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Enhanced urine refractive index 
sensing using a defect-engineered 
one-dimensional photonic crystal
Arafa H. Aly

In this work, a defect-engineered one-dimensional photonic crystal (1D PhC) sensor is proposed 
for high-resolution urine refractive-index detection. The structure consists of alternating TiO₂/
MgF₂ layers forming Bragg mirrors with a central urine-filled defect cavity, where a sharp localized 
resonance is generated inside the photonic band gap. Numerical analysis based on the transfer 
matrix method shows a stable red shift of the defect mode as the urine refractive index increases 
from 1.333 to 1.360. The proposed sensor achieves a sensitivity of 388.57 nm/RIU with excellent 
linearity (R2 = 0.999989), together with an average FWHM of 0.0305 nm, an average Q-factor 
of 2.55 × 104, and an average FOM of 1.32 × 102RIU−1. A tolerance analysis under ± 2.5% 
thickness variation confirms that the resonance remains narrow and well defined, demonstrating 
good fabrication robustness. The results also highlight an important principle in photonic sensing: 
sensor performance should not be judged by sensitivity alone, but by a balanced combination of 
sensitivity, linewidth, resonance quality, figure of merit, and tolerance against structural deviations. 
These findings indicate that the proposed design is a promising candidate for practical urine-based 
biomedical sensing applications. A comparison with representative previously reported photonic-
crystal sensing platforms further confirms the balanced overall performance of the proposed design.

Keywords  Photonic crystal sensor, Defect mode resonance, Urine sensing, Refractive index detection, 
Optical biosensor, Light–matter interaction

Photonic crystals (PhCs) have emerged as versatile platforms for controlling electromagnetic-wave propagation 
owing to their periodic dielectric architecture, which gives rise to photonic band gaps (PBGs) where light 
transmission is strongly suppressed1. Introducing a structural defect into such periodic systems creates a 
localized resonant mode within the band gap, leading to strong optical confinement and enhanced light–matter 
interaction2. These characteristics make defect-engineered PhCs highly attractive for advanced optical sensing 
applications.

In recent years, PhC-based biosensors have attracted considerable attention because of their compactness, 
label-free operation, and potential for real-time detection3–6. Their sensing principle commonly relies on 
monitoring changes in optical characteristics, such as resonance wavelength, transmission response, or spectral 
linewidth, induced by refractive-index variations in the surrounding medium7,8. Such capabilities have made 
photonic sensors promising candidates for a wide range of biomedical and biochemical applications. Importantly, 
however, sensing performance should not be assessed on the basis of sensitivity alone. A meaningful evaluation 
requires the combined consideration of sensitivity, linewidth, Q-factor, figure of merit, resonance stability, and 
fabrication tolerance, since these parameters collectively determine the practical efficiency and reliability of the 
sensing platform.

Among the various photonic crystal architectures, one-dimensional (1D) photonic crystals remain 
particularly attractive because of their simple geometry, ease of fabrication, and strong light confinement 
capability9. Introducing a defect layer into a periodic 1D structure gives rise to a localized resonance within 
the photonic band gap, producing a sharp defect mode that is highly sensitive to refractive-index changes in 
the analyte region10–13. Owing to this feature, defect-engineered 1D photonic crystals have become an effective 
platform for refractive-index sensing.

Recent developments in photonic crystal biosensors have shown that sensor performance can be enhanced 
substantially through structural optimization and proper material selection. Graphene-based, MoS₂-assisted, and 
other defect-engineered photonic platforms have demonstrated promising results for the detection of biological 
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analytes, biomolecules, and medically relevant samples14–17. These studies indicate that improving refractive-
index contrast, strengthening field localization, and carefully tailoring defect-cavity properties can all contribute 
to better sensing behavior. At the same time, current photonic sensing research increasingly emphasizes that 
sensor performance should not be evaluated on the basis of sensitivity alone. Although resonance shift is an 
important metric, the practical quality of a sensor is also determined by other key parameters, such as the full 
width at half maximum (FWHM), quality factor (Q-factor), figure of merit (FOM), resonance stability, and 
tolerance to fabrication variations18,19. In many cases, a higher sensitivity may be accompanied by linewidth 
broadening or reduced resonance quality. Therefore, a reliable assessment of photonic sensors requires a balanced 
multi-parameter evaluation rather than a single sensitivity-based comparison. In this context, the present work 
focuses not only on achieving a reasonable and competitive sensitivity, but also on maintaining narrow spectral 
linewidth, high Q-factor, strong defect-mode confinement, and acceptable structural robustness.

Urine analysis is widely recognized as a convenient and non-invasive approach for monitoring a variety 
of physiological and pathological conditions, since variations in urine composition are directly reflected in 
its refractive index18. This makes urine an attractive target for optical sensing platforms, particularly those 
capable of detecting subtle refractive-index changes with high precision and fast response20–23. In the present 
study, the urine refractive index was varied from n =1.333 to 1.360, covering representative urine optical-
property variations associated with differences in urine concentration and composition. In parallel, recent 
progress in photonic biosensing, including integrated photonic systems and data-assisted sensing strategies, 
has further expanded the possibilities for improving device performance and supporting real-time biomedical 
diagnostics22–25. These advances continue to reinforce the importance of photonic crystal sensors in next-
generation healthcare applications. In this study, a defect-engineered one-dimensional photonic crystal sensor 
is proposed for urine refractive-index detection. The structure is composed of alternating TiO₂ and MgF₂ layers 
forming Bragg mirrors, with a central cavity filled with the urine analyte. The sensing mechanism is based on 
tracking the shift of the localized defect resonance inside the photonic band gap as the refractive index changes. 
Over the investigated range from 1.333 to 1.360, the proposed design exhibits a stable red shift and achieves a 
sensitivity of 388.57 nm/RIU with excellent linearity. Beyond sensitivity, the sensor also maintains a very narrow 
average linewidth, a high Q-factor, and a large FOM, indicating strong spectral selectivity and high resonance 
quality. The field-distribution analysis further confirms strong electromagnetic confinement inside the defect 
region, while the tolerance study demonstrates acceptable robustness against moderate fabrication deviations. 
Taken together, these features show that the proposed platform is a promising candidate for reliable urine-based 
biomedical sensing, especially when performance is judged through a balanced multi-parameter perspective 
rather than sensitivity alone.

Theoretical model and numerical simulation
The proposed device is a one-dimensional photonic crystal consisting of alternating T iO2 and MgF2 layers 
arranged as two symmetric Bragg reflectors, with a defect cavity at the center containing the urine sample. Its 
optical behavior is investigated through the transfer matrix method (TMM), a well-established approach for 
studying wave propagation in multilayer dielectric structures.

For normal incidence, the characteristic matrix of the j − thlayer is expressed as:20,23

	
Mj =

[
cos (δ j) i

nj
sin (δ j)

injsinδ j cos (δ j)

]
� (1)

where nj  and dj  are the refractive index and thickness of the layer, respectively, and δ j is the phase thickness 
given by:

	
δ j = 2π njdj

λ
� (2)

The total transfer matrix of the multilayer structure is obtained by multiplying the individual matrices:

	
M =

∏
N
j=1Mj =

[
A B
C D

]
� (3)

The transmission coefficient is then calculated as:

	
T =

∣∣∣ 2nin

ninA + ninnoutB + C + noutD

∣∣∣ 2.
nout

nin
� (4)

The introduction of the defect layer breaks the periodicity of the structure, leading to the formation of a localized 
resonance mode within the photonic band gap. The resonance wavelength is highly sensitive to changes in the 
refractive index of the defect layer, which forms the basis of the sensing mechanism.

Performance parameters
The sensor performance is evaluated using the following parameters19–25:

Sensitivity:

	
S = ∆ λ

∆ n
� (5)
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where ∆ n is the refractive index variation.
Full Width at Half Maximum (FWHM):

	 F W HM = λ right − λ left� (6)

Quality factor:

	
Q = λ res

F W HM
� (7)

where λ res is the resonance wavelength.
Figure of Merit:

	
F OM = S

F W HM
� (8)

Detection Accuracy:

	
DA = 1

F W HM
� (9)

Limit of Detection:

	
LOD = ∆ λ min

S
� (10)

Numerical simulation
The numerical analysis is performed using MATLAB based on the transfer matrix method. The structure is 
defined as:

	 Air/ (T iO2/MgF2) N/Defect (Urine) / (T iO2/MgF2) N/Air� (11)

where the number of periods is N = 8, with layer thicknesses of 60 nm for T iO2 and 110 nm for MgF2, 
while the defect layer thickness is 1500 nm .

Results and discussion
To strengthen the manuscript in response to the reviewers’ comments, part of the numerical analysis was revisited 
and refined. In particular, the resonance extraction procedure was re-evaluated to ensure more stable linewidth 
determination, the refractive-index sensing range was extended up to 1.360, and a fabrication-tolerance analysis 
was added to examine the effect of moderate thickness deviations around the nominal design. In addition, a 
comparison with previously reported photonic-crystal-based sensing platforms was included to better position 
the present work within the existing literature.

For the sensing analysis, the refractive index of the urine defect layer was scanned from 1.333 to 1.360 in 
order to cover a practically relevant refractometric interval for urine samples. The overall configuration of the 
proposed sensor is illustrated in Fig. 1, where the TiO₂/MgF₂ Bragg mirrors and the central urine-filled defect 
cavity are clearly shown. This structure forms the physical basis of the sensing mechanism by enabling strong 
optical confinement inside the analyte region.

The refractive-index dispersion of the constitutive materials is presented in Fig. 2, showing that the contrast 
between TiO₂ and MgF₂ remains sufficiently large over the investigated spectral range to support strong Bragg 
reflection and stable band-gap formation.

Based on this refractive-index contrast, the defect-free multilayer exhibits a clear photonic band gap, as 
shown in Fig. 3. The appearance of this forbidden band confirms that the periodic TiO₂/MgF₂ arrangement 
provides the required spectral confinement for hosting localized defect modes.

After introducing the urine-filled cavity, localized resonances emerge inside the band gap, as demonstrated in 
Fig. 4. A magnified view of the dominant resonance is provided in Fig. 5, where the defect mode appears sharp 
and well resolved, confirming the successful formation of a localized optical state due to the intentional breaking 
of structural periodicity.

The evolution of this defect resonance with urine refractive index is illustrated in Fig.  6, where the 3D 
transmission map shows a continuous red shift as the refractive index increases. This monotonic behavior is 
quantified in Fig.  7, which presents the calibration curve between the resonance wavelength and the urine 
refractive index. After re-evaluation of the numerical extraction procedure and extension of the sensing interval 
up to n = 1.360, the proposed structure achieves an updated sensitivity of 388.57 nm/RIU with an excellent 
linearity of R2 = 0.999989. The resonance wavelength shifts from 747.1120 nm at n = 1.333 to 757.6045nm 
at n = 1.360, confirming that the sensor remains stable over the extended operating range. This behavior 
reflects the increase in the effective optical thickness of the defect cavity as the urine refractive index increases, 
which alters the resonance condition in a predictable and continuous way.

The spectral sharpness of the device is examined through the linewidth behavior shown in Fig. 8 (Robust 
FWHM vs. Urine RI). The full width at half maximum increases gradually from 0.0221 nm to 0.0402 nm across 
the investigated refractive-index range, with an average value of 0.0305 nm.
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Fig. 2.  Dispersion of TiO₂ and MgF₂.

 

Fig. 1.  Schematic of the proposed 1D photonic crystal sensor.
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Although a moderate increase in linewidth is expected as the resonance moves across the band gap, the mode 
remains extremely narrow throughout the entire sensing range. This narrow linewidth is a central strength of 
the proposed design because it directly improves spectral resolution and enhances the reliability of resonance 
tracking. The inverse relation between linewidth and resonance quality is confirmed in Fig.  9 (Q-factor vs. 
Urine RI). As the FWHM increases, the Q-factor decreases gradually from 3.37 × 104 to 1.88 × 104, with an 
average value of 2.55 × 104. .

Despite this reduction, the Q-factor remains on the order of 104, which indicates that the resonance 
retains excellent confinement and high spectral selectivity across the full sensing interval. This trend is also 
reflected in Fig. 10 (FOM vs. Urine RI), where the figure of merit remains high, yielding an average value of 
1.32 × 104RIU−1. The simultaneous presence of high sensitivity and narrow linewidth confirms that the 

Fig. 4.  Transmission spectra with defect resonances inside the band gap.

 

Fig. 3.  Defect-free spectrum showing the photonic band gap.
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sensing performance of the proposed structure is not based on resonance shift alone, but rather on a favorable 
balance between wavelength sensitivity, spectral sharpness, and resonance quality.

Further physical insight is provided by Fig. 11, which presents the electric-field distribution at resonance. 
The field is strongly localized inside the urine defect cavity, confirming that the analyte region acts as the 
main interaction zone between the optical mode and the sample. This strong field confinement explains the 
pronounced sensitivity of the resonance wavelength to refractive-index variation.

To assess the fabrication robustness of the proposed sensor, a thickness-tolerance analysis was carried out 
by introducing moderate deviations of − 2.5%, 0%, and + 2.5% around the nominal layer thicknesses. The 
selected layer thicknesses (60 nm for TiO₂, 110 nm for MgF₂, and 1500 nm for the defect cavity) are within 
the practical fabrication range of current dielectric thin-film deposition techniques, and the additional ± 2.5% 

Fig. 6.  The 3D transmission map versus wavelength and urine RI.

 

Fig. 5.  Zoomed view of the defect resonance.
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tolerance analysis further confirms that the proposed sensor can maintain stable optical performance under 
realistic dimensional deviations. The corresponding results are presented in Figs. 12 and 13. Figure 12 shows 
that the sensitivity remains high for all investigated cases, ranging from 381.77 nm/RIU at − 2.5% deviation 
to 388.57 nm/RIU for the nominal structure and 361.48 nm/RIU at + 2.5% deviations. In parallel, the average 
Q-factor remains on the order of 104, decreasing from 3.10 × 104 to 2.24 × 102. As shown in Fig. 13, the 
average FWHM increases gradually from 0.0245 nm to 0.0351 nm, accompanied by a corresponding decrease 
in the average FOM. Despite these changes, the resonance remains narrow and well defined, confirming that the 
proposed design possesses good tolerance against moderate fabrication variations.

A key outcome of the revised analysis is that the updated calculations provide a more reliable and physically 
consistent description of the sensor performance than the earlier version of the manuscript. The refined 
resonance extraction yields more stable linewidth determination and significantly improved Q-factor and FOM 

Fig. 8.  FWHM variation with urine RI.

 

Fig. 7.  Calibration curve of resonance wavelength versus urine RI.

 

https://www.nature.com/scientificreports


Scientific Reports |        (2026) 16:19607 8| https://doi.org/10.1038/s41598-026-58385-2

www.nature.com/scientificreports

values. Thus, the revised results demonstrate that the present sensor is not characterized by sensitivity alone, but 
rather by a favorable combination of high sensitivity, narrow linewidth, strong field localization, high resonance 
quality, and good fabrication tolerance.

Temperature-induced resonance shifts are physically expected because of the thermo-optic response of both 
the constituent materials and the analyte; however, a detailed investigation of thermal cross-sensitivity is beyond 
the scope of the present study and will be addressed in future work.

Table 1 shows that the proposed urine-based 1D photonic crystal sensor achieves a sensitivity in the range of 
381.77–388.57 nm/RIU, together with a high Q-factor of 2.55 × 104 and a large FOM of 1.32 × 104 RIU− 1. When 
compared with representative previously reported photonic sensing structures, including graphene–MoS₂ hybrid, 
WS₂ monolayer, GST-based, GaN-based, MoS₂-based, 2D L3 photonic crystal, and photonic-crystal waveguide 

Fig. 10.  FOM variation with urine RI.

 

Fig. 9.  Q-factor variation with urine RI.
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platforms, the present design demonstrates a reasonably strong and well-balanced sensing performance. 
Although some published studies have reported higher sensitivity values, the purpose of this comparison is not 
to claim the highest sensitivity alone. In optical and photonic sensing, the practical performance of a sensor 
should be evaluated through the combined interplay of sensitivity, spectral linewidth, Q-factor, figure of merit, 
resonance stability, and fabrication tolerance. From this perspective, Table 1 is provided mainly for guidance and 
contextualization, in order to indicate the relative position of the proposed sensor among previously reported 
platforms. Therefore, the significance of the present design lies not only in achieving a competitive sensitivity, 

Fig. 12.  Tolerance analysis of sensitivity and average Q-factor under ± 2.5% thickness variation.

 

Fig. 11.  Electric-field distribution at resonance.
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but also in offering a favorable overall spectral performance supported by narrow linewidth, high resonance 
quality, strong defect-mode confinement, and acceptable robustness against fabrication variations.

Compared with two-dimensional and three-dimensional photonic crystal configurations, the proposed one-
dimensional architecture offers several practical advantages, including simpler fabrication, easier structural 
optimization, and straightforward resonance analysis through the transfer matrix method. While higher-
dimensional photonic crystals may provide stronger lateral confinement or compact cavity geometries, they are 
often associated with greater fabrication complexity and stricter tolerance requirements. In contrast, the present 
1D defect-engineered structure can generate a sharp localized resonance with very narrow linewidth, high 
Q-factor, and stable spectral behavior using a comparatively simple multilayer configuration. For this reason, the 
1D platform was selected in this work as a practical and efficient architecture for urine refractive-index sensing.

Conclusion
In this work, a defect-engineered one-dimensional photonic crystal sensor based on alternating TiO₂/MgF₂ layers 
with a urine-filled central cavity was proposed and numerically investigated for urine refractive-index detection. 
The results confirmed the formation of a clear photonic band gap and a sharp localized defect mode that shifts 
systematically with changes in the urine refractive index. Over the extended sensing range from 1.333 to 1.360, 
the proposed sensor achieved a high sensitivity of 388.57 nm/RIU with excellent linearity (R2 = 0.999989). 

Sample details Q FWHM Sensitivity Structure
26 NR NR ~ 200 °/RIU Graphene–MoS₂ hybrid
27 63.51 3.70 (deg.) ~ 235 °/RIU WS2 monolayer

28
87.875 33.3969 RIU⁻¹ 267 nm RIU⁻ Crystalline GST phase

82.5882 28.8568 RIU⁻¹ 245 nm RIU⁻¹ amorphous GST phase
29 605 59.5 RIU⁻¹ 208 nm/RIU GaN-based PC
30 36.16 405.50 RIU⁻¹ 261.33 °/RIU MoS₂-based biosensor
31 NR NR 35 (nm/RIU) 2D L3 PhC
32 NR NR 240 (nm/RIU) PC waveguide
33 NR NR 200 (nm/RIU) PC slab waveguide
34 NR NR 260 (nm/RIU) PC waveguide
35 100.59 RIU⁻¹ 100.59 RIU⁻¹ 290.714 deg/RIU Blood cancer (Jurkat)

Presented work 2.55 × 104 1.32 × 102RIU−1 381.77 ~ 388.57 nm/RIU Urine 1DPhCs

Table 1.  Comparison of the sensitivity of the proposed urine-based 1D photonic crystal sensor with 
representative previously reported photonic-crystal sensing structures. [Note that some reported sensitivities 
were originally expressed based on angular interrogation.]

 

Fig. 13.  Tolerance analysis of average FWHM and average FOM.
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In addition, the structure maintained a very narrow average linewidth of 0.0305 nm, a high average Q-factor of 
2.55 × 104,, and a large average FOM of 1.32 × 102RIU−1, reflecting strong spectral selectivity and high 

sensing quality. The electric-field analysis further demonstrated strong confinement inside the defect cavity, 
confirming enhanced light–matter interaction in the analyte region. A thickness-tolerance analysis under 
moderate deviations of − 2.5%, 0%, and + 2.5% also showed that the sensor preserves stable performance under 
fabrication variations. These findings indicate that the proposed design offers not only high sensitivity, but also 
narrow linewidth, high resonance quality, and good structural robustness. Therefore, the present urine-based 1D 
photonic crystal sensor represents a promising platform for high-resolution biomedical refractive-index sensing. 
Comparison with representative previously reported photonic sensing platforms further supports that the value 
of the proposed design lies not only in its reasonable sensitivity, but also in its balanced spectral performance 
and structural robustness.

Data availability
The datasets used and analyzed in this study are available upon reasonable request from the corresponding 
author.
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