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This paper presents a portable optical fiber sensor (OFS) for refractive index (R.I.) sensing, fabricated using two
pieces of bare polymer optical fibers (POFs). The proposed sensor design utilizes the twisted macro-bending and
optical coupling (TMBOC) technique, where two optical fibers are twisted and coupled, leading to power
coupling from the primary fiber (PF) to the coupled fiber (CF). A 3D-printed smartphone casing is used to attach
the sensor with a smartphone, connecting the fibers to the flashlight and camera. The R.I. sensing relies on the
power loss coupling phenomenon, in which light travels to the PF and the CF couples the power, resulting in
intensity variations as the surrounding R.I. medium changes. The proposed R.I. sensor with an 8-mm radius
exhibits the maximum sensitivity with different NaCl concentration liquids, with an R.I. range of 1.333-1.361
and a sensitivity of 137.2 + 2.3 %/RIU. The experimental findings indicate the sensor’s excellent stability and
reliability. The sensor’s straightforward, comprehensive, and cost-effective design enables its application in
chemical, petroleum, biomedical, and other industries.

1. Introduction

The refractive index (R.L.) represents a fundamental optical param-
eter of significant importance across diverse scientific and technological
domains. Indirect quantification of physical variables, such as temper-
ature, pressure, and concentration, can be effectively achieved through
the detection of variations in the R.I. [1]. Traditional methodologies for
measuring the R.I. often involve cumbersome and costly apparatus,
which can limit their practical utility and widespread adoption [2]. In
contrast, optical fiber sensors (OFSs) have garnered considerable
attention due to their inherent advantages over conventional electrical
sensors [3]. These benefits include immunity to electromagnetic inter-
ference, compactness, and the capability for remote sensing [4]. The
portable and cost-effective OFS sensors have grown significantly in
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recent years [5,6], driven by the need for real-time monitoring in a
variety of fields, including environmental science [7], medical di-
agnostics [8], and industrial process control [9].

The OFSs for R.I. sensing can be categorized into distinct classes
based on their underlying measurement principles. Notable examples
include Fabry-Pérot interferometers (FPIs) [10,11], multimode in-
terferometers (MMIs) [12,13], and Mach-Zehnder interferometers
(MZIs) [14,15]. Additionally, long-period gratings (LPGs) [16,17] and
fiber Bragg gratings (FBGs) [18,19] utilize wavelength modulation,
where the R.I. changes induce shifts in the wavelength of the transmitted
light [20]. This wavelength modulation approach is generally more
sophisticated and necessitates advanced measurement equipment for
precise detection [21,22]. In contrast, intensity modulation-based sen-
sors, which rely on changes in light intensity as the R.I. varies [23], offer
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Fig. 1. Design of 3D-printed casing for the proposed R.I. sensor: (a) shows the 3D view of the casing, showcasing the precise dimensions to connect the optical fibers

with the smartphone; (b) illustrates the front and back view of the casing.

simpler implementation and straightforward measurement techniques
[24,25]. Among intensity modulation-based sensors, polymer optical
fibers (POFs) emerge as a cost-effective option, combining affordability
with the inherent benefits of optical fibers, such as flexibility and ease of
integration with devices like smartphones for portable, real-time R.I.
sensing. The demand for POF based R.I. sensors is increased on both
intensity and wavelength modulation. The integration of tilted-FBG into
POFs has been explored to enhance R.I. sensing capabilities. Hu et al.
[26] successfully inscribed tilted-FBGs in step-index POFs, demon-
strating their potential for R.I. sensing applications. This work laid the
foundation for subsequent research into tilted-FBG-based R.I. sensors
utilizing POFs.

Ujihara et al. [27] proposed a tapered graded index per fluorinated
POF by employing intense illumination propagation inside fiber to
create a R.I. sensor. Similarly, De-Jun et al. [28] utilized the tapered
technique for R.I. sensing. These sensors rely on the principle that the
evanescent wave generated by propagating light interacts with the
surrounding medium, leading to a reduction in optical transmission. A
different approach was taken by the authors, who fabricated a D-shaped
POF sensor using a side-half-polishing method [29], which also operates
based on the interaction between the evanescent wave and the external
environment. Yanjun Hu et al. [30] introduced a narrow groove and
gold-plated structure-based R.I. sensor, but the fabrication process
involved in creating these structures adds complexity and cost to the
sensor. Another approach is presented by Shin J.D. et al. [31] and Ye
et al. [32], who explored drilling holes in POFs to develop R.I. sensors,
including a portable multi-hole sensor. However, the drilling step in-
troduces additional complexity and potential limitations in the sensor’s
performance. Another study [33] investigated a multiparameter sensor
for liquid level and R.I. measurement, using both a notched POF and a
U-shaped sensor structure. However, there remains a significant
research gap for a simple, cost-effective, and portable R.I. sensor that
does not require complex fabrication processes such as drilling or
polishing.

Integrating POF sensors with smartphone simplifies their equipment
needs, making it a viable and efficient solution. Recent advancements in
smartphone technology have led to their integration with various sci-
entific applications due to their enhanced computational power and
optical imaging capabilities [34,35]. Smartphones offer a compact,
accessible platform, making them ideal for developing portable sensing
systems. The smartphone’s flashlight can serve as the light source, while
the camera functions as the detector, eliminating the need for external
LEDs or photodetectors. For example, Malone et al. [36] presented
smartphone-based optical coherence tomography systems, leverage
smartphone built-in components for detecting, processing, and

displaying data, demonstrating potential for use in low-resource envi-
ronments. Similarly, Kuang at al. [37] proposed the integration of POF
sensors into smartphones for the purpose of monitoring human physi-
ological parameters, including heart and respiratory rates using in-
tensity modulation.

In this paper, we propose a smartphone-based portable R.I. sensor
utilizing the commercially available POF, which stands out as a partic-
ularly promising solution for portability and affordability. We design a
3D-printed smartphone casing for OFS and attach it to a smartphone to
facilitate R.I. sensing. Two bare fibers, twisted macro-bended and opti-
cally coupled (TMBOC), are directly integrated with a smartphone for R.
I. sensing. One fiber serves as a light source for the smartphone’s
flashlight, while the other fiber integrates with the smartphone’s camera
to detect variations in light intensity due to changes in the surrounding
medium. Compared to other existing approaches, it provides a simple,
cost-effective, and robust method for R.I. sensing. The integration with a
smartphone not only ensures simple deployment but also enables
seamless data transmission and storage, making it ideal for both labo-
ratory and field applications.

2. Fabrication of portable R.I. sensor
2.1. 3D-printed casing

In the development of our proposed smartphone-based R.I. sensor,
we employ a 3D-printed casing to house the POFs. Fig. 1 illustrates the
design of the 3D-printed casing for the proposed R.1. sensor. Fig. 1(a)
highlights the precise dimensions and the 0.6 mm radius hole for the
optical fibers, and Fig. 1(b) shows the front and back view of the casing
for the POFs connector for the smartphone camera. The dimensions of
the 3D-printed casing are meticulously determined to be 33.850 mm in
height, 83.580 mm in width, and 53.814 mm in length, resulting in a
total weight of just 32.88 g. These dimensions are selected to accom-
modate the optical fibers and the smartphone components while main-
taining a lightweight and compact design. The precisely designed
0.6 mm radius hole in the connector ensures a secure fit around the fiber
and complete encapsulation of the emitted light, minimizing potential
sources of error and maximizing the accuracy of the R.I. measurements.

The choice of a 3D-printed casing is particularly advantageous
because it allows for rapid prototyping and customization, enabling us
to optimize the design according to the specific requirements of our R.1.
sensor. The lightweight and compact design of the 3D-printed casing
contributes to the overall portability and user-friendliness of the R.I.
sensor. By combining the benefits of 3D printing technology with the
precision of the designed connector, we have achieved a cost-effective
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Fig. 2. Illustration of sensor fabrication. (a) twisting machine for uniform fiber twisting and structure without TMBOC, (b) TMBOC-based configuration with an

8 mm bend radius, (¢) TMBOC technique for R.I. sensing and optical coupling.

and robust solution for R.I. sensing that can be easily deployed in various
settings, ranging from laboratory experiments to field applications.

2.2. POF sensing using TMBOC

The proposed R.I. sensor design employs a method involving twisting
structures using POFs. In this configuration, one fiber, designated as the
primary fiber (PF), is responsible for propagating light and is connected
to an LED source. The other fiber is referred to as coupled fiber (CF). The
twisting fibers significantly influence the sensor’s performance. To
ensure uniform twisting and reliable sensor performance, we utilized a
commercial hair-twisting machine, which maintained a consistent twist
rate of 1 twist per centimeter, as shown in Fig. 2(a). This machine
provided uniform twists, ensuring consistency in both the twist angle
and pitch. Such uniformity was crucial for enhancing the repeatability
and reliability of the sensor. The flexibility of the POF facilitates easy
twisting without the need for additional temperature application, as
twisting alone is sufficient to induce light coupling between the fibers.
While the TMBOC fibers undergo a dual treatment: they are both twisted
and subjected to macro-bending for efficient optical coupling, as shown
in Fig. 2(b). This specific manipulation enables the fibers to become
sensitive to changes in the R.L. of the surrounding medium.

When the R.I. of the surrounding medium varies, the light trans-
mission pattern between the PF and CF also changes, thereby allowing
for the measurement of the R.I. changes. Fig. 2(c) illustrates the method
of with and without TMBOC, where PF and CF are optically coupled
fiber-to-fiber, and demonstrates the power loss from PF due to external
field-induced radiation and transmitted into the CF, which is a critical
aspect of the sensor’s operation.

This proposed technique for fabricating an R.I. sensor is based on the
coupling power loss technique, which facilitates optical power coupling
to detect changes in the R.I. This technique uses TMBOC to couple the
radiated power from the PF and transmit it to the CF for R.I. measure-
ment, as shown in Fig. 2(c). In this configuration, the PF generates bend
loss, and the CF couples this loss, making the R.I. sensor more sensitive

to different refractive indices [38]. As light propagates through the
twisted PF, some of it is lost due to the induced bend. This lost light is
then coupled into the CF, whose efficiency in capturing this light is
dependent on the R.I. of the surrounding medium. The closer the R.I. of
the medium is to that of the fiber core, the more pronounced the
coupling effect becomes. This property makes the sensor particularly
sensitive to changes in the R.I. The sensor’s ability to detect variations in
R.I. is enhanced by the deliberate design of the coupling structure, which
ensures that even small changes in the R.I. are captured by significant
changes in the coupled power. This design feature is crucial for
achieving high sensitivity in the sensor’s response to R.I. fluctuations.

Although multimode optical fiber is sufficiently flexible to tolerate
bending without significant loss, it also has certain drawbacks, which
include signal latency distortions and scattering-induced light losses. To
address these issues and evaluate the effects of macro-bending, several
methods have been developed. To address these effects, various
analytical and numerical methods such as ray tracing, beam propaga-
tion, finite element analysis, and numerical aperture techniques are
employed. However, both beam propagation and finite element tech-
niques have limitations in achieving exceptional accuracy due to their
reliance on approximations and simplifications. Moreover, the numeri-
cal aperture method, while useful for initial estimations, lacks the
capability for detailed optimization. In contrast, the ray-tracing method
is advantageous because it requires lower computational complexity and
provides greater precision compared to other methods. The sensitivity of
the proposed R.I. sensor is based on the TMBOC technique, which can be
optimized for specific requirements. The optical configuration for
measuring the R.I. is founded on the TMBOC phenomenon, leveraging
its unique characteristics to enhance the sensitivity and reliability of the
sensor.

In the proposed setup, an input port P;, is designated for the
incoming light. The twisted PF radiates light from the light source, while
the CF relies on the coupling of power loss for light propagation. The
output power of the PF at the throughput port is denoted as Py, and the
output power of the CF is referred to as the coupled port Peoyple [39]:



M.S.U.K. Haider et al.

3D printed casing

Pipette

Glass slide

Primary fiber

Coupled fiber—,

Sensors and Actuators: A. Physical 385 (2025) 116321

Flashlight

Fig. 3. Portable R.I. sensing illustration diagram.
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where, Pj, is the input power, while a and b are sensitivity co-
efficients for bending and twisting and n. is the effective R.I. and A is
the wavelength. The coupling coefficient K can be expressed as Eq. (2):
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Here, § is a constant, while An is the R.I. difference. While c and g are
constants related to fiber properties, and n.j,q and neqr are the cladding
and core refractive indices. Additionally, the coupling length L is defined
in Eq. (3), where Py, is the output coupled power form CF and n is the R.
L. changes.
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2.3. Data analysis

As shown in Fig. 3, the smartphone-based sensing setup involves
transmitting light and recording a video for intensity variation moni-
toring. The recorded video undergoes meticulous frame-by-frame anal-
ysis using MATLAB, a powerful tool for numerical computing. Each
frame is first converted to grayscale using the ’'rgb2gray’ function,
translating color information into a spectrum of gray values that directly
correlate with brightness. Subsequently, the total light intensity for each
frame is quantified by summing the gray values across all pixels,
encapsulated by the following Eq. (4):

Light intensity = Zf;z;il grayFrame(i, j) “)

where M and N are the dimensions of the frame, as the resolution of
video is 1920 x 1080 as M and N set to 1920 and 1080, respectively.
This systematic approach facilitates the computation of absolute in-
tensities per frame, enabling seamless measurement through sequential

video analysis. For analytical purposes, the point at which the sensing
area becomes fully dipped in the liquid is designated as the baseline or
zero-level position, facilitating data normalization as: R = %‘:’ Where, R
is the relative intensity, while R, signifies the absolute intensity value at
the (R.I. & 1), and R, denotes the sensor in liquid. Then the change in
relative intensity AR is expressed as:

(Rd — CRo)
Ro

AR = 100% 5)
The correction factor c is applied to the baseline intensity Ry. The R.I.
sensor sensitivity can be derived as follows:

_ AR

S ==
R An

(6)

Here Sr; is the sensitivity, defined as the ratio of the change in
relative intensity AR to the corresponding change in R.I. An. To ensure
measurement stability, the entire experimental setup, inclusive of the
smartphone, remains stationary throughout the process. This precau-
tionary measure eliminates the need for compensatory adjustments
related to potential phone movement, streamlining the measurement
protocol, and enhancing reliability.

3. Experimental setup

The smartphone-based R.I. sensing system leverages the capabilities
of a smartphone, specifically an iPhone 14 Pro Max, to capture and
process light-intensity data and monitor variations in light intensity. As
shown in Fig. 3, the smartphone serves a dual purpose: generating light
through its flashlight functionality and simultaneously capturing this
light via the camera. The custom-designed 3D-printed casing, created
using SolidWorks Pro software and printed on a Bambu Lab P1S 3D
printer, plays a crucial role in ensuring the proper alignment and pro-
tection of the optical fibers and the smartphone components, as illus-
trated in Fig. 1(a-b). To facilitate these functions, the casing is attached
to the smartphone, which is then mounted on a fixed stand. The PF is
securely attached to the LED flashlight without any gaps, while the CF is
positioned 0.5 mm away from the camera to allow for optimal focusing
and light intensity measurement.
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Fig. 4. Comparison of sensor sensitivity with and without TMBOC Effect.

For the R.L sensor fabrication, we employ two individual pieces of
uncoated POF. We specifically choose Mitsubishi Step Index SK-40 fiber
for its elastic, soft, and flexible properties. The fiber core has a diameter
of 980 pm, while the surrounding cladding layer is thicker than 20 um,
comprised of polymethyl methacrylate (PMMA) resin and a fluorinated
polymer compound. The core R.I. is measured at 1.49. Importantly, the
large core diameter and relatively thin cladding region contribute to
significant bending-induced optical losses through side coupling effects.
The CF is twisted around the PF to enable R.I. sensing. Upon completing
the twisting, the initial and terminal sections were secured using nylon
zip ties. The PF and the CF were subsequently guided through 3D-
printed casing, with the PF directly coupled to the smartphone’s flash-
light and the CF interfaced with the camera. In the configured system for
R.I. sensing, the twisted coupling spanned 60 mm, resulting in a total
fiber length of 1 m extending from the flashlight to the camera. The R.I.
measurement employed the TMBOC, and the bend radius was 8 mm to
achieve the maximum optical coupling fiber to fiber, as depicted in
Fig. 2.

We prepared the sodium chloride solutions (NaCl) with varying
concentrations and tested for their R.I. values using an Abbe refrac-
tometer. At a room temperature of 25 °C, the respective liquid R.I. values
were measured as 1.333, 1.340, 1.348, 1.353, and 1.361 for concen-
trations of 0 %, 3.6 %, 7.2 %, 9.0 %, and 12.6 %, respectively.

The StaCam app facilitates the video recording process by allowing
users to customize video recording settings like ISO and shutter speed.
These parameters are crucial for fine-tuning the camera’s responsiveness
to light, thereby ensuring optimal data accuracy. Adjusting ISO sensi-
tivity is critical; however, excessively high settings can introduce un-
wanted noise, potentially compromising measurement integrity. Shutter
speed calibration is equally important, as it controls light exposure and
prevents intensity readings from becoming too low under noiseless ISO
configurations. It is important to note that these settings are not static
but require customization based on varying environmental conditions to
ensure reliable and consistent performance.

4. Results and discussion

The performance of the R.I. sensor was meticulously evaluated to
understand the impact of incorporating the TMBOC phenomena. Two
configurations were compared: the TMBOC-based sensor and without
TMBOC. The structure without TMBOC consisted of parallel twisted fi-
bers without any deliberate macro-bending, relying solely on natural
coupling between the fibers. As shown in Fig. 4, the sensor’s response
was analyzed both with and without the TMBOC technique, focusing on
its sensitivity to various R.I. liquids. The R.I. sensor with TMBOC shows
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Fig. 6. Effect of bending radius on sensor performance.

a sensitivity of (Sg1 =137.2 + 2.3 %/RIU) compared to a sensitivity of
(Sr.1. =71.1 % 2.0 %/RIU) without TMBOC. The results reveal a marked
improvement in the sensor’s sensitivity when the TMBOC technique is
employed.

The sensor with TMBOC exhibited a linear response with a correla-
tion coefficient (RZ) of 0.99144, indicating a coupling power loss with
the change in the surrounding R.I. medium. The increase in sensitivity
can be attributed to the TMBOC effect, which induces additional
coupling power through the combined effects of twisting and macro-
bending. This enhanced coupling efficiency allows for more significant
power loss when the fibers are exposed to liquids with varying R.I.,
improving the sensor’s ability to detect minute changes in the R.I. This
technique is particularly advantageous for detecting minute changes in
the R.L, as the TMBOC enhanced sensor is more responsive compared to
the sensor without TMBOC. The TMBOC technique is particularly ad-
vantageous for enhancing the sensor’s responsiveness and overall per-
formance compared to the configuration without TMBOC. These
findings demonstrate the importance of combining twisting and macro-
bending to achieve optimal sensor performance. To further optimize the
sensor’s performance, the influence of different bending radii on the
POF sensor was explored, as illustrated in Fig. 5.

The sensor’s dynamic response to changes in the surrounding me-
dium’s R.I. was thoroughly examined, as shown in Fig. 5. In this
experiment, the sensor was subjected to a transition from air R.I. ~ 1 toa
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Table 1
The response of R.IL sensor at different bend radii.
TMBOC diff Sensitivity Y= ax+b correlation
radii (%/RIU) coefficient (R?)
8 139 —139.0083 + 192.24592 0.98897
15 103 —103.86421 + 142.41604  0.99463
30 70 —70.85051 + 96.87032 0.99365
7500 R.I.~1 (Ref)
—R.l=1 (Re
7000 F 1333
6500 £ ——1.340
6000 F ——1.348
5500 E ——1.353
—~ 5000 E — 1.361
=
g 4500 F
> 4000 F
‘» 3500 F
T 3000 F
£ 2500 F
2000 F
1500 f /A
1000 E 535 540 W::;E"g;f(onm) 555 560
500 F
0 1 1

350 450 550 650 750 850 950 1050
Wavelength (nm)

Fig. 7. Spectral response of the TMBOC-based 8 mm radius R.I. Sensor and
impact of R.I. changes on the sensor’s spectral response.

liquid with a R.I. of 1.333. The results clearly demonstrate the sensor’s
capability to detect rapid changes in R.I., as indicated by the significant
decrease in coupled power loss immediately after immersion in the
liquid. Notably, the sensor with an 8 mm bending radius outperformed
the others, displaying the largest change in coupled power loss during
the transition. This suggests that the sensor is highly sensitive to R.L.
variations, making it suitable for real-time monitoring applications. The
rapid stabilization of the sensor’s response further highlights its poten-
tial for use in environments where quick and accurate R.I. measurements
are essential.

To evaluate the effect on the R.I. sensor, we fabricated three different
bending radii: 8 mm, 15 mm, and 30 mm. The analysis revealed that the
sensor’s sensitivity increases as the bending radius decreases, as depic-
ted in Fig. 6. Specifically, the sensor with an 8 mm bending radius
exhibited the highest sensitivity, with the largest coupled power loss
observed across the range of refractive indices tested. This enhanced
sensitivity can be explained by the macro-bend loss effect, which be-
comes more significant at smaller bending radii. When the bending
radius is reduced, the core mode of the fiber undergoes transformation
into a radiation mode, resulting in increased light leakage from the core
into the cladding. This phenomenon enhances the interaction between
the light field and the surrounding medium, thereby improving the
sensor’s ability to detect changes in the R.I. The experimental results
align well with the theoretical model, where the radiated power R is
given by, R = Ro x T, with Ry representing the initial power in the
emitting fiber and T being the Fresnel transmission coefficient, the result
are given in Table 1. The data confirms that smaller bending radii not
only increase the radiation of the light field but also enhance the sensor’s
overall sensitivity, making it more effective for precise R.L
measurements.

To analyze the spectral behavior of the 8 mm radius sensor, the
smartphone flashlight served as the light source, while the output was
recorded using a spectrometer (Ocean Optics USB 2000+), which covers
wavelengths from 340 to 1050 nm. The TMBOC configuration with an
8 mm bending radius was evaluated for its ability to detect R.L. varia-
tions by precisely measuring the fiber system’s optical response to
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Fig. 9. Repeatability and Stability of the smartphone-based R.I. sensor (a)
showcases the repeatability and stability of the sensor over a period of seven
days, and (b) demonstrates the sensor’s consistent performance and suitability
for long-term applications.

different R.I. mediums. Light was introduced into the PF, and the
coupled power from the coupled fiber CF was captured by the spec-
trometer. Fig. 7 illustrates the spectral response of the TMBOC-based
8 mm radius R.I. sensor, showcasing the distinct transmission proper-
ties for different R.I. liquids.

Fig. 8 presents the peak intensity data extracted from the spectral
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Table 2

Comparison of proposed smartphone-based portable R.1. sensors with other POF proposed sensor in literature.
Structure Range (RIU) Resolution Sensitivity Advantages Refs.

(RIU)
Tapering POF 1.333-1.410 Not mentioned 107 dB/RIU High sensitivity, simple Fabrication. [27]
Dual-tapering POF 1.33-1.41 Not mentioned 950 uW/ RIU Low cost, simple Fabrication. [28]
Side-polishing, bending 1.333-1.455 8.7 x 107 57 uW/ RIU Low cost, hight sensitivity, stable. [29]
Narrow groove coated gold film 1.340-1.356 Not mentioned 12.5 dB/ RIU (126 pW/ Stable, high signal to-noise ratio, customizable. [30]
POF RIU)
In-line micro holes 1.33-1.42 Not mentioned 13.4 dB/ RIU Low cost, stable. [31]
Drilling micro holes POF 1.333-1.475 Not mentioned —22.8 4+ 0.6 %/RIU Portable, low cost. [32]
U-shaped notch POF 1.275-1.475, Not mentioned 107.6 + 4.4 %/RIU, Portable, customizable. [33]
Fiber-to-fiber Coupling POFs 1.333-1.361 1.065 x 10° 137.2 + 2.3 %/RIU Portable, easy fabrication, convenient, low cost, This
customizable work

response of the sensor, demonstrating the sensor’s linear relationship
with R.I. changes. The results show a high correlation coefficient (R* =
0.98846), consistent with the measurements obtained from the smart-
phone camera. These results confirm the strong correlation between the
intensity variations and the R.I. changes. From these experiments, the
resolution of the proposed TMBOC-based sensor with an 8 mm bending
radius was calculated to be 1.065 x 107 RIU. This high resolution un-
derscores the sensor’s ability to detect extremely small changes in
refractive index, making it suitable for high-precision applications.

The smartphone-based R.I. sensor must display exceptional repeat-
ability and stability. To evaluate these characteristics, two supplemen-
tary experiments were conducted using the proposed setup. Fig. 9
illustrates the repeatability response of the sensor, showcasing good
repeatability and consistent light intensity measurement for R.I.s of
1.333 and 1.361 over the course of seven days. As observed in the graph,
the sensor’s stability is demonstrated through overlapping data points
representing the R.I. measurements on Days 1, 4, and 7, indicating
minimal drift or degradation in performance. Overall, the sensor proves
to be robust and reliable, making it well-suited for long-term
applications.

Table 2 compares the proposed smartphone-based R.I. sensor with
other methods found in the literature. Our approach stands out due to its
simplicity, cost effectiveness, portability, and requiring only the smart-
phone’s flashlight and camera for operation. The developed sensor
maintains excellent consistency and reliability, with experimental re-
sults highlighting its stability as a portable sensor. The portable
smartphone-based R.I. sensor’s potential applications include diverse
fields such as food quality control, medical diagnostics, and environ-
mental monitoring.

5. Conclusion

The smartphone-based portable R.I. sensor fabricated using POF has
demonstrated strong performance across various testing scenarios. The
incorporation of the TMBOC effect significantly enhanced the sensor’s
sensitivity, allowing for more precise detection of R.I. changes. The
analysis of different bending radii further confirmed that smaller radii,
such as 8 mm, are optimal for maximizing sensitivity due to increased
macro-bend loss and enhanced interaction between the light field and
the surrounding medium. These findings have important practical im-
plications for the design and application of POF-based R.I. sensors. The
ability to detect minute changes in R.I. with high sensitivity and the
capacity for real-time monitoring make this sensor highly versatile. It
could be applied in fields such as biomedical sensing, environmental
monitoring, and industrial process control, where accurate and rapid
detection of refractive index changes is critical.
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