBC
	
	
	

	
	Hb
	
	
	

	
	Plasma
	
	
	

	
	Water
	
	
	

	TE pol./
2022/
IMD/
 [40]
	RBC
	
6930
	
5623
	
NA

	
	WBC
	
	
	

	
	Hb
	
	
	

	
	Plasma
	
	
	

	
	Water
	
	
	

	Proposed Work
TM pol.
2024/
EMD Design Kagome
Model
	Water
	17100
	15428
	5.8×10-6

	
	Crypton
	17300
	23648
	5.7×10-6

	
	Plasma 
	18900
	36722
	5.2×10-6

	
	Ethanol
	10100
	44621
	9.9×10-6

	
	Hb
	10550
	52684
	9.4×10-6

	
	Glucose
	1333.33
	59722
	7.5×10-6

	
	Sylgard
	11818.18
	63488
	8.4×10-6

	
	PA
	16388.88
	71224
	6.1×10-6

	Proposed Work
TE pol.
2024/
EMD Design Kagome
Model
	Water
	14900
	9848
	6.7×10-6

	
	Crypton
	15200
	18742
	6.5×10-6

	
	Plasma 
	16800
	26422
	5.9×10-6

	
	Ethanol
	8900
	34411
	1.1×10-5

	
	Hemoglobin
	9200
	38622
	1.0×10-5

	
	Glucose
	6600
	43178
	1.5×10-5

	
	Sylgard
	9363.63
	51224
	1.0×10-5

	
	PA 
	14888.88
	58112
	6.7×10-6



4. Conclusion
In this research we successfully designed, analyzed, and optimized a  biosensor, leveraging the Kagome structure and  technology, to efficiently detect a variety of blood components. The biosensor demonstrated proficiency in identifying blood components such as water, glucose, crypton, plasma, sylgard, ethanol, PA, Hb, and BSA through shifts in . Utilizing a dual-polarization methodology to evaluate both  and  modes, the study ascertained  and  for each mode, with a   reaching the order of 10-6. The findings highlight the biosensor's high sensitivity and advanced design, underlining its significant potential as an effective instrument for the analysis of blood components. Future studies will focus on miniaturizing the biosensor for portable applications, enhancing sensitivity for lower concentration detection, and broadening the range of detectable blood components for more comprehensive diagnostics.
Acknowledgements
[bookmark: _GoBack]Authors gratefully acknowledge Ariel University, for providing the research facilities and support required to complete this work. A.R also thanks Ariel University for the Postdoctoral Fellowship, which enabled this research. 
References
[1]	M. Nankali, Z. Einalou, M. Asadnia, and A. Razmjou, “High-Sensitivity 3D ZIF-8/PDA Photonic Crystal-Based Biosensor for Blood Component Recognition,” ACS Appl. Bio Mater., vol. 4, no. 2, pp. 1958–1968, Feb. 2021, doi: 10.1021/acsabm.0c01586.
[2]	A. Upadhyay, S. Singh, D. Sharma, and S. A. Taya, “A highly birefringent bend-insensitive porous core PCF for endlessly single-mode operation in THz regime: an analysis with core porosity,” Appl. Nanosci., vol. 11, no. 3, pp. 1021–1030, Mar. 2021, doi: 10.1007/s13204-020-01664-9.
[3]	S. Singh and Y. K. Prajapati, “Novel Bottom-Side Polished PCF-Based Plasmonic Biosensor for Early Detection of Hazardous Cancerous Cells,” IEEE Trans. NanoBioscience, vol. 22, no. 3, pp. 647–654, Jul. 2023, doi: 10.1109/TNB.2023.3233990.
[4]	S. Singh, B. Chaudhary, A. Upadhyay, and S. A. Taya, “Bottom side partially etched D-shaped PCF biosensor for early diagnosis of cancer cells,” Eur. Phys. J. Plus, vol. 138, no. 6, p. 511, Jun. 2023, doi: 10.1140/epjp/s13360-023-04133-8.
[5]	S. Singh, A. Upadhyay, B. Chaudhary, K. Sirohi, and S. Kumar, “Enhanced Cu-Ni-TiO-BP Plasmonic Biosensor for Highly Sensitive Biomolecule Detection and SARS-CoV-2 Diagnosis,” IEEE Sens. J., vol. 24, no. 1, pp. 254–261, Jan. 2024, doi: 10.1109/JSEN.2023.3334104.
[6]	R. Kumar, S. Singh, B. Chaudhary, and S. Kumar, “Black Phosphorus-Based Surface Plasmon Resonance Biosensor for DNA Hybridization,” IEEE Trans. Plasma Sci., vol. 52, no. 4, pp. 1358–1365, Apr. 2024, doi: 10.1109/TPS.2024.3386399.
[7]	S. Singh, B. Chaudhary, R. Kumar, A. Upadhyay, and S. Kumar, “A Numerical Analysis of Rectangular Open Channel Embedded TiO2-Au-MXene Employed PCF Biosensor for Brain Tumor Diagnosis,” IEEE Sens. J., vol. 24, no. 10, pp. 16047–16054, May 2024, doi: 10.1109/JSEN.2024.3386395.
[8]	A. H. M. Almawgani et al., “Identification of four detrimental chemicals using square-core photonic crystal fiber in the regime of THz,” J. Appl. Phys., vol. 133, no. 24, p. 243103, Jun. 2023, doi: 10.1063/5.0152927.
[9]	A. K. Shakya, F. Cheng, and T. Carmon, “Ultracoherent emission by orthogonal lasers,” in Integrated Photonics Platforms III, SPIE, Jun. 2024, pp. 79–81. doi: 10.1117/12.3022322.
[10]	A. K. Shakya, A. Ramola, S. Singh, and A. Vidyarthi, “Optimized Design of Plasmonic Biosensor for Cancer Detection: Core Configuration and Nobel Material Coating Innovation,” Plasmonics, Jun. 2024, doi: 10.1007/s11468-024-02400-7.
[11]	S. A. Taya et al., “Highly sensitive sensor based on SPR nanostructure employing graphene and perovskite layers for the determination of blood hemoglobin concentration,” Optik, vol. 281, p. 170857, Jun. 2023, doi: 10.1016/j.ijleo.2023.170857.
[12]	M. T. A. Khan et al., “Leukopenia is an independent risk factor for early postoperative complications following incision and drainage of anorectal abscess,” Colorectal Dis., vol. 25, no. 4, pp. 717–727, 2023, doi: 10.1111/codi.16447.
[13]	S. He et al., “Association between DIAPH1 variant and posterior circulation involvement with Moyamoya disease,” Sci. Rep., vol. 13, no. 1, Art. no. 1, Jul. 2023, doi: 10.1038/s41598-023-37665-1.
[14]	E. Gremese, D. Bruno, V. Varriano, S. Perniola, L. Petricca, and G. Ferraccioli, “Serum Albumin Levels: A Biomarker to Be Repurposed in Different Disease Settings in Clinical Practice,” J. Clin. Med., vol. 12, no. 18, Art. no. 18, Jan. 2023, doi: 10.3390/jcm12186017.
[15]	A. K. Shakya and A. Vidyarthi, “Comprehensive Study of Compression and Texture Integration for Digital Imaging and Communications in Medicine Data Analysis,” Technologies, vol. 12, no. 2, Art. no. 2, Feb. 2024, doi: 10.3390/technologies12020017.
[16]	V. S. Chaudhary, D. Kumar, G. P. Mishra, S. Sharma, and S. Kumar, “Plasmonic Biosensor With Gold and Titanium Dioxide Immobilized on Photonic Crystal Fiber for Blood Composition Detection,” IEEE Sens. J., vol. 22, no. 9, pp. 8474–8481, May 2022, doi: 10.1109/JSEN.2022.3160482.
[17]	D. Rajeswari and A. A. Revathi, “Highly sensitive SPR-based PCF bio sensor for plasma cell detection in human blood for the detection of early stage cancer,” Optik, vol. 258, p. 168897, May 2022, doi: 10.1016/j.ijleo.2022.168897.
[18]	Md. A. Jabin, K. Ahmed, Md. J. Rana, B. K. Paul, Y. Luo, and D. Vigneswaran, “Titanium-Coated Dual-Core D-Shaped SPR-Based PCF for Hemoglobin Sensing,” Plasmonics, vol. 14, no. 6, pp. 1601–1610, Dec. 2019, doi: 10.1007/s11468-019-00961-6.
[19]	A. Kumar Shakya and S. Singh, “Design of novel Penta core PCF SPR RI sensor based on fusion of IMD and EMD techniques for analysis of water and transformer oil,” Measurement, vol. 188, p. 110513, Jan. 2022, doi: 10.1016/j.measurement.2021.110513.
[20]	A. K. Shakya and S. Singh, “Designing of a Novel PCF Biosensor having Octagonal Core and based on SPR for Chemical and Heavy Metal Sensing,” in 2022 12th International Conference on Cloud Computing, Data Science & Engineering (Confluence), Jan. 2022, pp. 171–175. doi: 10.1109/Confluence52989.2022.9734120.
[21]	A. K. Shakya and S. Singh, “Performance Analysis of a Developed Optical Sensing Setup Based on the Beer-Lambert Law,” Plasmonics, vol. 19, no. 1, pp. 447–455, Feb. 2024, doi: 10.1007/s11468-023-01979-7.
[22]	A. K. Shakya and S. Singh, “Development of a generalized Fourier transform model for distinct household oil samples by performing spectroscopy analysis,” Results Opt., vol. 10, p. 100355, Feb. 2023, doi: 10.1016/j.rio.2023.100355.
[23]	Y. Zhou et al., “Biochemical sensor based on functional material assisted optical fiber surface plasmon resonance: A review,” Measurement, vol. 207, p. 112353, Feb. 2023, doi: 10.1016/j.measurement.2022.112353.
[24]	Y. Wu, T. Shen, Y. Feng, C. Liu, X. Liu, and S. Wang, “PCF sensor coated with Au-graphene/MXene for a low refractive index and a wide detection range,” JOSA B, vol. 39, no. 12, pp. 3329–3338, Dec. 2022, doi: 10.1364/JOSAB.469247.
[25]	R. Mu, H. Wan, W. Shi, H. Liang, and Y. Lou, “Design and Theoretical Analysis of High-Sensitive Surface Plasmon Resonance Sensor Based on Au/Ti 3C2Tx-MXene Hybrid Layered D-Shaped Photonic Crystal Fiber,” IEEE Sens. J., vol. 23, no. 16, pp. 18160–18167, Aug. 2023, doi: 10.1109/JSEN.2023.3285915.
[26]	Q. Wang et al., “An Antiinterference Temperature Sensor Based on Mach-Zehnder Interferometer Using Kagome Hollow-Core Photonic Crystal Fiber,” IEEE Sens. J., vol. 23, no. 8, pp. 8426–8434, Apr. 2023, doi: 10.1109/JSEN.2023.3255859.
[27]	S. Das, S. K. Das, S. R. Chakraborty, and A. Deb, “Investigation of Optical Properties of Zinc-Oxide Thin Films Deposited on Various Substrates: A Simulation Study,” J. Mater. Sci. Appl., vol. 4, Jun. 2018.
[28]	B. Tatian, “Fitting refractive-index data with the Sellmeier dispersion formula,” Appl. Opt., vol. 23, no. 24, pp. 4477–4485, Dec. 1984, doi: 10.1364/AO.23.004477.
[29]	A. K. Shakya, A. Ramola, S. Singh, and V. Van, “Design of an ultra-sensitive bimetallic anisotropic PCF SPR biosensor for liquid analytes sensing,” Opt. Express, vol. 30, no. 6, pp. 9233–9255, Mar. 2022, doi: 10.1364/OE.432263.
[30]	Sarita, R. Jha, and R. K. Singh, “Mie scattering of tightly focused beams by a core-shell nanoparticle,” Opt. Commun., vol. 557, p. 130306, Apr. 2024, doi: 10.1016/j.optcom.2024.130306.
[31]	V. S. Chaudhary, D. Kumar, and S. Kumar, “Au-TiO2 Coated Photonic Crystal Fiber Based SPR Refractometric Sensor for Detection of Cancerous Cells,” IEEE Trans. NanoBioscience, vol. 22, no. 3, pp. 562–569, Jul. 2023, doi: 10.1109/TNB.2022.3219104.
[32]	S. Masuda, S. Kadoya, M. Michihata, and S. Takahashi, “Novel absolute length measurement method for etalon sensor using optical comb pulsed interference and harmonic etalon reflections,” Meas. Sci. Technol., vol. 34, no. 5, p. 055205, Feb. 2023, doi: 10.1088/1361-6501/acb072.
[33]	“COMSOL: Multiphysics Software for Optimizing Designs,” COMSOL. Accessed: Oct. 02, 2023. [Online]. Available: https://www.comsol.com/
[34]	F. Parandin, F. Heidari, M. Aslinezhad, M. M. Parandin, S. Roshani, and S. Roshani, “Design of 2D photonic crystal biosensor to detect blood components,” Opt. Quantum Electron., vol. 54, no. 10, p. 618, Aug. 2022, doi: 10.1007/s11082-022-03945-9.
[35]	R. Arunkumar, T. Suaganya, and S. Robinson, “Design and Analysis of 2D Photonic Crystal Based Biosensor to Detect Different Blood Components,” Photonic Sens., vol. 9, no. 1, pp. 69–77, Mar. 2019, doi: 10.1007/s13320-018-0479-8.
[36]	K. Ahmed et al., “Refractive Index-Based Blood Components Sensing in Terahertz Spectrum,” IEEE Sens. J., vol. 19, no. 9, pp. 3368–3375, May 2019, doi: 10.1109/JSEN.2019.2895166.
[37]	P. M. Thirunavakkarasu, A. Ali Khan, A. Shukri Muhammad Noor, N. bte Saidin, and N. Waqas, “Au coated etched FBG SPR sensor for the detection of ethanol in aqueous solution,” Opt. Fiber Technol., vol. 82, p. 103584, Jan. 2024, doi: 10.1016/j.yofte.2023.103584.
[38]	S. K. Sahu and M. Singh, “Plasmonic Elliptical Nanohole Array for On-Chip Human Blood Group Detection,” IEEE Sens. J., vol. 23, no. 22, pp. 27224–27230, Nov. 2023, doi: 10.1109/JSEN.2023.3323556.
[39]	M. R. Islam, A. N. M. Iftekher, F. Noor, M. R. H. Khan, Md. T. Reza, and M. M. Nishat, “AZO-coated plasmonic PCF nanosensor for blood constituent detection in near-infrared and visible spectrum,” Appl. Phys. A, vol. 128, no. 1, p. 86, Jan. 2022, doi: 10.1007/s00339-021-05220-2.
[40]	D. Vijayalakshmi, C. T. Manimegalai, and P. Selvakumar, “Bi-core photonic crystal fiber for blood component detection,” J. Opt., vol. 52, no. 1, pp. 42–49, Mar. 2023, doi: 10.1007/s12596-022-00848-6.


image3.png
Fiber

Reference

..

Sensing § etup

B

Light Sowrce  Proposed

Sm*g Responce

“Wavelength (nm)

i




image4.png
gy

» e ac

gy

T ——




image5.png
=i :
= Glucose g
= syigard g
= fis§
== 5
los
| ";

|
N
s
o H
q

o5

o7 uou




image6.png
.
i

{1400
{12009
10009
{8000,

{600y
00

1200

o

TM Pol.




image7.png
0000 TM Polarization

H

Amplitude Sensitvity (45) (VRI)
H

H
H

400 TE Polarization

g
3





image8.png
RW
146 ~Poly. Fit (2nd Order) #
|=Pred.bounds - %%

7
TM Polarization (2)] ¢ TEPolarization (b)|
50 ] T %) 1550 8
Resonant Wavelenght (RW) (um) Resonant Wavelength ()





image9.png
- e
- Crypion
- P





image10.png
TM Polarization (@)

300 [TE Polarization (b)

-5

le: S:ml?uo (AS) (VRIU)
i

Amplitude Sensithiey (AS) (VRIU)





image11.png




image1.png
Legends

@

Kagome

y «—BK-7
lattice

® ©




image2.png
Mesh-PML Mesh-Analyte Me;;Tm Me;;Au

Mesh-Elliptical Si Nanorod  Mesh-5i Mesh-Air Holes Mesh-BK7




