
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=twrm20

Waves in Random and Complex Media

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/twrm20

Theoretical study of a Janus layered photonic
structures based on improved particle swarm
algorithm for detection of serum creatinine and
glucose concentration

Jie Xu, Zhao Tang, You-ran Wu & Hai-feng Zhang

To cite this article: Jie Xu, Zhao Tang, You-ran Wu & Hai-feng Zhang (20 Sep 2023): Theoretical
study of a Janus layered photonic structures based on improved particle swarm algorithm
for detection of serum creatinine and glucose concentration, Waves in Random and Complex
Media, DOI: 10.1080/17455030.2023.2259501

To link to this article:  https://doi.org/10.1080/17455030.2023.2259501

Published online: 20 Sep 2023.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=twrm20
https://www.tandfonline.com/loi/twrm20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17455030.2023.2259501
https://doi.org/10.1080/17455030.2023.2259501
https://www.tandfonline.com/action/authorSubmission?journalCode=twrm20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=twrm20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/17455030.2023.2259501
https://www.tandfonline.com/doi/mlt/10.1080/17455030.2023.2259501
http://crossmark.crossref.org/dialog/?doi=10.1080/17455030.2023.2259501&domain=pdf&date_stamp=20 Sep 2023
http://crossmark.crossref.org/dialog/?doi=10.1080/17455030.2023.2259501&domain=pdf&date_stamp=20 Sep 2023


WAVES IN RANDOM AND COMPLEX MEDIA
https://doi.org/10.1080/17455030.2023.2259501

Theoretical study of a Janus layered photonic structures
based on improved particle swarm algorithm for detection
of serum creatinine and glucose concentration

Jie Xua, Zhao Tangb, You-ran Wub and Hai-feng Zhangb

aCollege of Electronic and Optical Engineering & College of Flexible Electronics (Future Technology), Nanjing
University of Posts and Telecommunications, Nanjing, People’s Republic of China; bBell Honors School &
Intensive Courses in Science and Engineering, Nanjing University of Posts and Telecommunications, Nanjing,
People’s Republic of China

ABSTRACT
An improved particle swarm optimization (IPSO) algorithm is pro-
posed to perform parameter optimization of the sensor which is
realizedby Janus layeredphotonic structures (LPS) basedon theopti-
cal Tamm state (OTS) and defect layer, which can be used to detect
serum creatinine (SCR) solution concentration (CSCR) and glucose
solution concentration (CG) by adjusting the thickness and refractive
index (RI) of the medium in the structure to control the peak and fre-
quency changes of the transmission and absorption peaks. Due to
the characteristic of Janus, the light incident fromdifferent directions
can produce different effects. TheOTS based onmetal properties has
sensitive and narrow absorption peaks when the light comes in for-
ward propagation, its absorption characteristics allowing accurate
measurement of CSCR with a high sensitivity (S) of 172 THz/RIU and
a relevant quality factor (Q) of 651 and a lower detection limit (DL) of
2.3163× 10−4. It has a significant Q of 4.5× 104, DL of 4.825× 10−5,
and S of 11.7857 THz/RIU with its transmission characteristics which
can be used to detect CG when the light comes in backward propa-
gation. It can be said that the IPSO has a certain application prospect
for the design of optical sensing.
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1. Introduction

In 1987, Yablonovitch and John each introduced the concept of ‘photonic crystals’ when
they studied the relationship between light propagation behavior and periodic dielectric
structure in materials [1,2]. Layered photonic structures (LPS) have some unique physical
properties such as photonic band gap and energy localization [3,4]. In recent years, LPS
have developed rapidly, and based on these unique characteristics have been proposed to
make optical sensors that can detect various physical quantities, such as cancer cells, tem-
perature, and low refractive index (RI) [5–7]. LPS can be used to make sensors based on
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different principles due to their unique physical properties, appropriate absorption, trans-
mittance, and high sensitivity (S) levels caused by the sparking visual quality displayed over
a certain wavelength range [8,9].

LPS can be easily prepared in very small sizes which meet the size requirements of the
sensors [10].

Many longitudinal studies found that diverse configurations based on the LPS have
shown relevant advantages in lots of fields. Most research can only realize the physical
sensing of electromagnetic wave incidence in one direction. This paper achieves the pur-
pose of bidirectional measurement through Janus, on behalf of the Roman god of creation
who has two faces looking into the past and the future. The two-sided nature of Janus pro-
vides the structure with impropriety and direction so that Janus holds diverse attributes
and functions, for example, quantum property and molecular sensing [11,12], which are
incompatible when in the common structures without Janus, thus providing more possi-
bilities for building multifunctional physical structures [13]. It is due to the unique physical
properties of Janus that it is possible to achievemultiple physical quantities andmultifunc-
tional measurements on the same structure during the design of the sensor. When light
enters from different directions, Janus performs its general purpose, allowing the physical
structure to exhibit different transmittance, absorption, and reflectance. This is very effi-
cient and beneficial in practical application. The multifunctional sensor design defines a
single sensor with the ability to perform the functions of multiple sensors. This is achieved
through theuseof aunique structure that exhibits varying resolutionand sensingprinciples
based on the direction of incident light, both before and after it passes through the struc-
ture. These differences in the light’s behavior allow for measurement in different detection
ranges, ultimately resulting in the multifunctional capabilities of the sensor.

Glucose and serum creatinine (SCR) are essential components in the human body, and
the content of glucose in the human body reacts to life and health [14], and hyperglycemia
has long been one of the common human diseases. Therefore, the accurate detection
of glucose concentration (CG) has a great impact on the food life and physical health of
humans [15]. In 2017, Su et al. then used a glucose sensor with an electrochemical signal
transducer [16]. SCR is one of the most vital indicators to detect the human body, both
for diabetes and for the determination of kidney function, which is very dependent on the
SCR concentration (CSCR) [17]. The Jaffé reaction kinetic method or endpoint method is the
predominant method of detection in previous research.

LPS is widely used in sensor measurement, but most of the current research is limited
to unidirectional measurement or bidirectional measurement with similar properties. In
this paper, with the help of particle swarm optimization (PSO), the sensor measurement
based on transmission and absorption can be realized in the LPS with Janusmetastructure,
which has this outstanding function but also canmaintain excellent sensitivity (S) and other
sensing properties. To computationally compare the excellence of different structures, the
neural network transfer matrix method (TMM) has been provided in previous studies to
build LPS and solve for absorptivity and transmittance [18,19]. The optimization algorithm
can speedup the calculationof the TMMand seek the appropriateparameters thusbuilding
a superior structure. PSO is first proposed by Kennedy et al. [20] has attracted the attention
of researchers because of its simple principle, and fast convergence, andhas becomeoneof
themost popular optimization algorithms [21]. In a bid to apply the original PSO algorithm
to the high-dimensional matrix operations of the transfer matrix and to perform as many
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iterations of the optimization as possible, this section improves on the original version of
the PSO algorithm [22]. The purpose of PSO is to find the global optimal solution auto-
matically, compared to the primitive method which uses enumeration to plug in different
values, simulation efficiency can be improved to save time, and more excellent transmis-
sion and absorption curves can be obtained to improve S and quality factors (Q). Slightly
superior results are achieved with improved PSO helps to construct excellent LPS. How-
ever, like any other device, Janus sensors are not immune to design defects that can impact
their performance. One potential limitation of Janus sensors is their narrowband frequency
range, which may restrict their ability to detect changes in the refractive index outside of
this range. Additionally, the Janus sensormay exhibit nonlinear behavior due to the interac-
tion between light and themetamaterial structure, which can introduce hysteresis or other
nonlinear effects that may compromise the accuracy and stability of the sensor. Currently,
these issues have not been fully addressed in the existing research work.

In this paper, an OTS-based Janus sensor is proposed. Two cavities of different sizes
for a degree of deformation, RI, and biomass are designed by constructing a suitable LPS
when light is incident from different directions. In the measurement of SCR and glucose,
the positions of analytes 1 and 2 (see Figure 1) are placed into the lumen. The measure-
ment range of CSCR concentration is 80.9∼85.28 μmol L−1 (RI of 2.565∼2.661), and the
corresponding S of 172 THz/RIU can be obtained from the results. A relevant Q of 651, a
figure ofmerit (FOM) of 216, and a detection limit (DL) of 2.3163× 10−4, respectively. When
CG is measured, the position of analyte 1 is placed with a common medium with a cor-
responding concentration range of 4%∼84.1% (RI of 1.34∼1.48), S = 11.7857 THz/RIU,
Q = 4.5× 104, FOM = 1.1× 103, andDL = 4.825× 10−5. In the thickness and RI detection,
it also has excellent performance. Accurate assignment of this designed LPS based on the
Janus property can be a very useful and sophisticated optical sensor, which performs rele-
vantmeasurements ofmultiple physical quantities. This proposedunique sensing structure
has a certain prospect in the field of muti-physical quantity measurement.

Figure 1. The structure atlas of Janus LPS.
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2. Theoretical model

2.1. Basic models

The proposed Janus LPS which is a multifunctional new sensing structure consisting of 15
layered structures that canmeasure both CG and CSCR is plotted in Figure 1. The structure is
denoted as M2(A1A2)2BNC(A1A2)3M1, where M1 and M2 refer to the metal Argentum (Ag)
layers that are used to excite the optical Tamm state (OTS). The dielectric constant model
equation for the OTS can be expressed as follows [23]:

εAg = E00 − ωAg
2/(j × ωp × rm + ωp

2) − Z × OAg
2/(ωp

2 − OAg
2 + j × FAg), j =

√−1

In this expression, E00 = 2.4064 and Z = 1.6604 stand for the dielectric constant and RI
of the initial Ag layer, wAg, OAg, FAg and rm respectively denotes the angular frequency of
4.428π×1015, 2.66π×1015, 1.24π×1015 and 9.6π×1012, where wp represents the current
operating frequency. EWs represent the electromagnetic wave. And d1 ∼d7 stands for the
dimensionsof different layered structures separately. A1 andA2 are analyte layers, the thick-
ness of which are 69.3 and 31.5 nm. B is an air layer with d4 = 65.2 nm, and C is a negative
RI layer with n = −2.2, d6 = 185 nm [24]. N is a polystyrene layer which used as a defect
layer to realize the sensing function of LPS. And when this study uses polystyrene as a non-
linearmaterial, it should set third-order nonlinear susceptibility (x3) of 1.14× 10−12 and the
ambient light intensity (It) is 70,000 lx [25]. The calculation of dielectric constant and RI is
different when the nonlinear material is added to LPS which indicates as

Ei =
√
It × 2/(c × E0)

where E0 = 8.854× 10−12 denotes electric permittivity in a vacuumand c = 3× 108 stands
for the speed of light. And the expression of nonlinear RI is [26]

nN = n0 + (x3/(2 × n0)) × |E|2

where n0 represents the linear RI of nonlinear material and E denotes the output electroki-
netic rate of the layered structure before the nonlinear layer. The optical properties of SCR
and glucose are mentioned in previously reported studies, thus allowing the introduction
of LPS in the visible wavelength band in the layered structures [27–29]. On account of the
non-reciprocal transmission properties, we think of SCR as an analyte 1 and normal media
with n = 2.9 as analyte 2 when the structure used to assay CSCR. We fill the glucose solu-
tion to the position of analyte 2 and normal media with n = 1.4 to the position of analyte
1 when we assay CG.

2.2. Calculationmethod

2.2.1. TMM
A transverse electric (TE) wave, inwhich there is no electric field component in the direction
of propagationperpendicular to the surfaceof themedium, is incident at an angle of twenty
degrees along the vertical direction of the medium’s surface. The wave is analyzed using
the transfer matrix method (TMM) to investigate its transmission through different media.
The details of the analysis are as follows. When light is incident, the electromagnetic wave
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signal propagates from the surfaceof thedesignedLPS. There is noelectric field component
in the propagation direction of the structure, but there is a magnetic field component that
is perpendicular to it. The structure has this physical property no matter which direction it
enters from.

The physical conclusions presented by Maxwell’s set of equations, and then based on
the transmission boundary conditions of the magnetic and electric fields, are deduced to
derive the equations of the electric and magnetic fields in the iterative process, and the
solution yields the transmission characteristics and dispersion relations of the LPS [30].

For the uth single layer, the recursive matrix equation for the electric andmagnetic field
relations in the proposed LPS can be written as [31]

(
Eu
Hu

)
= M

(
Eu+1

Hu+1

)
(1)

In the TE mode, the transfer matrix in the normal dielectric layer is [31]

MTE
u =

⎛
⎝ cos(kuzdu) − j

ηTEu
sin(kuzdu)

−jηTEu sin(kuzdu) cos(kuzdu)

⎞
⎠ (2)

Its kuz = kucosθ, ku = √
εuω/c, ηTEu = √

ε0/μ0
√

εu cos θu, where du stands for the thick-
ness of the uth layer, εu on behalf of the dielectric constant of the uth layer. According
to Snell’s law of refraction, θu = arcsin(n0 sin(θ0)/nu), where n0 is the RI of the medium in
where the light comes in, nu is the RI of the medium in which the uth layer is located, and
θ0 is the angle of incidence from the air into the structure.

Thewhole LPS consists of several layered structures, the connections of each layer follow
the same transportmatrix equation, so the overall structure can be represented by amatrix
equation as follows.

M =
U∑
j=1

Mj =
(
M11 M12

M21 M22

)
(3)

While the transfer matrix in the normal nodal layer is very different from the nonlinear layer
structure [32], after knowing the electric field at the back interface of the entire nonlinear
medium, a layer of the photonic structure is divided into multiple layers equally, and then
from back to front, the nonlinear transfer matrix equations can be derived for the front and
back interfaces of the nonlinear medium step by step.

(
Eu
Hu

)
= O1O2O3 · · ·Om = OD

(
Em+1

Hm+1

)
(4)

M = OBODOR (5)

where OB and OD are the transfer matrices relatively derived from the front and back
interfaces of the nonlinear medium.
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The coefficient of reflection (r) and coefficient of transmission (t) are calculated in this
way, and the equations can be expressed as

r = (M11 + M12ηU+1)η0 − M21 − M22ηU+1

(M11 + M12ηU+1)η0 + M21 + M22ηU+1
(6)

t = 2η0
(M11 + M12ηU+1)η0 + M21 + M22ηU+1

(7)

The equations for reflectance (R), transmittance (T) and absorbance (A) are R = r · r∗,
T = t · t∗, A = 1 − T − R, where r∗ and t∗ are on behalf of the conjugate values of r and
t, respectively.

2.2.2. IPSOmethod
The PSO for multi-objective optimization has been a very common reference, assuming
that the number of parameters to be optimized isw, whichmeans that thematrix of stored
particles is a w-dimensional matrix. The w-dimensional space can be imagined as a multi-
dimensional space, and the coordinates of each particle in the space are the objective
function that is adjusted to obtain the optimal solution. The basic process of the PSO and
the application of the relevant calculation formula are given below [33]. This formula is the
iterative formula for the particle position and velocity vectors. Figure 2 shows the algorithm
process and the ways of calculation.

⎧⎨
⎩

Xk+1(w) = Xk(w) + Vk(w)

Vk+1(w + 1) = iVk(w) + ∑
pi∈Nk

ciri(Pi(w) − Xk(w))

w = 1, 2, . . . ,WF , k = 0, 1, 2..D

(8)

whereWF uses todescribe thenumber of particle swarms andDdenotes thenumber of iter-
ations. X(w) stands for the position of the particle, V(w) on behalf of the directional velocity
vector, and P(w) is used to store the optimal positions and can be divided into individual

Figure 2. Algorithm process of IPSO.
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optimal position Pindi(w) and collective optimal position Pgro(w), the meaning of i is the
inertia factor, which is used to represent the influence of the original velocity on the next
generation update velocity, and ci represents the learning factor, which means that the
particle velocity update is influenced by the position and the distance from the previous
updated particle position. In the PSO, the setting of these three parameters greatly deter-
mines the execution efficiency and correctness of the algorithm. In this paper, a method
of asynchronous automatic adjustment of the learning factor is applied tomake the results
obtained by the optimization algorithmmore reasonable and correct [34], whichmakes the
iteration curve more curved and the ability to find the optimal solution stronger.

c1 = c1.start + (c1.end − c1.start)
G

M
, c1.start = 2.5, c1.end = 0.5

c2 = c2.start + (c2.end − c2.start)
G

M
, c2.start = 0.5, c2.end = 2.5

(9)

The learning factors c1 and c2 play a crucial role in determining the trajectory of opti-
mization by influencing the individual particle experience and other particle experience,
respectively, thereby enabling the exchange of information betweenparticles. Large c1 val-
ues tend to cause excessive local particle search, while large c2 values cause premature
convergence to locally optimal values. To address these issues, we adopt c1.start = 2.5 and
c2.start = 0.5 at the initial stage of the algorithm search, emphasizing the ‘individual inde-
pendent consciousness’ of particles to increase diversity in the group while minimizing
the impact on the ‘social consciousness part.’ As the generation selection times increase,
we increase the c2.end value of 2.5 and decrease the c1.end value of 0.5 to enhance particle
convergence to the global optimum [35].

2.2.3. Evaluation factors for the performance of sensor
This section focuses on the design of a non-reciprocal sensor, for sensor performance eval-
uation when this study has a variety of methods, the most commonly used is through the
S, Q, FOM and DL. The calculation formula is as follows [23].

S = �f

�n
(10)

Q = fT
FWHM

(11)

FOM = S

FWHM
(12)

DL = fT
20 × S × Q

(13)

where �f and �n stand for the amount of variation in frequency and RI, fT represents the
magnitude of the peak frequency, FWHM on behalf of the half-high frequency width of the
absorption peak transmission peak. A well-designed sensor tends to have a significant S,Q,
FOM, and a low DL. The values of these parameters depict the performance of sensing very
visually.
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3. Analysis and discussion

In practice, various measuring methods are employed for sensors, many of which utilize
frequency modulation, similar to the approach used in this paper, to detect changes in the
sensingparameterby the shiftingofpeak frequency. Toachieve significantQand S, wewere
very rigorous in the design of LPS. This requires that we have transmittance and absorp-
tivity close to 1 over a certain frequency range, while at the same time trying to maintain
their curve width. The function of the optimization algorithm is to set constraint conditions
to find the optimal result locally. In this design structure, the basic structure is first built
according to the physical principles, and then IPSO is used to optimize the thickness of
each medium layer (d1-d7) adjustable medium RI (n2, n3, n4, n6), the periodic number of
photon structure (p), working light intensity (It) and third-order nonlinear polarization (x3).
Constraint conditions conforming to the principle of physics were set for each parameter
to be optimized, and appropriate population number and iteration times were selected
for parameter optimization. Finally, very high results such as Table 1 and Figure 3(a) are
obtained. And because of the setting of calculation accuracy, IPSO tends to the optimal
results often cannot meet the requirements of industrial production. Therefore, further
modification attempts are required to find an appropriate thickness and medium near the
optimal result to complete the design of LPS.

Table 1. All parameters to be optimized.

Parameters to be optimized

Parameter range unit Optimization result Parameter range unitOptimization result

d1 10∼ 103 nm 64.7 n2 1∼ 5 None 2.62
d2 10∼ 103 nm 69.3 n3 1∼ 5 None 1.41
d3 10∼ 103 nm 31.5 n4 1∼ 5 None 1.09
d4 10∼ 103 nm 65.2 n6 -(1∼ 5) None −2.21
d5 10∼ 103 nm 321.3 p 1∼ 10 pcs 3
d6 10∼ 103 nm 185.4 It 0∼ 106 lx 7× 105

d7 10∼ 103 nm 23.2 x3 1∼ 5 10−12·C·m2/V 1.14

Figure 3. (a) The optimization results of IPSO. (b) The absorption peak and the transmittance peak
inspired by OTS and defect layer.
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In the case of the proposed LPS, a nonlinear dielectric layer is added to the proposed
structure as a defect layer, which breaks the periodicity of the LPS and strengthens the elec-
tromagnetic wave to some extent. When the light comes in forward propagation, metallic
Ag layers are added for activating theOTS, and a near-field electromagnetic wave is formed
in the photonic band gap when the incident wave overlaps with the electric ions emit-
ted from the metal surface. A better absorption peak is formed that could be attributed
to the resonance to strengthen the enhancement effect of the local electric field when the
frequency of the incident light is the same as the oscillation frequency of the electrons.
When the light comes in backward propagation, the nonlinear medium is introduced as
the defect, which generates the energy locality and forms a good transmission peak. The
arrangement of the periodic structure allows the transmission of electromagnetic waves
in the visible band resulting in a much more enhanced transmission of light through the
dielectric layer. These two characteristics are well described in Figure 3(b). At f = 535.7
THz and f = 511 THz, an absorption peak with wide FWHM and a transmittance peak with
narrow FWHMwith a value up to 0.99498 and 1 are realized.

The sensor works by finding the relationship between the frequency and the analyte,
thus converting the indistinct signal into a visible photoelectric signal. If the correlation
coefficient of the object to be measured changes, the resonant frequency must produce
a shift in a linear relationship. Sensors based on this principle have been shown to exhibit
excellent sensing performance. With the high resolution and high-quality sensing perfor-
mance shown in Figure 1, the sensor not only can measure common physical quantities
of refractive index and thickness but also accurately measure CG and CSCR, reaching the
measurement level of a biosensor.

3.1. Sensor performance for forward transmission

When the lightpropagates forward, this sensor is used formeasurementsof thickness andRI
through the change of absorptivity and frequency,most notably formeasurements of CSCR.
The details demonstrated in Figure 4(a) find that the absorption rate can reach above 0.9 in
the requiredmeasurement range when the RI varies between 2.565∼2.661. RI modulation
will influence the tweaks of wave vector and phase so that a shift in frequency forms an
absorption peak. The high absorption rate is the basis for making frequency modulation
sensors, and the high and stable absorption rate ensures the stable performance of the
sensors.

This study uses the change in RI to represent the change in CSCR, and Table 2 indicates
their correspondence [27].

Based on the principle of frequency-modulated sensors, this study uses thesemeasured
SCR data to explore the linear relationship between n = 2.565∼2.661 and resonant fre-
quency, 520.4, 516.2, 512.6, 507.6, 504.9 and 503.9 THz. Figure 4(b,c) reveals that there is
extremely high linearity among them. A possible explanation for this might be that the
OTS effect is strongly influenced by the change in RI which affects the change in wave vec-
tor and associated phase, thus arousing a red-shift phenomenon in the absorption peak
with increasing CSCR. According to the linear fit, it can be derived to satisfy the functional
relationship as Equation (14).

fSCR = −172.1130n + 961.8466 (14)
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Figure 4. (a) Absorption peaks at different CSCR. (b) The corresponding three-dimensional overhead
plan for CSCR sensing. (c) The linear relationship between the CSCR and the resonance frequency. (d) FOM
and Q values at different concentrations.

Table 2. Creatinine concentration
(μmol L−1) with attributed RI.

RI

Creatinine
concentration
(μmol L−1)

2.661 80.9
2.655 81.43
2.639 82.3
2.610 83.3
2.589 84.07
2.565 85.28

From Equation (14), through calculation, it can get that S = 172.1130 THz/RIU and the
coefficient of determination reaches 1, approving the reliability of the sensor. By observ-
ing the line trend in Figure 4(c), it can be concluded that with the increase of RI from
2.565 to 2.661, the corresponding SCR concentration decreases from 85.28 to 80.9, and
the corresponding peak frequency decreases from 520.4 THz to 503.9 THz. Q and FOM can
be calculated by Equations (11) and (12). The different concentrations of Q and FOM are
revealed in Figure 4(d), Q = 651, FOM = 216. The maximum values of Q and FOM are 672
and 230, respectively, and the minimum values are 625 and 207, respectively. It can be
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seen that the range of variation is 47 and 23, indicating that when the sensor changes the
range of RI, that is, when the concentration of the object ismeasured, the sensor can always
maintain ameasurement level of the same quality. The averageDL of 2.3163× 10−4 can be
calculated fromEquation (13)which indicates that this sensor is sensitive and stable and can
be used for finemeasurements of SCR.DL is less than 10−4 indicating that the structure can
guarantee certain accuracy and clarity when used as a sensor to measure biomass, which
is a decisive factor for the practical production application of the sensor. Only a biosensor
with qualified DL can really provide help for modern medical detection.

Next, similar to the principle of detecting CSCR, this sensing structure can also be used
to detect thickness when placing media with RI of 2.52 and 2.9 at the position of ana-
lytes 1 and 2. In Figure 5(a), the change in the cavity thickness of analyte 2 is from 80.5 to
84.5 nm, and the corresponding resonant frequency peaks are from 498.8∼511.6 THz. In
order to visualize the data, we plot Figure 5(b) which witnesses the exhaustive absorption
properties of LPS under different wavelength and thickness conditions. And fit the expres-
sion linearly from Figure 5(c), f = −3.2d+ 769.18, revealing that this sensor has S = 3.2
THz/nm, R2 = 0.99. Unlike the RI sensor, the S of thickness sensor greater than 1 already
has an excellent performance. Relevant formulas were used to obtain Figure 5(d) at sev-
eral selected cavity thickness points which indicate that, averageQ = 868 and FOM = 500.

Figure 5. (a) Absorption characteristics of different cavity thicknesses at different frequency points. (b)
Full wavelength absorption characteristics at different thicknesses. (c) Linear fitting over the thickness to
be measured. (d) Sensing performance over a range of thickness variations.
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Moreover, the Q value first rises from 849 to 870, then falls briefly to 866 and finally
improves slowly to 882 at a slower rate. Corresponding to the changing trend of FOM,
the rate of increase from 531 to 547 to 565 is first fast, then slow, and finally gentle,
and the sensing performance is gradually improved with the increase of measurement
thickness.

In Figure 6, we fill the test medium in analyte 1 and a normal medium with an RI of 2.9
with analyte 2. Similar simulations and calculations are carried out when the thickness of
analyte 2 is adjusted to 31.5 nm. RIs are randomly selected as 2.52, 2.54, 2.56, 2.58 and 2.60.
At frequencies 528.4, 524.8, 521.3, 517.8, and 514.3 THz, there is a simulated outstanding
absorption corresponding to the electromagnetic wave passing through which is shown
in Figure 6(a). According to the heat map in Figure 6(b), when the light incident from the
front, the absorption characteristics only appear near the operating point relative to 5%
of the whole range, which means that the sensing performance of different frequencies
of electromagnetic waves is very different. By using LFR, a fitting method that selects the
relationship between equally spaced points along the horizontal and vertical axes which
gets the result, f = −176n+ 971.88, is shown in Figure 6(c). S up to 176 THz/RIU, the R2

up to 0.99, indicating the high quality of the linear fit, as RI increased from 2.52 to 2.60,

Figure 6. (a) Absorption peaks of each frequency point under different RI. (b) Absorption characteris-
tics of each wavelength incident in RI range. (c) Linear relationship between frequency and range of RI
measurement. (d) Variation of Q and FOM in RI measuring range.
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the corresponding frequency decreased from 528.4 THz to 514.3 THz. The Q of 621 and the
FOM of 210 are revealed in Figure 6(d) after accurate computational analysis. Within the
measured range, n = 2.60 can obtain themaximum values ofQ and FOM, 630 and 215, and
it has a very stable growth trend in the transition from 514.3 THz to 528.4 THz.

3.2. Sensor performance for backward transmission

When the light propagates backward, the characteristics of absorptivity are not ideal and
cannot be used as the basis of sensor design, but at this time, the transmittance is extremely
excellent andcanbemadeof transmittance sensorparts. Toexplore its transmission charac-
teristics, it is found thatwhen glucose solution is placed at analyte 2, the transmission could
be observed to produce frequency point movement with the change of concentration, as
shown in Figure 7(a).

With the change in the content of glucose, the increase or decrease ofCG valuewill cause
a change in RI. In some previous studies, [23] the RI of CG can be expressed as the formula
Equation (15) [27].

nG = 0.00011889CG + 1.33230545 (15)

Figure 7. (a) Transmission peaks at different CG. (b) The corresponding three-dimensional overhead
plan for CG sensing. (c) The relationship between CG and resonance frequency. (d) FOM and Q values
at different concentrations.
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After knowing the relationship between RI and CG, the relationship between them can be
explored. In Figure 7(b), different frequencies are dotted with points with different trans-
mittance which have enough physical properties to be used as a sensor. Achieve a wide
range of concentration measurements for 4%∼84.1% in an aqueous solution of glucose
within the nG range of 1.34∼1.48 is shown in Figure 7(c), indicating an excellent linear
relationship.

f = −11.7857n + 527.7679 (16)

From Equation (16), this study can obtain S = 11.7857 THz/RIU and R2 = 0.9973. The
RI detection range of 1.34∼1.48 completely covered the RI belonging to solutions of nor-
mal glucose at the same concentration. Observed transmission peaks are mostly fine and
short, with low FWHM on the surface, which is extremely friendly for the calculation of Q
and FOM. Compared with the forward absorption peak, the FWHM is 9∼10 times smaller,
and the relative values ofQ and FOM are also increasedby 4∼5 times. On the contrary, the S
is affected and has a 145.9% decrease. In Figure 7(d), the details are shown, a relevant aver-
age data of Q = 4.5× 104, FOM = 1.1× 103, and DL = 4.825× 10−5. Compared with the
above, the Q and FOM values fluctuated more greatly, especially the sensing performance
at CG = 54.4% solution showed a short trough, Q = 43,452, FOM = 1002. Then, when CG
reaches 64.9%, Q and FOM reach the extreme value again, and finally drop sharply to
Q = 39,126, FOM = 903, at 64.9%∼74.7%, it also reveals that theDL of the sensor changes
from 4.4630× 10−5 to 5.5364× 10−5. Therefore, a wide range of Q and FOM means that
the relative accuracy of measurement will also change, which is helpful for distinguishing
different concentrations of solutions.

In addition, it shows outstanding transmission properties when thickness varies. By
changing the cavity size of analyte 2, after placing RI of 2.6 and 1.4 media at ana-
lytes 1 and 2, it can obtain significant transmittance peaks at different thicknesses with
resonance frequency (see Figure 8(a)). The phase change of the electromagnetic field
is induced by the nonlinear defect film. As a result, the transmittance of 498.8, 502.0,
505.1, 508.4, and 511.6 THz is higher than 0.8 at the frequency points. The theoretical
basis of sensor fabrication for thickness measurement is presented in Figure 8(b), about
10% of the operating band has a suitable transmittance. Figure 8(c) reveals the strong
linear relationship between them within the thickness of 25.8 nm∼26.2 nm, combined
with the corresponding frequency relationship, f = −5.4d+ 676.5. S = 5.4 THz/nm and
the coefficient of determination is 0.99863, which is extremely strong and tends to be
100% coincidence, showing a strong linear relationship between frequency and trans-
mittance. Figure 8(d) shows the superiority of the designed LPS and shows high sens-
ing performance in thickness measurement, Q = 24,205, FOM = 24,383. In the range
of 25.8 nm∼26.0 nm, Q = 22,845∼23,138, FOM = 22,964∼23,306, the growth poten-
tial of Q and FOM are smaller than that (Q = 23,138∼23,306, FOM = 23,306∼25,862) of
26.0 nm∼26.1 nm, which is close to the trend of 26.1 nm∼26.2 nm, Q = 25,651∼26,355,
FOM = 25,862∼26,601.

A normal medium with n = 2.6 is placed at analyte 1 and the object to be measured
at analyte 2, then the value of the thickness of analyte 2 is optimized to 31.5 nm. When
LPS is used to measure changes in RI based on transmission characteristics. Figure 9 study
the sensing characteristics of this improvedmetamorphic structure absorber bymeasuring
the surrounding background transmission reaction of various RI from 1.353 to 1.393. An
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Figure 8. (a) Transmittance characteristics of different cavity thicknesses at different frequency points.
(b) Full wavelength transmittance characteristics at different thicknesses. (c) Linear fitting over the
thickness to be measured. (d) Sensing performance over a range of thickness variations.

apparent linear transmission peak redshift is observed in Figure 9(a) with an increase in RI
measured around thematerial. By extracting relevant peak frequency data from Figure 9(a)
and combining it with the corresponding measurement range of RI, their strong sensing
characteristics and linear relationship can be explored, as shown in Figure 9(b,c). The fit-
ting degree of f = −10n+ 525.33 and R2 = 1 can be obtained by calculation. In the range
of 511.4 THz to 511.8 THz, there is an inverse correlation between the change of oper-
ating frequency and the corresponding measurement RI, which decreases from 1.393 to
1.353, indicating that the S is 10 THz/RIU. In order to a better and more comprehensive
evaluation of sensor performance, Q = 47,229 and FOM = 924 are respectively obtained
in Figure 9(d). According to the trend of the curve, the values of Q and FOM first increased
at a certain rate, reached themaximumvalue ofQ = 49,680, FOM = 970, thendecreased at
an approximate rate fromn = 1.363 ton = 1.383,Q = 49,680∼45,792, FOM = 971∼895,
and finally increased in reverse at n = 1.383(Q = 45,792, FOM = 895). It shows the stability
and superiority required for a good sensor.

The ability of a sensor to detect an analyte does not guarantee its selectivity for a specific
concentration of the analyte, such as glucose or SCR. Typically, sensors rely on changes in
the environment surrounding the sensor, which can result from factors like temperature,
pressure, and the presence of different chemicals. To achieve specific detection of target
analytes likeglucoseor SCR, it is necessary touse a sensingmaterial that selectively interacts
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Figure 9. (a) Transmittance peaks of each frequency point under different RI. (b) Transmittance charac-
teristics of each wavelength incident in RI range. (c) Linear relationship between frequency and range of
RI measurement. (d) Variation of Q and FOM in RI measuring range.

with the analyte and causes a change in the RI of the medium. For instance, a sensor could
use an enzyme that reacts specifically with glucose, leading to a proportional change in the
RI of the solution [36]. Alternatively, sensors that combine refractive index measurements
with other sensingmechanisms like surface plasmon resonance (SPR) or surface-enhanced
Raman spectroscopy (SERS) can be used to achieve selective detection of target analytes
[37,38]. These techniques rely on changes in optical properties that occur when a metal
surface interacts with a specific analyte, making it possible to detect the analyte even in
complex mixtures.

Last but not least, conventional sensors are often used only for single-physics mea-
surements, dedicated to the fine measurement of a parameter. And it can only work with
unidirectional incidence, which is extremely inefficient in practical applications. This paper
proposes a multi-physics sensor, which can also be used for the measurement of different
properties in different directions. Additionally, the sensor in this paper has excellentQ, FOM,
andDL values, which are crucial for the finemeasurement of solids and liquids. To highlight
the features of the design of this paper, Table 3 is used for comparison. Combined with the
sensor designed in this paper, the performance of the sensor is compared with that of the
same type. Whilemaintaining good S,Q, and FOM, three kinds of physical quantities can be
measured at the same time.
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Table 3. The performance of published literatures compared with this work.

Performance

Literature Non-reciprocity
Multi-quantity
measurement Analyte S Q FOM DL

Ref. [36] No No Blood serum 153 None None 1.44× 10−5

Ref. [37] No No Fat volume 51.3 7584 666 None
Ref. [38] No No Gas 450 None 800 1.6× 10−4

Ref. [39] No No Chemical analytes 268 None 1276 3.9× 10−4

Ref. [40] No No Temperature 93.61 2506 None None
Ref. [41] No Yes Blood, Cancer cells 72.0906 18.971 None None
Ref. [42] No No Blood glucose 22 800 0.3865 None
Ref. [43] No No RI 11 1420 407 None
Ref. [44] No No CH4 103 8.7 5.2 None
Ref. [45] No No RI 4.78 2149 1477 None

Forward

This work Yes Yes Analyte SCR RI Thickness

S 11.7857 10 5.4
Q 45,000 47,228 24,205

FOM 1100 924 24,383
DL 4.825× 10−5 None None

Backward

Analyte Glucose RI Thickness

S 172 176 3.2
Q 651 621 868

FOM 216 210 500
DL 2.316× 10−4 None None

4. Conclusions

In summary, a non-reciprocal sensor that canmeasure both CG and CSCR is proposed in this
paper, and TMM is utilized for data computation and analysis. When the light forward prop-
agation, the analyte with a thickness of 69.3 nm ismeasured, and the corresponding values
of S, FOM, Q, and DL are 172 THz/RIU, 217, 642, and 2.30× 10−4. When the light backward
propagation, the analyte with a thickness of 31.5 nm is measured, and the corresponding
values of S, FOM,Q, and DL are 12 THz/RIU, 1.1× 103, 4.5× 104, and 4.82× 10−4. The effect
of the sensor on the sensing performance for the thickness and RI of commonmedia is also
briefly described. The advantages of these aspects mentioned in this paper are attributed
to the fact that IPSO has a powerful multi-objective optimization function that can find the
optimal solution for the sensor performance in several iterations.With the excellent sensing
performance of such a simple and physical structure, it verifies the effectiveness of sensors
that have a wide range of practical applications and IPSO will shine in many aspects of the
optical field.
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