Optical and Quantum Electronics (2025) 57:626
https://doi.org/10.1007/511082-025-08556-8

®)

Check for
updates

Symmetrically etched plastic optical fiber sensor for the
detection of ethylene glycol contamination in water

Rana M. Armaghan Ayaz’ - Adil Mustafa®? - Riccardo Funari'

Received: 12 August 2025 / Accepted: 28 October 2025 / Published online: 10 November 2025
©The Author(s) 2025

Abstract

Human activities are increasingly contaminating surface and groundwater reserves. Among
various pollutants, ethylene glycol (EG) contamination in water is particularly dangerous.
At low concentrations it can enter the body undetected and causes serious health problems
such as kidney failure and gastrointestinal disorders. This study demonstrates the use of
symmetrically etched single-mode plastic optical fiber (POF) sensor model operating at
1550 nm for detecting EG presence in water using COMSOL Multiphysics. The working
of the sensor is based on evanescent field interactions with surrounding medium to detect
refractive index (RI) changes, while transmission variations through etched POF serving
as the sensing metric. Simulations were conducted for aqueous EG solutions ranging from
0 to 0.15 weight fraction, corresponding to RI values ranging between 1.316 and 1.330.
The sensor design was optimized by examining the impact of etched cladding diameter
and etched length on sensitivity. These parameters were varied from 60 to 7.05 and 1 to
30 um, respectively. This in turn lead to sensitivity values in the range of 0.39 x 107> to
99.50 x 107> Trans. (A.U)/RIU. Highlighting the importance of evanescent field-surround-
ing interaction for etched POF sensors, these findings revealed that sensitivity has direct
relation with the length of etched region and inverse relation with cladding diameter.
The maximum sensitivity of 99.50 x 107 Trans. (A.U)/RIU was achieved with a 30 pm
etched length and 7.05 um cladding diameter. The proposed POF-based sensor demon-
strates strong potential for applications in biomedical engineering, biochemical monitor-
ing, and beverage industry offering a compact and sensitive solution for EG contamination
detection in water.
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1 Introduction

In recent years, various contaminants have infiltrated all types of water bodies, includ-
ing surface water, groundwater, drinking water, and even precipitation (Khan et al. 2022;
Sharma and Bhattacharya 2017). Among the various pollutants, contamination by ethylene
glycol (EG) is of particular concern. EG is a colorless, odorless, and viscous liquid with a
sweet taste, posing significant health risks when ingested over prolonged periods (Staples
etal. 2001; Abdelghani et al. 1990). Children are especially vulnerable to EG poisoning due
to its appealing flavor, often leading to accidental ingestion. Common sources of EG pol-
lution include antifreeze solutions, hydraulic brake fluids, and cooling systems in automo-
tive applications. To address this issue, several analytical techniques have been employed
for EG detection in water, including chromatography, near-infrared (NIR) spectroscopy,
and Fourier-transform infrared (FTIR) spectroscopy (Tran et al. 2014; Holland et al. 2022;
Khalique Ahmed et al. 2010). Although these methods are mature and highly reliable, but
they typically require expensive and complex instrumentation, as well as skilled personnel
for proper operation, thereby limiting their application for real-time water quality monitor-
ing (Bao et al. 2015). Given the challenges associated with EG detection, particularly due
to its physicochemical characteristics, there has been growing interest in the development
of low-cost, portable, user-friendly, and compact sensors. This demand has paved the way
for evanescent field-based optical fiber sensing techniques for monitoring EG pollution in
aqueous environments. Optical fiber sensors offer several advantages over electronic trans-
ducers, including immunity to electromagnetic interference, compact size, and resilience in
harsh environmental conditions (Giallorenzi et al. 1982; Lee 2003).

Evanescent field glass optical fiber (EF-GOF) sensors operate by detecting changes in
the refractive index (RI) resulting from the interaction of the evanescent field, emanating
from the fiber core, with the surrounding medium (Memon et al. 2017; Khijwania et al.
2005; Funari et al. 2025). Tapering and side polishing of SMF are some of the most common
approaches that have been explored to enhance this interaction by reducing diameter of the
fiber, thereby increasing the strength of the evanescent field in the sensing region (Leung
et al. 2007; Zhao et al. 2020; Villatoro et al. 2003). However, these modifications introduce
some major challenges such as lower numerical aperture, reduced durability in humid or
chemically aggressive environments, increased fragility, and higher costs, constraining the
broader application of EF-GOF sensors (Golnabi and Azimi 2007; Zubia and Arrue 2001;
Butt et al. 2022). In this context, plastic optical fibers (POFs) have recently emerged as a
promising alternative, effectively addressing many of the limitations associated with con-
ventional EF-GOF sensors. POFs, in addition to offering the classical advantages of glass
optical fibers (GOFs), are cost-effective, flexible, easy to handle and fabricate. They also
possess a larger numerical aperture and do not require additional protective coatings against
corrosive chemicals, oils, or industrial solvents (Wang and Wolfbeis 2016; Bilro et al. 2012;
Chen et al. 2018). Though POFs typically experience higher transmission losses compared
to GOFs, but this characteristic can be beneficial in fiber sensor design, particularly by
enhancing evanescent field interactions.

While several optical sensors for EG detection in water have been reported in the litera-
ture (Panda and Pukhrambam 2021; Martinez et al. 2023), but to the best of the authors’
knowledge, none of these studies have utilized evanescent field interaction principle occur-
ring at 1550 nm wavelength in single-mode POFs. Most of the evanescent field plastic
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optical fiber (EV-POF) sensors with enhanced evanescent field strength achieved through
structural modifications, have primarily been applied in biosensing, gas detection, and tem-
perature monitoring (Gravina et al. 2009; Bartlett et al. 2000). For instance, in Moraleda
et al. (2013), researchers demonstrated a POF macrobend-based temperature sensor with a
sensitivity of 1.92 x 1072 (°C)~!. Oxygen detection using a tapered polymethylmethacry-
late (PMMA)-based POF was reported in Pulido and Esteban (2013). Similarly, (Batumalay
et al. 2014) employed a tapered POF with ZnO nanostructures to enhance sensitivity for
uric acid and relative humidity detection. Considering the challenges associated with POF
tapers, Chu and Lo (2007) proposed a side-polished POF for simultaneous temperature and
oxygen sensing. A side-polished POF was also utilized for a cure monitoring system in Bilro
et al. (2010). However, side polishing techniques suffer from some significant drawbacks,
such as uneven surface profiles, increased polarization-dependent losses, surface roughness,
thermal softening, micro-cracks, and defects (Koeppen et al. 1998; Jing et al. 2014; Shahin-
ian 2018; Al-Qazwini et al. 2016). Chemical etching has thus emerged as a more favorable
approach for reducing fiber diameter and enhancing light-matter interaction. For example,
Zhao et al. (2017) employed a simple wet etching technique using an aqueous acetic acid
solution with ultrasonic irradiation to fabricate a glucose sensor, achieving a sensitivity of
9.10 (RIU)(g/L)". In Bhowmik et al. (2014), the intrinsic sensing properties of single-mode
POFs (S-POFs) were enhanced by etching to various diameters and subsequently inscribing
Bragg gratings to measure strain, temperature, and pressure. As highlighted in the literature,
most of the commercially available POFs operate in the visible wavelength (600—700 nm)
Bartlett et al. (2000); Zubia and Arrue (2001), benefiting from lower attenuation and the
wide availability of light sources (Koike and Asai 2009; Kuriki et al. 2002). However, this
makes them incompatible with standard telecommunication fiber systems that operate in the
infrared range, which offers reduced scattering and greater penetration depth. Moreover, the
presence of background visible light can introduce noise, lowers the reliability and accuracy
for the sensitive measurements (Koike and Koike 2011; Elsherif et al. 2022). In this study,
a two-dimensional (2D) model of a single-mode plastic optical fiber (S-POF) based on
cyclo-olefin polymer (COP) was developed using the Wave Optics Module in COMSOL
Multiphysics and analyzed for its performance for detecting EG contamination in water at
an operating wavelength of 1550 nm. COP is particularly valuable as a building block for
POFs due to its ease of fabrication, lower loss in the near-infrared (NIR) region, and the
tunability of its refractive index through simple co-polymerization or by mixing polymers
of different grades (Shao et al. 2023; Snyder and Young 1978).

By modeling and simulating the symmetric etching conditions of proposed S-POF,
design optimization was carried out by investigating the effects of cladding thickness and
the length of the uniformly etched region on its transmission and, ultimately, on the sen-
sor’s sensitivity. For aqueous solutions of EG with weight having fractions varying from
0 to 0.15, the sensitivity ranging from 0.39 x 1073 to 99.50 x 10~ Trans. (A.U)/RIU was
obtained, as the etched region length increased from 1 to 30 um and the cladding diameter
was reduced from 60 to 7.05 um. These results indicate a strong dependence of sensitivity
on both etched length and cladding diameter. The maximum sensitivity of approximately
99.50 x 107> Trans. (A.U)/RIU was observed for the presented sensor model with the 30 um
etched region and 7.05 pm cladding diameter, as its design parameters. This study can serve
as a foundation for future work aimed at optimizing and amplify the performance of POF
sensors for various sensing applications.
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Fig. 1 Etched S-POF sensor model,
designed and simulated in the 2D
environment of COMSOL Multiphysics
to investigate its ability for EG con-
tamination detection in water. The core,
cladding, and external medium regions
are marked with distinct colors, and the
direction of electric field propagation has
been indicated by E.

M External Medium

-8 m Core
m Cladding
-10 um
-10 0 10

Table 1 Diameter and RI values used to model the single-mode evanescent field plastic optical fiber sensor
(EV-POF) operating at the excitation wavelength of 1550 nm

Parameters Diameter (pm) Refractive index (RIU)
Core (n.,) 7 1.535
Cladding (n ) 60 1.525

2 Methodology

The two-dimensional (2D) POF model used in this study for detecting EG contamination in
water via COMSOL Multiphysics has been depicted in Fig. 1. This model simulates a non-
commercial POF design originally developed and used by Shao et al. (2023). In Fig. 1, the
core and cladding are depicted in dark and light gray colors, respectively, while the sample
under investigation is represented in blue. The proposed sensor model was simulated in the
frequency domain using the Electromagnetic Waves, Frequency Domain (EWFD) inter-
face in COMSOL Multiphysics. For this configuration, numeric port boundary conditions
(N-PBCs), along with wave excitation port settings were applied to the left and right sides,
designating the selected sides as Port 1 and Port 2. In our analysis, activating the excita-
tion port setting for Port 1 made it as the input for the incoming wave, while Port 2 acts as
the output when its excitation configuration is turned off. Scattering boundary conditions
(SBCs) were applied to the top and bottom boundaries to allow waves to exit the simula-
tion domain without reflection, ensuring accurate results. To achieve the numerical stability,
computational efficiency and high accuracy, a physics-controlled mesh with a finer element
size was used for meshing the model.

The detailed design parameters are given in Table 1.

Figure 2 shows the proposed experimental setup for detecting EG contamination in water.

For real-world implementation, the proposed sensing device as shown in Figs. 1 and 2
can be fabricated by symmetrically etching COP based POF by using specific solvents such
as toluene, cyclohexane, or through techniques such as reactive ion etching, plasma etching
or laser ablation (Snyder and Young 1978; Chiang 2003; Skelton et al. 2012). In practice,
laser ablation combined with controlled exposure time and symmetric irradiation is gener-
ally preferred to minimize device-to-device variations (Snyder and Young 1978; Ahmad and
Hench 2005). To enhance repeatability and performance, measures such as in-process diam-
eter and transmission monitoring (via microscopy/laser micrometry), immediate DI-water
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Fig. 2 Proposed setup for experimental study and performance evaluation of EG contamination sensor
based on a symmetrically etched POF

quenching, post-etch surface/symmetry inspection, and encapsulation of the etched segment
to stabilize alignment and reduce environmental drift are also recommended.

One way to describe the light propagation in a waveguide or an optical structure is
through effective refractive index, denoted as ng. If ¢ is the speed of light in a vacuum and
vg is its group velocity while propagating through a circular waveguide, then neg can be
mathematically expressed as follows Snyder and Young (1978), Chiang (2003)

c

et = (M

When an excitation signal of wavelength A propagates through the core of a S-POF with
nef as effective index, a small fraction of its energy extends into the surrounding cladding
region over a short distance, commonly known as the penetration depth, d,. Eq. 2 given
below, is usually used to calculate d;, Ahmad and Hench (2005), Skelton et al. (2012) as

A

= —x @)
2w ”sz — nzl

The refractive index neq. for different weight fractions (w) of homogeneous ethylene aque-
ous solutions at an operational wavelength of 1550 nm can be estimated using the following
empirical relation (Saunders et al. 2016)

dp

Nreal EG = Aw® + Bw?> + Cw+ D 3)

where the coefficients are: A = —0.0223, B = 0.0321, C' = 0.0910, and D = 1.3166.

An increase in neq. in the vicinity of the symmetrically etched region of the POF sen-
sor (depicted as the blue area in the model) leads to a decrease in transmission intensity at
the output. The change in transmission (A7) as a function of n.q. defines the sensitivity S
of the proposed sensor, expressed in Trans. (A.U)/RIU, and is given by Eq. 4 De-Jun et al.
(2014a, b)

AT
5= Aneq, “)
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In spatial refractive index distribution n(x, y), the properties of guided mode having free-
space wavenumber k = 7/, propagation constant 5 and and effective index n.rs. = 8/k,
are obtained by solving the following Helmholtz equation for the electric field distribution
E(x, y) (Feit and Fleck 1980a, b)

V2E = k2n?*(x,y)E = B*F 5)

3 Results and discussions

Our analysis began by examining the profile of the guided mode through a 30 um long POF,
both in its non-etched form and when symmetrically etched on both sides with air as the sur-
rounding medium. The results of this step are illustrated in Fig. 3. As shown in Fig. 3a—c,
when the POF is non-etched, the evanescent field of the guided mode remains strongly con-
fined within the cladding region and decays there without interacting with the external envi-
ronment. The computed full width at half maximum (FWHM) of fundamental guided mode
L Py; of around 9.14 um, in non-etched fiber obtained by applying Lorentzian fitting with
1.5305 as its effective index n.y., also supports the stated fact. On the other hand, when
the cladding is symmetrically etched from both sides and its diameter is reduced from 60
to 7.05 um approximately 8.5 times smaller than the original, guided mode L Py, becomes
less confined and a significant portion of the evanescent field from the guided mode extends
into the surrounding sensing region, as illustrated in Fig. 33d—f. In contrast to strong con-
finement case, for the new condition, FWHM of weakly guided mode found by applying
Lorentzian fitting came out to be approximately 12.26 pm with n. ;s equal to 1.5265 . The
presence of strong evanescent field in the vicinity is crucial for the effective operation of
evanescent field-based fiber optic sensing mechanisms. Later, the performance of our pro-
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Fig. 3 For the 30 pm POF sensor model: a electric field z-component (V/m) and b guided mode profile
for the non-etched fiber; d electric field z-component (V/m) and e guided mode profile for the fiber with
cladding diameter reduced from 60 to 7.05 um by symmetrical etching. Normalized electric field distribu-
tion in the cross-sectional view of the plastic optical fiber: ¢ non-etched and f symmetrically etched to a
cladding diameter of 7.05 pm, both in air
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posed single-mode POF sensor was evaluated in detecting EG contamination in water. To
establish a baseline, we began by considering the deionized (DI) water as the background
medium in the sensing region, shown in blue color in Fig. 1. The refractive index of DI
water was considered 1.316, which is a typical value reported for it at central wavelength
of 1550 nm (Zhou et al. 2020; Saunders et al. 2016) . The real part of the refractive index
of this background medium was gradually increased from 1.3166 to 1.330 in equal steps of
0.50 x 1073 RIU by using Eq. 3. Throughout this process, the transmission was recorded as
a function of the refractive index change, and the sensitivity was calculated with the help of
Eq. 4. This RI range was selected as it corresponds to an EG weight fraction of 0-0.15 in
aqueous solution. This concentration range is particularly relevant because EG can enter the
body unnoticed and cause serious health issues such as kidney damage and gastrointestinal
disorders (Hess et al. 2004; Caravati et al. 2005).

At this stage, the effect of fiber length and cladding diameter on the sensor’s sensitivity
was also thoroughly examined as part of a design optimization effort. The objective was
achieved by implementing parametric sweep function provided in COMSOL Multiphysics
for varying the length of the symmetrically etched region of the POF sensor from 1 to 30 um
with the regular interval size of 5 um and evaluating the sensitivity for each model while
reducing the cladding diameter with the help of another parametric sweep defined for it.
The latter sweep function was set to reduce the cladding diameter from its original value of
60 um to as low as 7.05 um (8.5 times smaller) having cladding diameter reduction factor of
0.5 as its step size. The results of this investigation are summarized in Fig. 4.

An almost linear drop in transmission was measured with increasing EG concentration
in water. The slopes of the typical transmission patterns shown in Fig. 4a—c, obtained for a
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Fig. 4 Reduction in transmission (black color line) with applied fitting (red color line) for a 15 um long,
uniformly and symmetrically etched POF sensor model at a 10 pm, b 8 um, and ¢ 7.50 um cladding
diameters, respectively. d Increase in sensitivity (blue line) with applied linear fit (red line) for a 30 pum
long uniformly and symmetrically etched POF sensor, as the ratio of original to etched cladding diameter
also knows as cladding diameter reduction factor, was increased from 6.0 to 8.5
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15 pm long symmetrically etched POF while its cladding diameter was decreased from 10
to 7.50 um, demonstrate that for a fixed etched length, sensitivity increases gradually from
7.02 x 107 Trans. (A.U)/RIU to 38.77 x 107> Trans. (A.U)/RIU with the reduction of the
POF cladding diameter. This is due to the fact that reducing the cladding diameter allows
more of the guided optical mode to extend outside the fiber core, thereby increasing the eva-
nescent field strength and its overlap with the surrounding medium. Similarly, Fig. 4d was
obtained from the detailed analysis of a 30 um symmetrically etched POF, further shows
that in addition to the reduced cladding diameter, the increased length of the etched region
also contributes to improved sensitivity. This occurs because a longer etched region exposes
more of the optical field to the external medium, increasing the extent of light—environ-
ment interaction and leading to higher attenuation or loss over longer interaction lengths. To
validate these observations, a more rigorous analysis was conducted by considering various
lengths and diameters of the etched region, which led to the results presented in Fig. 5.

Starting from 0.39 x 10~ Trans. (A.U)/RIU, obtained for 1 um etched length at 10 um
etched diameter, an almost linear increase in sensitivity as a function of increase in etched
length and cladding diameter reduction factor was recorded. From this behavior, it can be
inferred that, for the proposed EG water contamination sensor model, sensitivity has a direct
relationship with the symmetrically etched region and an inverse relationship with the clad-
ding diameter. These findings not only support the aforementioned observations but also
align well with the results reported by Ji et al. (2020) and Razali et al. (2022), who investi-
gated the effect of cladding thickness on sensor performance. Table 2 summarizes the out-
comes derived from the design optimization stage conducted for the presented symmetrically
etched POF-based EG water contamination sensor. Under the optimal design conditions,
comprising of 7.05 um etched cladding diameter and 30 um etched length, the proposed
optical sensor achieved a maximum sensitivity of approximately 99.50 x 10~ Trans. (A.U)/
RIU.

Table 3 provides a comparison of presented work with previously available studies.

The proposed POF sensor model for EG contamination detection in water demonstrates
strong potential for real-world applications across multiple sectors. Its high sensitivity, com-
pact size, and evanescent field-based detection mechanism make it particularly suitable for
on-site and real-time monitoring. Such a sensing platform can find its widespread deploy-
ment in the fields of biomedical engineering, biochemistry, environmental monitoring and
public health surveillance.

Fig.5 Effect of symmetrically etched POF length e 60-o-65
and its diameter on the sensitivity of the proposed 0101 o 70-o-75
water contamination detection sensor model. ™ —*—80-—+-85
The figure legend indicates the ratio between the = 0.08+
original cladding diameter and the reduced etched %
diameter < 0.06

>

0044

."U;;
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» .
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Table 2 Sensitivity (Trans. (A.U)/RIU) of the symmetrically etched POF sensor for ethylene glycol contami-
nation detection in water, evaluated at various etched cladding diameters and lengths

Cladding diameter Sensitivity (1 x 10Trans. (A.U)/RIU) of symmetrically etched fiber lengths
reduction factor (original/  (um)
etched) 1 um 5 pum 10 pm 15 pm 20 pm 25 um 30
pum
6.0 0.39 223 4.57 7.02 9.27 11.86 14.13
6.5 0.63 3.97 7.89 12.42 16.02 20.95 25.04
7.0 1.10 6.14 11.00 19.77 23.50 33.70 39.78
7.5 1.51 7.30 19.29 28.32 38.45 49.26 58.68
8.0 2.18 12.67 26.73 38.77 54.53 66.52 79.79
8.5 2.51 16.37 33.94 46.72 69.38 85.69 99.50

Table 3 Comparison of different POF-based sensing structures reported in literature with the present work

POF Structure Sensitivity Operating 4 (nm) RI Range References
Double-sided polished 4284.8 nm/RIU 600-900 1.34-1.42 Liuetal. (2021)
Single-side polished 219.504 dBm/RIU  1540-1600 1.33-1.35 Zhang et al. (2021)
Mach—Zehnder interferometer 84 MHz/RH 1530-1570 - Cheng et al. (2021)
Polymer-based 0.0083 dB/RH 500-650 - Luetal. (2021)
Fiber Bragg grating 1.27+£0.01 pm/pe  1526-1576 - Pospori et al. (2022)
Flat-POF 2507 nm/RIU 400-1000 1.33-1.39 Xue et al. (2022)
Our work 99.50 x 107 /RIU 1550 131-133 -

4 Conclusion

The design and simulation of COP-based, single-mode, symmetrically etched POF sensor
operating at a wavelength of 1550 nm for detecting EG contamination in water, within the
weight fraction range of 0-0.15, have been demonstrated. For real-world implementation,
such COP-based POF sensors can be fabricated using reactive ion etching or laser abla-
tion techniques. The optimization process was carried out through parametric sweeps of
the etched length and diameter, showing that the sensitivity of the POF sensor is directly
proportional to the etched length and inversely proportional to the etched diameter. Optimal
performance was achieved with an etched diameter of 7.05 um and an etched length of
30 um, yielding a maximum sensitivity of approximately 99.50 x 10~ Trans. (A.U)/RIU.
The proposed symmetrically etched, COP-based POF sensor, validated through COMSOL
Multiphysics simulations, demonstrates strong potential for applications in the food and bio-
chemical industries, where high sensitivity and cost-effective detection tools are essential.
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