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Abstract: Human blood is made up primarily of water. Water is significantly involved in balancing
the human body. It affects the component of blood like mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration (MCHC), and mean platelets volume (MPV). The
water concentration varies from 80 to 90% in blood. The change in water concentration changes
the refractive index of plasma, and the change in the refractive index of plasma also changes the
refractive index of blood. The proposed structure is designed to analyze the water concentration in
human blood by analyzing the shifting in resonant peak and this shifting is processed by machine
learning algorithm to estimate the concentration of water in human blood. Nanocavity ring structures
in the waveguide region are designed as sensing nodes in this proposed structure. The air hole radius
of these Nanocavity ring structures is 80 and 50 nm, whereas the proposed structure’s dimension is
12.15 by 8.45 µm2. The sensitivity of the design structure is 570 nm/RIU, and the quality factor is 650.
The structure is simulated through the Finite Difference Time Domain (FDTD) method.

Keywords: photonic sensor; machine learning; optical sensor; water concentration

1. Introduction

Blood is a crucial part of the human body. It is a reasonably quickly circulating fluid
that provides nutrition, oxygen, and waste removal from the body. Even though blood
is mostly liquid with many cells and proteins suspended in it and a thicker liquid than
pure water. Blood is composed of several components, but the plasma and blood cells
are important among them. These blood cells comprise several components, such as red
blood cells (RBCs), white blood cells (WBCs), and platelets [1], whereas plasma contains
water and Albumin. The refractive index of plasma is dependent on water and albumin
concentration [2] whereas the refractive index of blood cells is dependent on RBC and
platelets concentration. The concentration of water plays a vital role in the refractive index
of plasma and blood components MCH, MPV, and MCHC [3,4]. Slight changes may directly
influence the blood parameter. The amount of ingested water retained in the circulation
can’t be accurately estimated by looking at the blood’s water content as a percentage of
body weight since corpuscles take up a more significant proportion of a blood sample’s
volume [5,6]. As the concentration of corpuscles increases, the percentage of water in the
sample decreases. The relation between blood refractive index is dependent on the con-
centration of RBCs and plasma, with the concentration ratio of 45% and 55%, respectively
in a normal person [7,8]. For a person identified with blood diseases, the concentration
of RBC or plasma changes, and according to those changes, the refractive index of blood
changes [9,10]. The blood plasma is extracted from Centrifuging anticoagulation whole
blood at 2500 rpm for 10 min yielding plasma and erythrocytes. After centrifuging the
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blood, saline water solution cleaned the erythrocytes and spun them down at a low speed
until the supernatant was clear [11]. Homolysis was released when erythrocyte samples
were thawed and frozen four times (20 °C). Once cell membranes were removed from
the dialysis saline solution (pH 7.4), the concentration was deposited in the dialysis to
eliminate small molecular weight impurities. All samples are always kept at pH 7.4 [12].
Diseases such as kidney and liver disorders affect the concentration of water in the blood.
Therefore, the concentration of water in the blood may be used to detect the presence
of these decreases. The challenge is in getting high sensitivity and reliability apart from
other things. The materials, structures and characteristics of sensors play a crucial role in
determining their sensitivity and reliability. Photonic crystal structures are very well suited
for estimating the concentration of water in the blood because the refractive index of blood
(and of blood plasma) is a function of the concentration of water in the blood. This paper
reports the development of a photonic crystal device that can estimate change (or shift) in
refractive index when the material filling the cavity of the device is changed. It is therefore
possible to find the refractive index in two states, the sensor cavity filled with air and the
cavity filled with a blood sample. This will lead to the estimation of water concentration in
the blood hemoglobin by the Equation (1) [13,14]

ηblood = ηrbc frbc + ηpl fpl (1)

where η represent the refractive index, ηblood is the refractive index of blood, ηrbc is the
refractive index of RBC, ηpl is the refractive index of plasma, frbc is the concentration of
RBC in blood and fpl is the concentration of plasma in blood. For normal conditions the
concentration of RBC, concentration of plasma and refractive index of RBC is constant.
As the concentration of water changes, the refractive index of plasma also changes and due
to this change in the refractive index of plasma, the refractive index of blood also changes.

ηblood = 0.45 ∗ ηrbc + 0.55 ∗ ηpl (2)

The refractive index of plasma is calculated by Equation (3)

ηpl = ηwater fwater + ηAl fAl (3)

where ηpl is the refractive index of plasma, ηwater is the refractive index of water, ηAl is the
refractive index of Albumin, fwater is the concentration of water in plasma and fAl is the
concentration of Albumin in plasma. The water and albumin concentrations in plasma are
90% and 10%, respectively. For a normal person the water and albumin

ηpl = 0.9 ∗ ηwater + 0.1 ∗ ηAl (4)

Equation (4) is used to calculate the refractive index by the concentration of water and
Albumin. If the water concentration or albumin concentration changes, the refractive index
of plasma also changes. The Cauchy equation calculates the refractive index of plasma is
given in Equation (5) [9]

ηpl(λ) = A +
B
λ2 +

C
λ4 (5)

where ηpl(λ) is the refractive index of plasma dependent on the wavelength (λ) of the
input signal. A, B, and C are the Cauchy equation’s constant parameters. The values of the
A, B, and C parameters are dependent on the material. For plasma cells, the value of A, B,
and C for the plasma concentration of 5.5 g/dL in the blood are as follows:

A = 1.3353
B = 4404.8 nm2

C = −91,925,000 nm4

The refractive index of plasma at a particular wavelength is calculated by the equation [15,16].
Figure 1 shows the refractive index variation with the wavelength of plasma given by

the Cauchy relation. As the wavelength increases, the refractive index of plasma decreases.
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The refractive index of plasma is 1.3387 at 1550 nm wavelength. Table 1 shows the effect of
water concentration on different parameters.

Figure 1. Variation of the refractive index of plasma with a wavelength of the signal.

Table 1. Effect of water concentration in changing hematological parameters [4].

Hematologic Parameters Less Water Concentration Normal Water Concentration

WBC (×103/µL) 6.975 6.63
RBC (×106/µL) 4.792 4.78

Hgb (g/dL) 12.238 10.9
MCV (fL) 87.63 82.67
MCH (pg) 26.54 24.67

MCHC (g/dL) 30.1 29.067
MPV (fL) 10.95 11.6

This water-related parameter is also dependent on other parameters like the shape
of the plasma, the refractive index of surrounding liquid of plasma. Table 1 shows the
different parametric values of less and normal water conditions and the variation of one
parameter is also may affect the variation of other parameters. To analyze the critical
condition according to the water concentration and these parameter variations, a machine
learning model is used. This machine learning model is used to analyze the condition based
on all parameter variations and notify for critical conditions else notify that no serious
issue. The working of this model is shown in Figure 2.

Figure 2. Machine Learning model for identification of hematological disorder.

For this model initially data is prepare for identification of disease. This data contain
the refractive index of plasma and surrounding liquid and structure of plasma, height and
weight of person. The refractive index of plasma is measures through design structure.
After the detection of plasma refractive index for different parameter, analyze to identify
that any serious health issue or not.
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This paper designs a two-dimension PhC biosensor for the estimation of water con-
centration. In Section 1, the effect of water concentration is discussed. The introduction
and literature related to the effect of water concentration are discussed in this section.
Section 2 discussed the numerical analysis of the photonic structure to calculate the pho-
tonic bandgap of the device and sensitivity and quality factor parameters. The parameter
of the designed structure and designing of the proposed structure is discussed in Section 3.
Section 4 discussed the simulation result and conclusion of this paper.

2. Numerical Analysis

A photonic crystal is the periodic arrangement of two dielectric materials having
different refractive indexes. The periodic arrangement of two different dielectric materials
is like that of atoms of two different materials in the extrinsic semiconductor [17–19].
The optical signal transmission through this photonic structure is defined by the photonic
crystal’s essential characteristics, i.e., photonic bandgap (PBG). The photonic bandgap is
the region where the probability of having photons is significantly less. If the photons are
excited in this region, the photon (optical signal) can travel easily without any interaction.
The wavelength of this region is calculated by the Equation (6) [20,21]

λ =
a
f

(6)

where a is the lattice constant and f is the region’s frequency where the bandgap exists.
Figure 3 shows the photonic bandgap of the design structure. From Figure 3, the pho-
tonic bandgap lies in between two regions 0.305–0.446 µm−1 and 0.686–0.7229 µm−1.
The wavelength of the exciting signal that lies in the region is calculated as λ = 0.48/0.305
to 0.48/0.446 µm is 1.07 to 1.573 µm and λ = 0.48/0.686 to 0.48/0.7229 µm is 0.664–0.7 µm.

The photonic bandgap is calculated using the equations of light governing TE and TM
modes. These equations are used to define the transmission of light through the structure
and in analyzing the controlling region of light. The light governing Maxwell’s equation is
calculated by solving Maxwell’s equation for the dielectric medium. Maxwell’s equation
for the dielectric medium is as follows [22–25]:

∇ · D = 0 (7)

∇ · B = 0 (8)

∇× E = −∂B
∂t

(9)

∇× H =
∂D
∂t

(10)

The electric and magnetic field equation is solved by putting the value of ∂
∂t as −jω.

The solution is defined as:
∇× E(r)− jωµ0H(r) = 0 (11)

∇× H(r) + jωε0ε(r)E(r) = 0 (12)

By solving these equations for H(r), the magnetic field equation is written as:

∇×
(

1
ε(r)
∇× H(r)

)
=

(ω

c

)2
H(r) (13)
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Solving these equations for E(r), the electric field equation is written as:

∇× (∇× E(r)) =
(ω

c

)2
ε(r) · E(r) (14)

Figure 3. Photonic bandgap of the design structure.

For optimization of the proposed structure, two important parameters are used. These
two essential parameters, i.e., sensitivity and quality factors, are essential for defining the
accuracy and reliability of the proposed structure Sensitivity is the ability to measure or
detect the minimum refractive index changes. It is the ratio of shifting in the position of
the resonant peak and change in the refractive index responsible for resonant peak shifting
respectively. The unit of sensitivity is nm/RIU. For an excellent sensor, the sensitivity value
should be higher. The sensitivity is mathematically defined as [26]:

S(nm/RIU) =
∆λ

∆η
(15)

The quality factor is calculated as the confinement of the optical signal in the waveg-
uide region. It defines the shape and value of full width at half maximum (FWHM).
The quality factor is calculated as [26–28]

Q =
f0

∆ f
(16)

where f0 is the position of resonant peak and ∆ f is the full width at half maximum (FWHM).
This FWHM is the difference between the two wavelengths at which the magnitude is
equal to half of its maximum value.

3. Design Structure

The photonic biosensor is designed with a silicon substrate material having a refractive
index of 3.45 at a wavelength of 1550 nm. The air holes are inserted in this substrate material
at a periodic interval with a hexagonal lattice structure. The distance between the centre of
air holes (lattice constant) of this design structure is 0.48 µm and the radius of air holes is
0.14 µm so the essential condition of r/a is satisfied as follows:

0.25 ≤ r
a
≤ 0.4 (17)
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where r is the radius of air holes and a is the lattice constant. This r/a condition is essential
for better confinement of optical signal in the waveguide region. The ratio of r/a for this
design structure is 0.29.

The line defect as a waveguide of this structure is inserted to transmit the optical
signal. In this waveguide region, the sensing cavity is introduced. The refractive index of
this sensing cavity is the refractive index of plasma, and this plasma refractive index varies
according to the concentration of water in plasma.

The line defect is created in this design structure for the proper transmission of the
optical signal. Along with this line defect, point defect is also introduced in this design
structure. The radius ra of point defect a is 0.2 µm. the radius rb of point defect b is 0.08 µm
and for c point defect the radius rc is 0.05 and lattice constant dc is 0.4 µm. The other
parameters of the design structure are shown in Table 2.

Table 2. Design parameters of the proposed structure.

Design Parameter Parameter Value

Substrate material Silicon (Si)
Refractive index of the substrate 3.45

Refractive index of sensing cavity Refractive index of plasma
Lattice constant 0.48 µ m

Radius of air holes 0.14 µm
Radius of point defect a 0.20 µm
Radius of point defect b 0.08 µm
Radius of point defect c 0.05 µm

Lattice constant for point defect c 0.405 µm
Photonic band gap region 0.305–0.446 µm−1

0.686–0.723 µm−1

Figure 4 shows the proposed structure for analysing the water concentration in blood.
In this Figure 3—point defect cavity is shown as a, b and c. The lattice dimension of this
structure is 17*21 and the size of this structure is 12.15*8.45 µm. The thickness of the silicon
wafer is 1 µm. Air is used as a cladding region.

Figure 4. Design structure for detection of water concentration in blood.

4. Result and Discussion

The continuous wave Gaussian pulse is applied as input. This input signal has a
wavelength of 1550 nm. Figure 5 represents the normalized input power transmitted
through the input port and Figure 6 represents the normalized output power received at
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the output port of the design structure. This figure represents that only 50% of power is
received at the output port which means this structure confines only 50% of power in the
waveguide region and the rest power will radiate in the design structure. This 50% signal
confinement is only because of the point defect region with a higher air hole radius. When
this region’s air holes radius is less, more signal is radiated in the design.

Figure 5. Normalized input power of the design structure.

Table 3 represents the water concentration and the variation of refractive index in
plasma. Equation (2) represents the relation between the refractive index of water, the re-
fractive index of albumin, the concentration of water and the concentration of plasma.
The refractive index of water and albumin is constant. The concentration of water and
albumin changes, and according to this refractive index of plasma changes. This variation is
shown in Table 3. This table shows that the refractive index of plasma changes from 1.3309
to 1.2714 as the water concentration is reduced from 90% to 80% in the blood, respectively.

Table 4 shows the effect of water concentration on the refractive index of blood. As the
water concentration is changed, the refractive index of plasma changes and as the refractive
index of plasma changes the refractive index of whole blood changes. According to these
changes in the refractive index of plasma and whole blood, the position of the resonant
peak is shifted. This shift in resonant peak is detected through a photo spectrometer. Table 5
shows the refractive index and position of the resonant peak respective to the refractive
index of sensing region. The sensitivity of the design structure is around 570 nm/RIU.

From Table 5, it is clearly shown that when the refractive index of plasma is reduced,
the resonant peak is also shifted to a lower wavelength. Table 6 shows the refractive index
of blood according to the concentration of water. As the concentration of water changes,
the resonant peak is shifted to a lower position. Tables 5 and 6 indicate that either the
refractive index of blood or the refractive index of plasma may be used as an analyte
refractive index to measure the water concentration in blood.

This detected resonant peak through the spectrometer is used to identify the refrac-
tive index of plasma, According to this refractive index of plasma, the age of the person
and weight of the person is processed by the supervised learning algorithm and deci-
sion tree method to detect the reason for this variation. Although the identification of
these parameters is crucial because for better implementation of this an accurate data-set
is required.
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Figure 6. Normalized output power of the design structure.

Table 3. Water concentration in blood and refractive index of plasma.

f (Water) η (Water) f (Albumin) η (Albumin) for
55 g/L η (pl)

90% 1.33 10% 1.3387 1.3309
89% 1.33 10% 1.3387 1.3243
88% 1.33 10% 1.3387 1.3177
87% 1.33 10% 1.3387 1.3110
86% 1.33 10% 1.3387 1.3044
85% 1.33 10% 1.3387 1.2978
84% 1.33 10% 1.3387 1.2912
83% 1.33 10% 1.3387 1.2846
82% 1.33 10% 1.3387 1.2780
81% 1.33 10% 1.3387 1.2714

Table 4. Variation of the refractive index of blood with water concentration.

Water
Percentage f (RBC) η (RBC) f (Plasma) η (Plasma) η (Blood)

90% 45% 1.33 55% 1.3309 1.3305
89% 45% 1.33 55% 1.3243 1.3267
88% 45% 1.33 55% 1.3177 1.3232
87% 45% 1.33 55% 1.311 1.3196
86% 45% 1.33 55% 1.3044 1.3159
85% 45% 1.33 55% 1.2978 1.3123
84% 45% 1.33 55% 1.2912 1.3087
83% 45% 1.33 55% 1.2846 1.3050
82% 45% 1.33 55% 1.278 1.3014
81% 45% 1.33 55% 1.2714 1.2978
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Table 5. Position of resonant peak and sensitivity of the design structure with the change of refractive
index of plasma.

Water Concentration Refractive Index of
Plasma η (pl)

Position of
Resonant Peak (nm) Sensitivity (nm/RIU)

90% 1.3309 1571.25 Reference
89% 1.3243 1567.52 565
88% 1.3177 1563.79 565
87% 1.311 1559.82 574
86% 1.3044 1556.23 567
85% 1.2978 1552.15 577
84% 1.2912 1548.67 569
83% 1.2846 1544.84 571
82% 1.278 1541.23 567
81% 1.2714 1537.90 560

Table 6. Position of resonant peak and sensitivity of the design structure with change in the refractive
index of blood.

Water Concentration Refractive Index of
blood η (Blood)

Position of
Resonant Peak (nm) Sensitivity (nm/RIU)

90% 1.3305 1571.10 Reference
89% 1.3269 1568.97 570
88% 1.3232 1566.92 571
87% 1.3196 1564.73 579
86% 1.3159 1562.76 575
85% 1.3123 1560.51 575
84% 1.3087 1558.60 572
83% 1.3050 1556.49 578
82% 1.3014 1554.51 574
81 % 1.2978 1552.68 573

5. Conclusions

This paper proposed a nano-cavity-based photonic structure for analyzing the water
concentration in blood. Water is a very crucial component in blood to maintain various
parameters. The proposed structure is a two-dimensional structure with a dimension
of 12.15*8.45 µm. Due to this compact structure and the higher sensitivity of photonic
crystals, these devices are widely used as a biosensor. The water concentration in the
blood significantly changes the refractive index of plasma and the refractive index of blood.
The sensitivity of this design structure is 570 nm/RIU and the normalized output power is
approximately 54%. This higher sensitivity is beneficial for detecting a minor change in the
refractive index. It can detect the MCHC, MCV and MCV and identify the possibility of
disease at an early stage using supervised learning and decision tree mechanism. Hence,
this photonic structure with a more accurate decision tree for the prediction of disease at an
early stage has wider use in medical applications.
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