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ABSTRACT ARTICLE HISTORY
This study presents a multi-resonator plasmonic metasurface biosen- Received 27 August 2025
sor operating in the terahertz range for detecting human chorionic Accepted 7 November 2025
gonadotropin (hCG), a primary pregnancy biomarker. The sensor

consists of four resonators with different geometries and dimensions

made from graphene, copper, aluminum, and gold. Its operation

is based on surface plasmon resonance. Finite element simulations

showed that transmittance varied from 98.428% to 30.736% as the

graphene chemical potential changed from 0.1 to 0.45 eV. The opti-

mized sensor achieved a sensitivity of 1000 GHz per refractive index

unit (RIU) and a figure of merit of 13.333 RIU~'. A Gradient Boost-

ing Regressor model was used to predict sensor behavior. The model

produced R? values between 0.90 and 1.00 for variations in incident

angle, square ring geometry, and graphene chemical potential. Res-

onance frequency shifted from 0.32 to 0.30 THz with refractive index

changes, following a linear relationship (R* = 0.88947) that allows

calibration for hCG detection.

Introduction

Pregnancy testing represents a cornerstone of reproductive healthcare, enabling timely
decision-making, prenatal care initiation, and family planning for millions worldwide
[1]. Meanwhile, the accurate and accessible detection of human chorionic gonadotropin
(hCG) - the key biomarker of early pregnancy - has profound implications for mater-
nal and fetal health, reducing the risks associated with the unmonitored pregnancies
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and supporting informed reproductive choices [2-4]. In low-resource settings, where tra-
ditional laboratory-based diagnostics may be scarce, rapid, portable, and cost-effective
pregnancy tests are critical for bridging healthcare gaps [5]. Yet, existing lateral flow assays
(LFAs), while widely used, often suffer from some limitations including sensitivity, speci-
ficity, and quantitative accuracy, particularly in early-stage detection or cases of ectopic
pregnancy [6].

In the last decades, optical biosensing received a considerable attention from many
researchers. In particular, some plasmonic materials have emerged as a transformative dis-
cipline in biosensing, leveraging the unique optical properties of metal nanostructures to
detect biomolecular interactions with an exceptional precision [7]. Notably, surface plas-
mon resonance (SPR) and localized surface plasmon resonance (LSPR) phenomena enable
label-free, real-time monitoring of binding events, where changes in refractive index at the
metal surface — induced by target biomolecules such as hCG - manifest as measurable
shifts in light absorption, scattering, or reflection[8-11]. Compared to conventional opti-
cal or electrochemical methods, plasmonic biosensors offer superior sensitivity, allowing
detection of trace analytes at concentrations as low as picomolar or femtomolar ranges
[12-14]. This sensitivity, combined with rapid response times and potential for minijatur-
ization, positions plasmonics as a promising platform for advancing point-of-care (POC)
diagnostic technologies, including pregnancy testing [15,16].

A review of some related studies highlights the significant progress in plasmonic and
metasurface-based biosensing for biosensing. For instance, Shah et al. used the FDTD
algorithm to study how transient plasma processes influence electron plasma frequency
besides the resulting plasmonic electric and magnetic fields in TM mode [17]. Xu et al.
designed a simple D-type six-hole PCE-SPR sensor achieving 36,000 nm/RIU sensitivity,
2.78 x 107° RIU resolution, and a 1.3-1.395 RI range, enabling easy fabrication and fusion
with standard fibers [18]. Fei et al. proposed a D-shaped dual-core PCF-SPR sensor with
ITO coating and an elliptical air hole, achieving 29,300 nm/RIU wavelength sensitivity
and 261.01 RIU™! amplitude sensitivity [19]. Moreover, R et al. developed a graphene-
enhanced SPR metasurface sensor for dopamine detection, achieving 500 GHz/RIU sensi-
tivity, 2.110 FOM, and 92-100% ML prediction accuracy [20]. Aggarwal et al. designed
a trimodal biosensor comprising MXene, black phosphorus and graphene achieving
2000GHz/RIU sensitivity (RI range 1.36-1.401) with R? = 98.918%,and ~ 90% predictive
accuracy [21].

This study provides a comprehensive analysis of plasmonic and metasurface-based
biosensing technologies for pregnancy testing. It emphasizes the global importance of
advanced pregnancy diagnostics, reviews the principles of plasmonic and metasurface
biosensing for hCG detection, compares existing approaches, and explores ways to improve
sensitivity and specificity through advanced materials and functionalization. The research
introduces a novel design using a hybrid ensemble of three metals (Au, Cu, and Al) oper-
ating in the terahertz range — an approach not previously applied to hCG detection. This
multi-metal configuration enables unique multi-mode resonance and tunable dispersion,
while the integration of electromagnetic parameters with a Gradient Boosting Regressor
model offers a new data-driven strategy for optimizing resonance behavior and enhancing
biosensor sensitivity.
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Design and modeling

The proposed sensor design consists of a centrally placed circular resonator with a radius of
2 pm, precisely engineered to support LSPRs in the terahertz regime. This central element
is conformally coated with a monolayer of graphene to enhance the tunability via its chem-
ical potential and improve the light-matter interaction. Surrounding the central structure
there is a circular ring resonator with inner and outer radii of 4 and 4.5 pim, respectively.
This ring is designed from aluminum (Al), chosen for its high electrical conductivity and
low cost, making it suitable for large-area THz applications. Enclosing the circular arrange-
ment there is a square ring resonator with inner and outer side lengths of 6 and 6.5 pm,
respectively, coated with copper (Cu). Here, we believe that Cu represents a good choice
due to its high conductivity that ensures minimal ohmic losses besides its contribution for
a strong resonance coupling. Then, the outermost layer consists of another square ring res-
onator, with inner and outer side lengths of 10 and 10.5 pm, coated with gold (Au). Gold is
selected for its chemical stability and excellent plasmonic performance, ensuring the dura-
bility and reliability of the sensor under varying environmental conditions. Finally, the
resultant multi-resonator pattern is positioned on a silicon dioxide (SiO;) substrate with
dimensions of 21 pm x 21 pm x 2 pm, providing a stable, low-loss dielectric platform for
terahertz wave propagation. This layered and nested architecture allows for strong inter-
resonator coupling, leading to enhanced field confinement and improved sensitivity for
biomolecular detection. To sum up, Figure 1(a-d) illustrates the top view, 3D perspec-
tive, polarization configuration, and constituent elements of the proposed sensor design,
respectively, providing a comprehensive visualization of its structural layout and functional
components.

In fact, the synergistic operation of concentric circular and square resonators yields
hybrid plasmonic coupling, where each resonator operates as an independent LC circuit

()

- Graphene
I Cu
B Al
|:| Au
I sio;

™,
LY

Figure 1. (a—-d) Top view, 3D views, polarization configuration, and constituent elements of the pro-
posed multi-resonator terahertz sensor.
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with inductive and capacitive characteristics tuned by its geometry and material composi-
tion. Additionally, the electromagnetic field confinement occurs predominantly at metal-
dielectric interfaces, while coupling between the resonators leads to resonance hybridiza-
tion, enhancing sensitivity. The graphene-coated central ring dynamically modulates
charge carrier density, thus tuning the effective plasmon frequency. This multi-resonator
interplay amplifies both near-field localization and resonance sharpness, establishing a
strong physical basis for the observed high sensitivity and tunability of the proposed meta-
surface based design. Here, the mesh convergence analysis was conducted where minimum
mesh element sizes were reduced from 200 to 25 nm. Resonance frequency variation fell
below 0.05% beyond 50 nm mesh size, confirming numerical stability.

It should be noted that the multi-material patterning is achieved through a single-mask
or multi-exposure EBL process using sub-50 nm alignment accuracy, routinely attainable
for micrometer-scale terahertz metasurfaces. Alternative scalable routes such as nanoim-
print lithography and deep-UV stepper lithography can equally reproduce the concen-
tric resonator arrays. Therefore, the described fabrication workflow represents a feasible
pathway rather than an impractical sequence of four independent EBL cycles.

Now, Figure 2 presents a systematic, step-by-step illustration of the fabrication process
for the proposed multi-resonator terahertz sensor, integrating both schematic diagrams
and realistic cleanroom imagery. Meanwhile, the process begins with the preparation of
a high-purity SiO, substrate, which is meticulously cleaned and readied for further pro-
cessing. A uniform layer of photoresist is then spin-coated onto the substrate, followed
by electron-beam lithography (EBL) to define the precise multi-resonator pattern, includ-
ing circular and square structures. Subsequent metal deposition steps involve sequential

Fabrication Process of the Proposed Multi-Resonator Terahertz Sensor

-

2. Photoresist 3. E-Beam Lithography 4. Metal Deposition

5. Lift-Off 6. Annealing 7. SEM inspection 8. THz-TDS Measurement

Figure 2. Step-by-step fabrication process of the proposed multi-resonator terahertz sensor in a class-
100 cleanroom environment.
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evaporation of graphene, aluminum, copper, and gold layers, each tailored to specific res-
onator components for optimal terahertz performance. Graphene integration was modeled
following a chemical vapor deposition (CVD) growth route on Cu foil, followed by PMMA-
assisted wet transfer onto the SiO, substrate. The film was subsequently annealed at 200°C
under Ar/H; flow to remove polymer residues and enhance electrical continuity. The car-
rier mobility (n & 5000 cm? V™1 s71) and relaxation time (7 ~ 1 ps) were adopted from
reported CVD-grown monolayer graphene. The earlier reference to ‘graphene evaporation’
has been corrected to accurately reflect this conventional CVD-transfer process.

Following metal deposition, the lift-off process removes excess materials to yield sharp
resonator boundaries. The fabricated structures are then annealed in an inert atmo-
sphere to enhance adhesion, reduce surface roughness, and improve electrical conductivity.
Final quality control involves scanning electron microscopy (SEM) to verify dimensional
accuracy, followed by terahertz time-domain spectroscopy (THz-TDS) measurements to
validate resonant responses. This integrated approach ensures the precision, stability, and
high sensitivity required for advanced terahertz sensing applications. It is worth noting that
the present fabrication process description represents a conceptual framework rather than
an experimentally realized prototype. The study focuses primarily on theoretical modeling
and finite-element-based electromagnetic simulations to evaluate the design’s feasibility.
The THz-TDS spectrum, surface morphology, and SEM micrographs will be experimen-
tally obtained in subsequent work once cleanroom fabrication is completed. The provided
fabrication route serves as a validated process outline compatible with standard pho-
tolithographic and CVD-based nanofabrication methods reported for similar plasmonic
metasurfaces.

Despite the multi-material design enhances plasmonic performance, it introduces fab-
rication challenges such as interfacial adhesion, surface roughness, and layer alignment.
These were mitigated through sequential electron-beam lithography (EBL) and multi-step
thermal evaporation of Al, Cu, and Au under high vacuum conditions to ensure uniform
deposition. Graphene transfer was conducted via a PMMA-assisted wet process, followed
by low-temperature (150°C) annealing to remove residues and enhance adhesion. The use
of SiO, as a dielectric substrate minimizes thermal stress and ensures mechanical stabil-
ity. Consequently, the proposed multi-resonator structure remains practically realizable
within current nanofabrication capabilities. In this study, graphene parameters were set as:
Fermi velocity vg = 1 x 10° m/s, carrier relaxation time 7 = 1 ps, temperature T = 300K,
and chemical potential pc = 0.1-0.9 eV. These values were used for calculating intra-
band and interband conductivity components ensuring realistic modeling consistent with
experimental CVD-grown monolayer graphene.

Then, to ensure the molecular specificity toward hCG, the gold surface of the
outer resonator was bio-functionalized with a self-assembled monolayer (SAM) of 11-
mercaptoundecanoic acid (MUA), subsequently activated via EDC/NHS chemistry for
covalent immobilization of anti-hCG antibodies. This immobilization facilitates strong
antigen-antibody interactions while suppressing non-specific binding. At physiologically
relevant hCG concentrations (25-10° mIU/mL), corresponding refractive index changes
of 1072-1072 RIU were simulated, yielding measurable frequency shifts of approximately
0.001-0.005 THz, aligning with the proposed sensor’s detection limit ( <10 mIU/mL).
These functionalization steps render the sensor biologically compatible and clinically
viable for early pregnancy diagnostics.
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Electromagnetic analysis of the proposed multi-resonator terahertz sensor
The electromagnetic behavior of the proposed multi-resonator terahertz sensor is gov-
erned by the time-harmonic Maxwell’s equations in a source-free, linear, isotropic, and
lossless region, expressed in the frequency domain as [22-24],
V x E(r) = —jou(r)H(r), V x H(r) = jwe(r)E(r),
V- [e®E®)] =0,V [u(®H()] = 0. (1)

For the resonator array embedded in the dielectric substrate, the material distribution
is described by a piecewise-defined permittivity function such that:

€5i0,> T € Qgp
€g> re Qgraphene
€(r) =1 ea, reQy (2)
€cu, TYeEQcy
€aus, T E Qay

where Qqub, Qgraphenes a1, Qcu, and Qay denote the spatial domains of the substrate,
graphene, aluminum, copper, and gold, respectively.

Resonant condition

The electromagnetic modes of the structure are obtained by solving the vector Helmholtz
equation derived from Maxwell’s curl equations:

V x V x E(r) — ke, (r)E(r) = 0, (3)
where kg = % and €,(r) = %)
The resonant frequencies w,, satisfy the transcendental eigenvalue problem:

L(erEn) =V x (17 (©)V X Ep(0)] — 03,6, (1)Ep(r) = 0. (4)

Multi-resonator coupling

For the circular, square, and concentric resonators, coupling effects can be represented by
a generalized coupled-mode theory (CMT) formulation:

da;lnt(t) = (iwm - Vm)am (t) + gﬂjkmnan (t) + Sin(t)’ (5)
sout(£) = sin(£) = D_ dmtim (8), (6)

where a,,(t) is the mode amplitude, y,, the intrinsic loss rate, x,,, the coupling coeffi-
cient between modes m and n, and d,, the external coupling parameter to the terahertz
excitation.
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Surface conductivity of graphene

The graphene layer’s influence is introduced through its surface conductivity o, (), given
by the Kubo formalism for finite temperature T"

2e%kgT  j e e hw du,
_ et In | 2cosh (22— u) = :
%@ = T a i n[ €08 (szT):|+4h|: (2 ”“) ]ﬂhw:| @

where p. is the chemical potential, 7 is the carrier relaxation time, and H(-) denotes the
Heaviside step function [25].

Scattering parameters

The frequency-dependent response is characterized by the scattering matrix S(w), whose
elements are obtained from [26]:

Etrans(w)
Einc(w) ’

Ere (w)

Einc(w) ’ ®)

$21(w) = S11(w) =

with |S;(®)|* representing the transmission spectrum from which resonances are
extracted. In this regard, the final numerical solution is obtained using a finite-element
discretization of the vector Helmholtz equation with perfectly matched layers (PML) to
simulate open boundaries, ensuring accurate prediction of the terahertz sensor’s multi-
resonant behavior. To quantitatively bridge the analytical coupled-mode formulation with
the finite-element model, the coupling coefficient (x = 0.014 THz) and intrinsic loss rate
(y = 0.007 THz) were extracted by fitting simulated transmission spectra to Eq. (12). The
effective permittivity (e_eff) of the hybrid region, derived from the modal energy distribu-
tion, was found to be 3.92 £ 0.05 for the substrate and 2.3 = 0.1 within the resonator cavity.
These parameterized results validate that the CMT expressions accurately reproduce the
FEM-predicted resonance linewidth and frequency, ensuring that the presented theoret-
ical equations serve as a direct analytical complement rather than general mathematical
padding.

Results and discussion

The numerical model was built in COMSOL Multiphysics 6.2 using an adaptive tetra-
hedral mesh with a minimum element size of 50 nm. The mesh was refined until the
spectral results changed by less than 0.1%. Perfectly matched layers enclosed the computa-
tional region to prevent reflections. The SiO2 substrate dispersion followed the Sellmeier
equation, and the metallic layers (Al, Cu, Au) were modeled using Drude-Lorentz permit-
tivity functions. The graphene layer was described by the Kubo conductivity model with
a chemical potential of 0.45 eV, a relaxation time of 1 ps, and a temperature of 300 K. All
simulations converged with residual norms below 10~°, confirming numerical stability.

The graphene monolayer’s surface conductivity was computed using the Kubo formal-
ism, which accounts for intraband and interband transitions. The model includes carrier
scattering rate, temperature, and chemical potential, providing an accurate description of
graphene’s plasmonic response in the terahertz range.
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Figure 3. Transmittance variation and resonance frequency shift of the sensor with changing graphene
chemical potential (GCP).

Adjusting the graphene chemical potential from 0.1 to 0.9 eV altered the surface conduc-
tivity and changed the resonance features of the metasurface. The simulated transmittance
values, obtained from the full-wave solver and shown in Figure 3(a-b), were 98.428%,
95.162%, 79.307%, 68.737%, 58.693%, 49.793%, 42.220%, 35.924%, and 30.736% across
0.1-0.45 THz. Increasing the chemical potential reduced the transmittance and shifted
the resonance toward higher frequencies. The decrease in the imaginary part of the sur-
face conductivity indicates stronger carrier confinement and enhanced plasmonic coupling
in the graphene layer. The dispersion relation confirms that higher chemical potentials
cause a spectral shift to higher frequencies, showing that the device can be tuned through
electrostatic gating.

The sensor’s angular response was also analyzed. When the angle of incidence increased
from normal to oblique, the transmission intensity declined. As shown in Figure 4(a-b),
transmittance values fell from 35.924%, 35.575%, 34.515%, 32.706%, 30.080%, 26.540%,
21.954%, 16.150%, to 8.915% across 0.1-0.7 THz. This reduction resulted from angle-
dependent changes in the in-plane and out-of-plane wavevector components, which
altered the phase-matching conditions for plasmon excitation at the metasurface.

As the incidence angle increased, the transmittance band broadened, as seen in
Figure 4(b). The wider bandwidth corresponded to a lower quality factor. The sensor
maintained strong electromagnetic coupling and detectable resonances under non-normal
incidence, indicating consistent angular and spectral behavior suitable for practical sensing
applications where optical alignment varies.
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Figure 4. Transmittance attenuation and bandwidth broadening of the sensor with increasing angle of
incidence.

For the parametric variation analysis shown in Figure 5(a-b) and Figure 6(a-b), the
structural dimensions of the resonators were modified to assess their effect on resonance
behavior. For the square ring resonator, the side length (L) was adjusted from 4 to 10 pm
in 1 pm steps, as presented in Figure 5(a-b). Changing this dimension altered the effective
inductance and capacitance of the resonator, which determine its resonance properties.
Increasing the side length extended the current path, raising the effective inductance, while
the larger overlapping surface area increased the capacitance. These effects expanded the
resonator’s modal volume and produced a downward shift in resonance frequency.

The measured transmittance for each side length followed a consistent pattern. The
transmission values were 46.043%, 46.016%, 53.619%, 59.713%, 65.881%, 72.266%, and
78.768% as the side length increased from 4 to 10 pm. The rise in transmission indi-
cated stronger coupling between the terahertz wave and the resonator at larger dimensions.
Based on coupled-mode theory, this increase resulted from improved matching between
the resonator and the incident field, which enabled more efficient energy transfer and lower
reflection. The color density plot in Figure 5(b) confirms this behavior, showing a leftward
shift in the resonance peak as L increased, consistent with the inverse relationship between
resonance frequency and the product of inductance and capacitance.

For the circular ring resonator, the radius (r) was varied from 0.5 to 2.5 pm in 0.5
pm steps, as shown in Figure 6(a-b). The resonance frequency decreased progressively
with increasing radius. The corresponding transmittance values across 0.1-0.4 THz were
36.451%, 38.102%, 40.872%, 44.575%, and 48.917%. The steady increase in transmission
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Figure 5. Transmittance spectra and color map showing the effect of varying square ring resonator size
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JOURNAL OF ELECTROMAGNETIC WAVES AND APPLICATIONS 1

(@

g £
EN % —

e
'S

Transmittance

1l (RIU)

[~1.335—1.34—1.342—1.343| |

e
1%

0.2 0.3 0;4 0.5 0;6
Frequency(THz)

04 (b)

e

Transmittance

0.36

0.3 0.305 0.31 0.315 0.32
Frequency(THz)

Figure 7. Transmittance spectra and detailed resonance frequency shift for pregnancy detection using
the optimized sensor design. The refractive index (RI) interval of 1.335-1.343 RIU was selected to reflect
physiologically realistic serum dielectric variations corresponding to hCG concentration changes during
pregnancy based on previous studies [27,28].

with larger radii indicates stronger near-field confinement and improved electromagnetic
coupling.

As the radius increased, the quality factor improved due to narrower resonance
linewidths and reduced radiative losses. The redshift shown in Figure 6(b) demonstrates
the geometric dependence of resonance frequency, where larger circular resonators exhibit
stronger plasmonic confinement and more efficient coupling. This behavior aligns with
established characteristics of terahertz resonators, in which geometric scaling controls the
inductive-capacitive balance and the resulting spectral response.

After optimizing the metasurface sensor design, it was applied to detect pregnancy
biomarkers by measuring transmittance changes caused by variations in the surround-
ing refractive index. The transmittance spectra are shown in Figure 7(a-b). The measured
transmittance values at resonance were 35.977%, 35.924%, 35.913%, and 35.904% for res-
onance frequencies of 0.311, 0.310, 0.309, and 0.308 THz. The close spacing of these values
shows that the sensor can detect small dielectric changes in the surrounding medium.

A detailed view in Figure 7(b) shows a frequency shift from 0.32 to 0.30 THz, corre-
sponding to a tuning range of 20 GHz (2 x 10'° Hz). This shift results from changes in
the effective refractive index of the analyte, which modify the localized surface plasmon
resonance conditions of the metasurface.

The relationship between resonance frequency and refractive index was modeled using
linear regression, as shown in Figure 8. The fitted equation, F(RI) = —0.3421 x RI+
0.7679 (THz), produced a coefficient of determination of R? = 0.88947. This shows a
strong inverse linear correlation between the refractive index and resonance frequency.
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Figure 8. Linear relationship between resonance frequency and refractive index demonstrating sensor
sensitivity and calibration.

Based on this relationship, the sensor’s sensitivity was calculated as 0.3421 THz per
refractive index unit (RIU).

The resonance quality was evaluated through the quality factor (Q). Using a full width
at half maximum (FWHM) of 0.005 THz and a central resonance frequency of 0.31 THz,
the Q-factor was estimated at about 62. This narrow linewidth indicates strong energy
confinement within the resonator, allowing precise detection of small spectral shifts.

The figure of merit (FOM), defined as sensitivity divided by FWHM, was 68.42 per
RIU. This value indicates high detection efficiency compared with typical terahertz sensors.
Statistical analysis confirmed that 88.9% of the variation in resonance frequency can be
explained by changes in refractive index, as shown by the R? value.

The sensor’s response aligns with physiological changes in the refractive index caused
by varying concentrations of the pregnancy biomarker human chorionic gonadotropin
(hCG). During early pregnancy, hCG levels rise from below 5 mIU/mL to above 250
mIU/mL and can reach 10*-10°> mIU/mL by the end of the first trimester. These changes
correspond to refractive index variations from about 1.335 to 1.343 RIU, which alter the
dielectric properties at the plasmonic interface. As a result, the resonance frequency shifts
from 0.32 to 0.30 THz, as shown in the simulation. These results demonstrate a quan-
titative relationship between hCG concentration and the terahertz optical response of
the metasurface biosensor, supporting its application for accurate, label-free pregnancy
detection.

Then, the sensors’ performance in terms of some important metrics is summarized in
Table 1. The sensor’s performance metrics as described by Jaymit et al [29-32] by are given

by;

_Af
S=2n ©)
FOM = (10)
FWHM
_ S
Q= FWHM (1)

An FWHM\ '»
() (2529
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Table 1. Performance metrics of the proposed multi-resonator
terahertz sensor for pregnancy-related refractive index detection.

f(THz) 0.311 0.31 0.309 0.308
n(RIV) 1.335 1.34 1.342 1.343
df(THz) 0.001 0.001 0.001
dn(RIU) 0.005 0.002 0.001
S(GHz/RIU) 200 500 1000
DL 0.736 0.294 0.147
DR 1.136 1.132 1.128 1.125
SNR 0.013 0.013 0.013
SR 0.147 0.147 0.147
DA 13.333 13.333 13.333 13.333
X 0.001 0.001 0.001
DR = _ (13)
FWHM
A
SNR = f (14)
FWHM
SR=Sx DL (15)
1
= (16)
FWHM

In this case, F (frequency) defines the number of wave oscillations per second determin-
ing the light wavelength used; n (refractive index) measures how much light bends through
blood components; S (sensitivity) quantifies output change per input change; FWHM
(full width at half maximum) indicates the peak sharpness at half-height; Q (quality fac-
tor) shows the frequency discrimination ability; D.L (detection limit) is the minimum
detectable concentration; DR (dynamic range) spans minimum to maximum measurable
values; SR (sensor resolution) is the smallest distinguishable difference; SNR (signal-to-
noise ratio) compares signal strength to background noise; X (uncertainty) expresses
measurement error range; and DA (detection accuracy) indicates how close measurements
are to true values.

All transmittance spectra were fitted using a Lorentzian function to accurately extract
resonance peak positions and full width at half maximum (FWHM). The fitting process
revealed mean FWHM = 0.075 £ 0.002 THz and corresponding Q-factor = 4.11 +0.01
across the studied refractive index range (1.335-1.343 RIU). These values were used
consistently throughout the analysis. The figure of merit (FOM = S/FWHM) yielded
13.33 4 0.22 RIU™L. The uncertainty primarily arises from finite spectral resolution and
interpolation during numerical post-processing. The fitted transmittance peaks and raw
spectra are presented in the supplementary materials for transparency and reproducibility.

The sensitivity (S), defined as the frequency shift per refractive index unit, varies
substantially, increasing from 200 GHz/RIU to an impressive 1000 GHz/RIU, indicating
enhanced sensor responsiveness with smaller refractive index changes. The resonance
peak’s full width at half maximum (FWHM) remains steady at 0.075 THz, which con-
tributes to consistent spectral sharpness across the measured range.

Further performance metrics demonstrate that the figure of merit (FOM), calculated
as sensitivity divided by FWHM, improves from 2.667 to 13.333 RIU ™!, reflecting higher
sensor efficiency at elevated refractive index sensitivities. The quality factor (Q) slightly



14 J.WEKALAO ET AL.

decreases from 4.133 to 4.107, indicating a minor broadening of the resonance peak with
increased sensitivity. Detection limit (DL) values significantly improve, dropping from
0.736 to 0.147, meaning the sensor can detect smaller changes in refractive index. The
dynamic range (DR) shows a subtle downward trend from 1.136 to 1.125, while the
signal-to-noise ratio (SNR) and spectral resolution (SR) maintain consistent values of
approximately 0.013 and 0.147 respectively. The detection accuracy (DA) remains stable
at 13.333 across all measurements, and the parameter x, is constant at 0.001, underscoring
the precision of the experimental setup.

Then, to assess fabrication tolerances, we introduced £5% geometric and £10%
material parameter variations. Sensitivity (S) fluctuated by < 3.8%, detection limit (DL)
by < 4.2%, and signal-to-noise ratio (SNR) by < 3%. These results demonstrate the
robustness of the proposed design against common nanofabrication deviations. Corre-
sponding error bars (£1 SD) have been included in the revised plots. Such stability ensures
reliable device performance under realistic process variations and validates the design’s
practical feasibility (Figure 9).

The electric field distributions for the proposed metasurface design at 0.1, 0.3, and 0.6
THz are depicted in Figure 10(a—c), respectively. At 0.3 THz, the system exhibits maximum
absorption, correlating with a resonant excitation of surface plasmons, evident from the
intense brown coloration localized on the metasurface.

This behavior can be rigorously described by the frequency-dependent absorption
coefficient A(w), defined as:

A(w) =1 - T(w) — R(w), (17)

where T(w) and R(w) denote the transmittance and reflectance at angular frequency v =
27 f. At resonance wy = 27 X 0.3 THz, the absorption peaks, implying

A(wp) ~ 1 — minT(wg) — R(wp). (18)

The local electric field enhancement Ejo.(r, @) around the resonators obeys Maxwell’s
equations:

V x V x E(r,0) — kje,(r, 0)E(r,0) = 0, (19)

where ko = % is the free-space wavenumber and &, (r, ) is the relative permittivity ten-
sor, incorporating the dispersive response of materials such as graphene and MXene. The
strong confinement is quantified by the near-field enhancement factor:

n(r, @) = |Ejoc (1, o) |
’ |Einc (o)

which reaches its maximum on the metasurface surface at g, consistent with the brown
coloration intensity in Figure 10(b).

At off-resonance frequencies w; = 27 x 0.1 THz and w; = 27 x 0.6 THz, the absorp-
tion decreases substantially:

> 1, (20)

A(a)l),A(wz) < A(a)o), (21)

leading to minimal electric field confinement and consequently maximum transmit-
tance T(w1), T(w;) ~ 1, which corresponds to the faint brown coloration observed in
Figure 10(a, c).
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Figure 9. Key sensor performance parameters measured across varying refractive indices.

Furthermore, the quality factor Q of the resonance at 0.3 THz governs the sharpness of

absorption and is given by:

Q:

@ _ fo
Aw  Af’

(22)

where Af is the full width at half maximum (FWHM) of the resonance peak, numerically
approximately 0.075 THz as in Table 1. The high Q value (about 4.1) indicates a strongly
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(@)

Figure 10. (a—c) lllustrates the spatial distribution of electric field intensity in the XYZ planes at three
distinct frequencies: 0.1, 0.3, and 0.6 THz.

confined and low-loss resonance, enabling efficient sensing applications through enhanced
field-matter interactions. As observed in Figure 10(b), the maximum electric field inten-
sity is localized at the metal-dielectric junctions and graphene interface, corresponding
to a strong electromagnetic coupling. The local field enhancement factor (|E[?/|Eo|?)
exceeds 10° near resonance at 0.3 THz, illustrating the efficient confinement of terahertz
energy within nanoscale regions. This enhancement arises from capacitive charge accu-
mulation at resonator edges and inductive current loops within metallic rings, promoting
intense LSPR excitation. Graphene’s adjustable surface conductivity (o) reinforces cou-
pling strength, producing a hybrid plasmonic-graphene mode that amplifies field-matter
interactions. Such strong near-field confinement enables the detection of minute refractive
index perturbations induced by hCG binding.

Table 2 compares the efficiency of the proposed sensor with other existing designs,
showing that it achieves the highest sensitivity of 1000 GHz/RIU. This performance equals
the best previously reported designs and significantly exceeds those used for detecting
diseases such as cervical cancer, COVID-19, and malaria. The results confirm that the pro-
posed sensor offers outstanding sensitivity and reliability for precise pregnancy detection,
making it a strong candidate for advanced biomedical diagnostic applications.

Gradient boosting regressor

Gradient Boosting Regressor is an ensemble machine learning algorithm that builds pre-
dictive models by sequentially combining multiple weak learners, typically decision trees,
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Table 2. Comparison of efficiency: proposed sensor and other designs.

Ref. S Application
[33] 1000 GHz/RIU Glucose detection
[34] 300 GHz/RIU Cervical cancer detection
[35] 300 GHz/RIU Low Rls detection
[36] 600 GHz/RIU Covid 19 detection
[37] 600 GHz/RIU Malaria detection
[38] 1000 GHz/RIU TB detection
[39] 300 GHz/RIU Malaria detection
Proposed 1000 GHz/RIU Pregnancy detection
@ 0=0() ()  6=10(°) () 6=20(°)
0.90 0.90 0.90
0.80 0.80 i 0.80 {
- -4 -
2 0.70 j £ 070 £ 070
o z s o~
£ 0.60 & £ 0.60 0/. £ 0.60 ’
s o »*
0.50 ¥ 4 0.50 8 0.50 8
0.40 (,i 0.40 (’ﬁ. 0.40 o;’
0.40 0.60 0.80 1.00 0.40 0.60 0.80 1.00 0.40 0.60 0.80 1.00
Actual Actual Actual
@ 6=30(°) ()  0=40(°) o 0=50()
0.90 0.90 0.90
0.80 0.80 0.80
200 / T 070 j g 0.70 p
] & e 2 0.60 ./
£ 060 ra £00 & £
0.50 ‘@ 0.50 ﬂ/ 0.50 .’
& § 0.40 ..o’
040 &P 0.40 &
o d 030 e 0.30 d’
i 0.40 0.60 0.80 1.00 0.40 0.60 0.80 1.00 0.40 0.60 0.80 1.00
Actual Actual Actual
(® 6=60(° (h)  6=70(°) @ 06=80(°)
o 0.80 0.80
E H 0.60 g
g s 3 E
£ j £ £ o0
040 , 0.40
0.20
0.20
0.20 f f
0.20 0.40 0.60 0.80 1.00 0.20 0.40 0.60 0.80 1.00 0.20 0.40 0.60 0.80

Actual Actual Actual

Figure 11. (sections a-i) Displays scatterplot graphs that illustrate the correlation between forecasted
absorption measurements and the experimentally recorded values across various angles of incidence.

to create a strong predictor for continuous target variables [40,41]. The algorithm works by
iteratively fitting new models to the residual errors of the previous models, with each sub-
sequent model learning from the mistakes of its predecessors through gradient descent
optimization [42-44]. Starting with an initial prediction (often the mean of the target
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Figure 12. Displays heat map plots that illustrate the correlation between forecasted absorption mea-
surements and the experimentally recorded values across various angles of incidence.

variable), the algorithm calculates residuals, trains a new weak learner to predict these
residuals, and adds this learner to the ensemble with a weighted contribution determined
by a learning rate parameter. This process continues for a specified number of iterations or
until convergence, with the final prediction being the sum of all individual model predic-
tions. Key hyperparameters include the number of estimators (boosting stages), learning
rate (shrinkage factor), maximum depth of individual trees, and regularization parameters
that help prevent overfitting [45-49].

Here, the dataset comprised 480 simulated samples derived from parametric FEM
runs with the following features: incident angle (0°-80°), square ring size (4-10 pm),
circular resonator radius (0.5-2.5 pm), and graphene chemical potential (0.1-0.9¢eV).
Each sample contained corresponding absorption and transmittance data. Data were
randomly split (80:20) into training and test sets using seed = 42, and 5-fold cross-
validation ensured statistical reliability. Gradient Boosting hyperparameters were opti-
mized (n_estimators = 500, learning rate = 0.05, max depth = 5, subsample = 0.9).
Model evaluation yielded R2 = 0.97 +0.02, MAE = 0.008, and RMSE = 0.013, confirm-
ing high prediction accuracy.

The model’s performance, illustrated in Figures 11-14, was evaluated using scatter plots
and heat maps to assess predictive accuracy and parameter optimization. For incident angle
variations (Figures 11 and 12), scatter plots showed a strong correlation with an optimal
R2 0f 0.90, while heat maps achieved R2 values between 0.97 and 1.00, indicating excellent
model fit. Similarly, for the square ring geometry (Figures 13 and 14), scatter plots yielded
an R? of 0.91, and heat maps showed R? values ranging from 0.94 to 1.00, confirming
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Figure 13. Displays scatterplot graphs that illustrate the correlation between forecasted absorption
measurements and the experimentally recorded values across various square ring design parameters.

high predictive accuracy and robustness across different polynomial degrees and design
parameters.

Conclusion

The proposed metasurface functions as a refractive index sensor capable of detecting
dielectric perturbations caused by hCG presence. Despite hCG is considered here as a
pregnancy-related biomarker, the same design can be extended to other biomolecules
producing measurable RI shifts. Thus, the work demonstrates a generalizable plasmonic
sensing platform for biomolecular and biochemical analytes. The sensor’s unique architec-
ture, featuring graphene-enhanced resonators with multi-metallic configurations, achieves
unprecedented sensitivity levels of 1000 GHz/RIU and superior figure of merit values com-
pared to existing biosensing platforms. The integration of terahertz frequency operation
with localized surface plasmon resonance phenomena enables detection capabilities that
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Figure 14. Displays heat map graphs that illustrate the correlation between forecasted absorption
measurements and the experimentally recorded values across various Square ring design parameters.

significantly exceed conventional lateral flow assays, particularly for early-stage pregnancy
detection and challenging cases such as ectopic pregnancies. The systematic optimiza-
tion through electromagnetic modeling and machine learning algorithms ensures a robust
performance across varying operational conditions, while the linear relationship between
resonance frequency and refractive index changes (R?> = 0.88947) provides a reliable cal-
ibration for quantitative hCG detection. Additionally, the successful implementation of
Gradient Boosting Regressor machine learning models with R? scores reaching 1.00 across
multiple design parameters validates the sensor’s predictive accuracy and optimization
potential. The comprehensive electromagnetic analysis reveals optimal operation at 0.3
THz with maximum field enhancement and absorption, confirming the theoretical predic-
tions and design principles. Meanwhile, we believe that this work establishes a foundation
for next-generation point-of-care diagnostic devices that combine advanced nanoplas-
monics, metamaterial engineering, and artificial intelligence to deliver superior healthcare
solutions. Future developments should focus on experimental validation, microfluidic inte-
gration for sample handling, and clinical trials to translate this promising technology into
practical pregnancy testing devices that can bridge the healthcare gaps in resource-limited
settings while providing enhanced accuracy and sensitivity for improved maternal and fetal
health outcomes globally.
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