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We present a novel fiber optics sensor approach using an intentionally designed silica fiber that requires no
additional processing after fabrication. The fiber, drawn from a D-shaped preform, maintains a D-shape cross-
section along its entire length, ensuring high uniformity of geometrical parameters such as core diameter and
the flattened surface distance from the core. The primary advantage of our approach is its unique ability to sense
analytes at arbitrary distances from the fiber end and at any interaction length using the evanescent wave effect.
We demonstrate the sensing performance by exposing a short fiber section (4 cm) to a liquid analyte in its pure
form without using any signal-enhancing interlayer. Importantly, the output signal remains unchanged when
water is applied as the medium, while exposure to an alcoholic medium significantly increases transmission. We
further analyze the refractive index sensitivity of the technique by varying the water-isopropyl alcohol mixture
ratio at a 1030 nm wavelength in a few-mode propagation regime. The results, interpreted in terms of the
elimination of Rayleigh scattering losses of the higher-order modes by index matching between the fiber and the
sensing medium, underscore the potential of our approach for water contamination sensing in both biological
and environmental applications with distributed sensing capability, thereby addressing a critical need in the
field.

1. Introduction with the external medium, such as by evanescent waves [5]. The

interaction of light with the external medium can be achieved in various

Optical fiber sensors (OFS) are widely used in various fields,
including industrial, chemical, and biological applications [1,2]. They
offer several advantages, such as simplicity of construction, versatility,
resistance to electromagnetic interference, chemical neutrality, compact
size, lightweight, reliability, and multiplexing capability. OFS mea-
surements include temperature, stress, pressure, and refractive index
(RD). In particular, measuring the change in RI offers the possibility of
developing a range of label-free biochemical sensors [3]. This leverages
the fact that, for example, during a chemical reaction such as antibody-
antigen binding or DNA hybridization, the concentration change affects
the RI of the solution [4]. In the design of a fiber-optic RI sensor, it is
essential that the light propagating through the core effectively interacts
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fiber optic systems. The most important include long-period gratings
induced in a fiber core [6,7], fiber tapers [8,9], bend fibers [10], splicing
different fibers to obtain interferometric structures [11], photonic
crystal fibers (PCF) [12], antiresonant optical fibers [13], and D-shaped
fibers [14]. Such fibers can be used directly or in interferometric systems
based on Mach Zehnder [15] and Fabry-Perot [16] interferometers. To
achieve selectivity in the detection of biological or chemical compounds
and to increase the signal of the sensor, the area where the light field
interacts with the measured medium is often chemically modified [17]
or additionally coated with a thin layer of metal [18] or dielectric [14].
Such an approach results in Surface Plasmon Resonance (SPR) [19] or
Lossy Mode Resonance (LMR) [20,21], where the resonance wavelength
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changes with the RI of the tested substance. Table 1 shows the typical
resolutions achieved in various fiber optic sensors.

One versatile solution for measuring RI with and without resonances
is sensors based on D-shaped optical fiber [14,37]. D-shaped optical
fiber is formed from a standard, usually single-mode fiber (SMF), by
partially removing the cladding. Various mechanical [38], chemical
[39,40], and ablative [41-43] methods are used for this purpose. The
problem with these approaches is low accuracy and repeatability
because each fiber is processed individually. Since the processing is done
on a micrometer scale, the D-shaped fiber sections produced may differ
from each other, and therefore their optical properties also vary. As a
result, each fiber must be calibrated separately [44]. The method
recently proposed by G. Stepniewski et al. [36] for directly fabricating
D-shape fiber by drawing a modified preform makes it possible to obtain
tens of meters of practically identical fiber. As a result, hundreds of
identical sensors are fabricable using this fiber.

To further simplify the sensor’s design and make it as low-cost as
possible, we investigated the application potential of such a fiber
without using any additional technological processes, such as etching or
sputtering thin layers. In particular, we will show that a fiber guiding
several modes highly depends on the transmission of the refractive index
(RD) of the surrounding medium without any spectral effect. It represents
an essential novelty of this work, in contrast to most fiber optics sensor
approaches and the previous publications dealing with the same type of
fiber [36]. We have chosen mixtures of water and isopropyl alcohol as
the sensing medium, enabling significant RI changes and ensuring
safety. An exciting feature of our approach is the invariance of the
output signal in the water medium when the sensing region is sur-
rounded by it. However, a further increase in the RI of the medium
greatly eliminates the losses, indicating the role of Rayleigh scattering at
the flattened cladding surface. Our concept, namely the selective in-
crease of the transmission of the higher-order modes, is supported by
numerical simulations of both the mode structure of the fiber and the RI
dependence of their losses. Moreover, the experimental study was
extended by monitoring the output beam shape, and these observations
confirmed this concept.

2. Novel D-shape fiber and experimental apparatus

The silica-made D-shape fiber described in [36] was used in this
work. The basis of this approach is to modify the preform rather than the
finished fiber. The preform was cut and ground on one side to decrease
the distance of the germanium-doped core to the flattened cladding
surface below the core diameter. The diameter of the preform was 20

Table 1

Comparison of the resolution of fiber optic refraction index sensors (Abbrevia-
tions used in the table: LPFG — Long Period Fiber Grating, FBG — Fiber Bragg
Grating, PCF - Photonics Crystal Fibers, SPR — Surface Plasmon Resonance, LMR
- Lossy Mode Resonance).

Basis of sensor operation ~ Additional Resolution [RIU] Reference

feature
LPFG 1x10%-1x10°  [6,7,22,23]

thin film 1x10°

SPR 1x10°-1 x 107
FBG 2.5 x 10° [24]
Tapering 1x10%-1x10° [8,9,2526]
Interferometric 1x10°-1x 10° [11,27]
PCF 8.5 x 10° [12,28]
Hollow-core 1 x10° [13]
SPR 1x10°-1x107  [29,30]
LMR 1x10°%-1x10° [31,32]
D-shape 1x10%-1x10° [14]

LPFG 2.7 x 10 [33]

PCF 1.92 x 10° [34]

SPR 9.8 x 10° [35]

LMR 2 x 10° [36]

This article 2 x 10
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mm, which allows for two orders of magnitude higher precision in
shaping related to the final fiber geometry compared to the processing of
a standard fiber. The preform was then drawn on an optical tower,
ensuring a cross-section reduction by a factor of 200. The result is a D-
shape fiber with a slightly rounded surface close to the core (Fig. 1). By
controlling the drawing process parameters such as temperature, de-
livery, and fiber drawing rate, the curvature of this surface, the shape of
the core, and the distance of the core from the edge of the fiber can be
controlled to some extent.

The fiber became slightly rounded, and the side surfaces achieved
high smoothness due to the glass’s viscosity, elastic forces, and surface
tension during the drawing process. Simultaneously, the final roughness
also depends on the parameters of the fiber drawing (Fig. 2). For the
fiber used in this study, the roughness (Ra) is about 30 nm, and the RMS
is less than 40 nm.

The particular eccentric position of the fiber core, preserved along
the propagation axis, supports the interaction of the guided field with
gaseous or liquid analytes along the arbitrary fiber length. Our recent
study used a fiber with the geometrical parameters labeled in Fig. 1,
featuring a slightly elliptical core with main axis dimensions of
approximately 7 and 8 ym and the flattened surface distance from the
core at about 2 um. The refractive index of the core and cladding is 1.456
and 1.450, respectively, at 1030 nm. Fiber samples with 20-50 cm
lengths, protected with standard acrylate coating, were used. The
coating on a 4 cm section of all samples in their middle part was
removed by immersing the fiber in acetone for about 20 min. Subse-
quently, the softened coating was stripped step by step by gently
applying tiny wooden rods. This removal allowed interaction with the
analyte across the thinnest area of the cladding via the evanescent wave
effect. Ytterbium-based femtosecond fiber oscillator radiation (100 fs
pulses at 1030 nm with a bandwidth of about 15 nm) was launched into
one end of the fiber, while the other end was butt-coupled to a multi-
mode collection fiber of a high-resolution spectrometer.

The wavelength was chosen to be short enough to operate within the
high transmission spectral range of the applied analytes, yet long
enough to exhibit the evanescent wave effect beyond the 2 pm flat
cladding. For alignment purposes, 633 nm HeNe radiation was also
transmitted through the D-shape fiber, which was insensitive to the
surrounding medium along the sensing area of the fiber. Another ad-
vantageous property of the 1030 nm radiation is its support for few-
mode propagation in the fiber, identified as crucial for the demon-
strated sensing approach. The femtosecond fiber laser was selected as a
source for its operational stability and its broad spectrum, which was
advantageous for registering the output field using a spectrometer. Sub-
nanojoule pulse energies were applied to prevent any nonlinear in-
teractions. Neither the analyzed water nor the isopropyl alcohol (IPA)
medium exhibited significant absorption features in this spectral range.
Therefore, the spectral changes were homogeneous across the entire
spectral band of the laser used. The intensity changes of the transmitted
radiation were recorded under various conditions, not only altering the
analyte composition but also the interaction length and sensing geom-
etry. The spatial distribution of the output field was alternatively
monitored using an infrared beam profiler, onto which the fiber end
facet was imaged. This extension of the registration technique allowed
for examining beam shape alterations alongside spectral intensity
changes and the relationships between these two output characteristics.

3. Refraction index sensing in straight fiber geometry

The effect of the fiber length surrounded by testing liquid on trans-
mitted spectral intensity was examined first in straight fiber geometry
with an overall length of 20 cm. Spectral registration applying IPA along
1 cm, 2 cm, and 4 cm of the sensing region is depicted in Fig. 3a, showing
monotonic transmission enhancement at each step. As mentioned, both
the distilled water and isopropyl alcohol show negligible absorption in
the bandwidth of the transmitted spectra. The noisy character of the



S. Pulikottil Alex et al.

Optical Fiber Technology 88 (2024) 104036

Fig. 1. Scanning electron microscope image of the cross-section of the used D-shape fiber. The same geometry is maintained along the entire length of fiber.
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Fig. 2. Fiber surface investigated on a white light interferometer: a) image of the surface, b) cross-section in the transverse direction, c) roughness after removal of

surface roundness.
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Fig. 3. (a) Output spectra registered under vertical polarization in the case of 20 cm fiber with straight geometry under increasing length of sensing region sur-
rounded by IPA (b) Spectral intensity ratios under complete surrounding of the sensing region by the liquid vs. without it for both main polarization directions.

spectra is caused by the multimode interference effect of both the
sensing and spectra-collecting fibers. Similar registrations also applied
water as a testing liquid, resulting in negligible transmission changes. To
better compare the output spectra under different experimental condi-
tions, ratio curves were constructed by dividing it with the reference
spectra registered under the same conditions, but without applying any
analyte (original spectra). Fig. 3b compares these spectral ratios under
the complete surrounding of the sensing region by the liquid in the cases
of IPA and water for the two main polarization directions. The obser-
vations reveal that only IPA affects the transmission, increasing the
output intensity by a factor of around 10. Meanwhile, water has no ef-
fect, which is represented by a ratio near 1. Furthermore, vertical po-
larization, meaning field orientation perpendicular to the flattened

cladding of the fiber, causes higher spectral intensity ratios exceeding 10
in the central area of the laser bandwidth. Thus, both the refractive
index of the liquid medium and the polarization direction of the guided
radiation influence the output spectral intensity. The original spectra
were integrated along the spectral bandwidth to quantitatively evaluate
the spectral results, eliminating the interference effect. Information
about the transmitted optical power under various experimental con-
ditions was acquired in this way.

Besides spectral registration, the shape of the output beam was
studied experimentally by increasing the fiber length surrounded by
pure IPA. Sequential enhancement of the interaction length from 1 cm to
4 cm resulted in a monotonic reduction of the output beam’s ellipticity,
accompanied by the transmission enhancement presented in Table 2.
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Table 2
Near-field camera images, length of the sensing region, camera integration time and beam ellipticity expressing mutual reduction of the output beam ellipticity and
improvement of the intensity with the increasing length of the sensing region.

Beam Profile

Sensing medium Only air 1 cm IPA 2 cm IPA 4 cm IPA
Integration time 398.1 ms 398.1 ms 290.4 ms 225.4 ms
Ellipticity 0.36 0.45 0.49 0.73
Due to the increasing output intensity the camera integration time was orientation. Therefore, only these results are presented. The obtained RI
sequentially reduced to avoid saturation effect. The ellipticity was sensitivity is relatively low compared to other methods (Table 1).
calculated as the simple ratio of the beam diameters along the Y and X However, it was achieved for an unmodified fiber, without additional
axes at half intensity. This observation indicates a higher transmission layers to increase sensitivity and resolution, and using only light in-
enhancement rate of transversal modes, which are structured perpen- tensity measurements and not more expensive systems like a spec-
dicular to the flattened fiber cladding surface when the analyte has a trometer or interrogator.
higher RI than water. This statement is based on findings from repeated The beam shape at the output fiber facet was also monitored during
experiments using water, which did not cause any observable change in this measurement series, and we identified the same trend as observed
the transmitted beam shape with increasing length of the sensing region. with varying surrounding fiber lengths. However, the increasing influ-
Thus, the invariance of the water medium on the transmitted optical ence of IPA on the sensing region was now ensured by its increasing
field was observed in both spectral and camera registration approaches. concentration, resulting in enhanced beam circularity and peak in-
The significant increase in transmission (more than one order of tensity. The alteration of the IPA volume ratio fips study confirmed that
magnitude for vertical polarization) when using IPA instead of water the water medium does not change the output field characteristics, as
indicates the potential for concentration measurements of these miscible fipa enhancement had a similar effect to the increasing length of the
liquids. Therefore, our next experimental series focused on investigating surrounding fiber sensing region. Both the comparison of the effects of
volume fraction sensitivity, considering the refractive indices of IPA and water and IPA medium (Fig. 3b) and the increasing IPA measure studies
distilled water to be 1.370 and 1.327 at 1030 nm, respectively. Fig. 4a indicate that our system is invariant when exchanging the surrounding
presents the output spectra obtained by applying the analyte along a 4 air with water and vice versa. Thus, our sensing approach appears to be a
cm sensing region in straight fiber geometry with an increasing IPA promising tool for water contamination monitoring, yielding signals
volume ratio in 10 % increments. This study allows for quantitative only when the analyte’s refractive index is higher than the water RI.
analysis of the IPA effect because controlling the volume ratio using
micropipettes is more precise than sequentially increasing the sur- 4. Analysis of results
rounded fiber length by dropping the analyte. The results were pro-
cessed by calculating the individual spectra’s integral spectral intensity A numerical analysis of the guiding properties of the studied D-
and the mixture’s refractive index with varying IPA content based on the shaped fiber was performed to clarify the obtained experimental results.
Arago-Biot formula [45]. The dependence of integral intensity on the A finite difference eigenmode solver (Lumerical) was used for the modal
refractive index is presented in Fig. 4b. A monotonic increase in output analysis, considering air as the surrounding medium. The cross-sectional
intensity with increasing IPA concentration was observed, with a linear geometry of the D-shaped fiber, in accordance with the SEM image in
relationship indicating a refractive index sensitivity below 0.002. Fig. 1, was considered with a simplified, completely flat cladding sur-
Considering the linear fit parameters, this dependence corresponds to a face, as its curvature is negligible near the fiber core. The refractive
multiplication of transmitted intensity by a factor of 150 for a refractive index values of the core and cladding were calculated using the Sell-
index change of 1 RIU from the 1.327 level representing the water RI. All meier equation related to pure silica and germanium-doped silica glass
experiments revealed higher sensitivity for vertical polarization with a 6 % doping level. The number of guided modes in the fiber were
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Fig. 4. (a) Transmitted spectral dependence on isopropanol volume ratio in water under vertical polarization orientation. (b) Dependence of output integral intensity
on the refractive index of the mixture.
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identified as six at 1030 nm, including both orthogonal polarization
directions of the three types of modes shown in Fig. 5 as LPO1, LP11x,
and LP11y. The losses of the individual modes were also analyzed,
revealing their sequential increase with the highest losses in the case of
LP11y structured toward the flattened surface. Moreover, the opposite
effect of increasing the refractive index of the medium was predicted,
showing enhancement of losses for LP11x and their reduction for LP11y
for both polarization directions. Thus, the elimination of losses in the
most lossy mode, LP11y, is expected with increasing IPA effect at the
sensing region, accompanied by simultaneous loss enhancement of the
LP11x mode. Therefore, one can expect the beam shape to become more
circular as the losses between the two higher-order modes with
orthogonal structures become more balanced. This corresponds to our
experimental results showing beam ellipticity with a longer axis parallel
to the flattened surface and its reduction under increasing IPA effect.

The weak point of this interpretation is the extremely low calculated
losses, at the level of 10 dB/cm, which cannot account for the signif-
icant changes observed in transmission and beam shape. Therefore, we
measured the losses of both the original D-shape fiber sample with
acrylate coating and after its removal, resulting in a significant increase
in losses in the latter case. This observation confirms the crucial role of
the surrounding medium at the flattened surface in affecting fiber
transmission properties. Next, the roughness of the flattened surface was
analyzed using a white light interferometer (Veeco), revealing the most
frequent values between 10-80 nm and an RMS around 40 nm. These
results highlight the role of Rayleigh scattering at the cladding surface,
impacting the evanescent field of the individual guided modes to vary-
ing degrees. It can be inferred that Rayleigh scattering has a greater
effect on higher-order modes because their evanescent field penetration
depth is larger than that of the fundamental mode. Thus, the losses of the
higher-order modes are more affected by the cladding roughness
through the Rayleigh scattering effect. Consequently, we expect signif-
icantly higher losses than those predicted under the assumption of an
ideally smooth cladding surface in numerical simulations.

The intensity of the scattered light, which is the primary source of the
additional losses, depends on the refractive index difference between the
guiding medium and the scattering objects. Standard acrylate coatings
match the silica refractive index, significantly reducing scattering losses.
In contrast, when the coating is removed, the index contrast of the air-
silica interface causes significant losses, as observed. We measured a
decrease in transmitted power by a factor of about 20 in an identical D-
shape fiber with a length of 20 cm when the coating was removed along
a 4 cm distance. According to the Rayleigh scattering formula, one can
expect a sequential elimination of scattered intensity by increasing the
refractive index of the surrounding medium, as performed in the IPA-
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water mixture experiment. Therefore, we interpret the observed signif-
icant transmission changes by the reduced losses of the LP11y mode
with increasing RI of the surrounding medium, a trend strengthened by
the Rayleigh scattering phenomenon.

Correspondingly, the increasing losses of the LP11x mode with rising
refractive index are also influenced by scattering but in the opposite
direction. The increase in refractive index eliminates the scattering ef-
fect, making the dependence of LP11x mode losses on the medium RI
significantly weaker than that of the LP11y mode. Additionally, losses
calculated for the LP11x mode were an order of magnitude lower (1.062
10° vs. 9.055 10> dB/cm), rendering these changes negligible
compared to the dominant effect of reducing LP11y mode losses. The
simplified geometric aspect of our interpretation is depicted in Fig. 6,
illustrating the dominant scattering effect on the LP11y mode and beam
shape change due to its elimination, considering the superposition
principle of the transversal modes.

5. Conclusions

We propose an innovative approach for refractive index sensing of
liquid analytes using D-shape fiber, including performance analysis and
interpretation of the main findings. The fiber was fabricated using a
novel method based on a D-shaped preform, allowing the drawing of D-
shape fiber with a uniform cross-section along its entire length. This
fiber component enables its application as a sensor at arbitrary positions
along the propagation axis, supporting distributed sensing performance.
To preserve this advantageous feature, the sensing was demonstrated
using the fiber in its pure form, without any modification by additional
layers or surface functionalization. To determine the sensitivity of the D-
shape sensor, the protective coating was removed over a distance of
several centimeters. This removal results in reduced transmission, which
is recovered by applying an analyte with a sufficient index of refraction.
Our findings indicate that the output signal does not change in the case
of a water medium, while exposure to an alcoholic medium significantly
increases the transmission. Furthermore, the refractive index sensitivity
of the technique was analyzed at 1030 nm wavelength by exposing the
fiber to a water-isopropanol mixture, changing the mixing ratio in a few-
mode propagation regime. We registered about 10 dB linear enhance-
ment of the output intensity with an increase in the RI of the medium
from 1.327 to 1.370, which allows RI sensitivity at the level of 0.002.
The observed trend would result in a 150-fold increase of the trans-
mitted intensity, assuming the same linear dependence under refraction
index enhancement by 1 RIU. Further sensitivity improvement is
possible by enhancing the registration part of the apparatus, eliminating
multimode interference of the spectral collecting fiber, and stabilizing
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Fig. 5. Simulated profiles of different transversal guided modes of the D-shape fiber exposed by air at the flattened cladding surface at 1030 nm.



S. Pulikottil Alex et al.

a)
LPo1 LP11x
LPo1 LP11x LP11y

+ +

Optical Fiber Technology 88 (2024) 104036

b)

surrounding medium

J7 core

cladding

Fig. 6. (a) Superposition effect of modes ensemble with an asymmetric cladding geometry and after its elimination (b) LP;;, mode experiences higher scattering

losses in comparison to other modes.

the sensing part of the fiber. The fiber experienced small geometrical
changes during the repeated surrounding and drying processes when the
samples with different water-IPA volume ratios were tested. These
precautions can potentially improve RI sensitivity by one order of
magnitude.

It is important to stress that the main results of this work, namely the
water invariance and the 10 dB transmission increase under IPA expo-
sure, were repeated several times using different fiber pieces with the
same geometry. Therefore, the presented approach has commercializa-
tion potential after eliminating the mentioned drawbacks. Most similar
works demonstrate sensing performance regarding boundary or reso-
nant wavelength shift; in contrast, our method requires only intensity
registration instead of spectral registration. However, such fiber optics
sensing requires stabilization of all parts of the system and intensity
calibration under the actual system parameters. On the other hand, the
calibration of most sensing systems is necessary before commercial
application, and the studied fiber has proven that the magnitude of the
sensing signal is preserved using fiber from the same drawing series.
Another advantageous aspect of the presented fiber is that kilometer-
range length is available with similar parameters. Thus one polishing
process enables the realization of hundreds of sensing apparatuses.
Compared to the traditional D-shaped fiber sensing approach, it sup-
ports lower production costs, as it is necessary to perform fiber polishing
for all individual systems in those cases. Moreover, an advantageous
feature of the proposed approach is that signal enhancement was
observed only when the RI increased above the water level, expressing
linear dependence. Therefore, this cost-effective sensing technique
could be applied to different species in water solutions when it causes an
increase of the refractive index. Such a sensing approach has many po-
tential applications for the analysis of water solutions with biological
and environmental significance.
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