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ARTICLE INFO ABSTRACT

Keywords: Given the increasing demands for quality assurance in the food industry, a significant challenge emerges in the
Light sheet form of expensive integration of food sensors into packaging. This integration is crucial for strengthening food
Skew rays

safety measures and ensuring the impeccable quality of food products. Official laboratory food safety testing
heavily relies on expensive and bulky equipment. This article presents a new chemical sensing platform and a
comparative study of in-house built novel designs for a robust multimode chemical sensor head probed by highly
sensitive light-sheet skew rays for addressing cost and footprint issues. The sensing mechanism is the interaction
between evanescent field mediated by refined skew rays propagating through a structured coreless multimode
fiber and external chemicals, resulting in probe light absorption. The sensitivity is enhanced by the controlled
excitation of skew rays using a light sheet and four specially engineered coreless multimode fiber structure,
including uniform, tapered, microstub and microbubble designs. The sensitivity was demonstrated to be as high
as 0.046 (dB/cm) / dB(1 ng/my and the limit of detection as low as 1.028 ng/ml for the microbubble structure. The
results of our research pave the groundwork for a new range of chemical sensors suitable for food safety
monitoring.

Multimode fiber
Chemical sensor
Rhodamine B
Fiber-optic sensor

1. Introduction packaging generates billions of dollars in daily sales worldwide. How-

ever, inserting sensors for detecting toxins within food packaging re-

Consuming contaminated food, containing harmful fungi (such as
FB1), bacteria, viruses, parasites or chemicals, can lead to over 200 types
of diseases ranging from diarrhea to cancer. It is estimated that globally,
600 million people fall ill and 420,000 die each year due to foodborne
illnesses.[1] Lower-middle-income countries suffer a loss of $110 billion
annually in productivity and healthcare costs due to unsafe food.[1]
Therefore, better monitoring of food can reduce the occurrence and
severity of foodborne illnesses, thus protecting public health. Food

quires substantial investment.[2] Currently, official laboratory-based
food safety testing heavily relies on expensive and bulky equipment,
such as liquid/gas chromatography and mass spectrometry, to gather
data for evaluating degradation processes and establishing models to
estimate expiration dates. However, these methods are limited by the
need for trained personnel to handle sampling and sample transfer, thus
constraining their practical application.

Researchers have investigated the use of multimode fibers in

* Corresponding author at: Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and Guangdong Province, College of Physics and

Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China.
E-mail address: gychen@szu.edu.cn (G.Y. Chen).

https://doi.org/10.1016/j.sbsr.2024.100656

Received 11 November 2023; Received in revised form 7 May 2024; Accepted 20 May 2024

Available online 23 May 2024

2214-1804/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:gychen@szu.edu.cn
www.sciencedirect.com/science/journal/22141804
https://www.elsevier.com/locate/sbsr
https://doi.org/10.1016/j.sbsr.2024.100656
https://doi.org/10.1016/j.sbsr.2024.100656
https://doi.org/10.1016/j.sbsr.2024.100656
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

L. Xu et al.

chemical sensors that operate on the principle of evanescent waves.
[3-14] This approach provides advantages such as durability, wide-
spread availability in the market, and affordability. Pump light or
spectral absorption has been widely employed as a sensing mechanism
for detecting and quantifying biological or chemical concentration in
various fields such as healthcare, manufacturing and security.[15-21]
To enhance sensitivity and detection limits/accuracy, stronger pump
light absorption is desirable. However, highly sensitive probes are well
known to be fragile, such as nanofiber tapers. For this purpose, re-
searchers have utilized focused rays or skew rays to excite higher order
modes in robust multimode fibers, thereby enhancing the interaction
between light and substances[22-27] while ensuring a reasonable
sensor lifespan.

Ruoyu Wang et al.[22] developed a novel evanescent-wave all-fiber
biosensor (EWA) employing aptamer-modified magnetic beads com-
bined with STV-coupled DNA probes, and desulfurized biotin-modified
fibers to achieve highly sensitive detection of ochratoxin A (OTA).
This strategy demonstrates excellent reusability and high sensitivity
through target-triggered signaling probe release and specific recognition
in the EWA system, reinforcing the potential application of aptamer
sensors for multi-toxicity analyte detection. J. Ma et al.[24] developed a
non-Lambertian fiber-optic side-emitting diffuser (FOSED), which was
experimentally verified to significantly improve signal quality and
reduce stray light, optimize excitation power utilization, and reduce the
system’s dependence on light source power and filter performance.
Compared with long-period grating sensors, FOSED demonstrates a
more efficient mode coupling capability, providing a new idea for high-
performance and low-cost electronic warfare sensor design.

In this study, four different innovative coreless multimode fiber
structures were developed to optimize the interaction between light and
target substances for chemical sensing. These structures were designed
to amplify the evanescent field by employing the Light-Sheet Skew Ray
(LSSR) excitation approach.[25] Rhodamine B was used as benchmark
test chemical to demonstrate the effectiveness of these structures. For
the four sensing structures, the skew rays undergo total internal reflec-
tion with the external environment as the cladding, and thus the
evanescent field of light interacts with the analyte surrounding the fiber.
As such, the concentration affects the attenuation. This means the higher
the concentration, the stronger the light absorption or attenuation. The
sensing platform consisted of a beam shaper to generate a light sheet for
exciting a controlled group of skew rays in a low-index-coated coreless
multimode fiber. Skew rays increase the total number of total internal
reflections relative to meridional rays, and thus achieves higher sensi-
tivity and facilitates a more uniform integration region. The sensing
region is reengineered based on the selected sensing structure to in-
crease evanescent field overlap with the external environment, further
enhancing the sensitivity. Overall, the new method features robustness
and high sensitivity, and can potentially be manufactured at a low cost
with a fixed-angle configuration.

2. Materials and methods
2.1. Materials

In this study, Rhodamine B was selected as the target chemical due to
its light absorption characteristics at a laser wavelength of 532 nm. To
prepare the solution, 1 mg of Rhodamine B powder was accurately
measured using a precision balance, Subsequently, 10 ml of deionized
water was added to the powder, resulting in the creation of a 10 ml
Rhodamine B solution featuring a concentration of 100 pug/ml. Next, 1
ml of this solution was diluted with 9 ml of deionized water to obtain a
Rhodamine B solution with a concentration of 10 pg/ml. This stepwise
dilution procedure was iterated to achieve a series of Rhodamine B so-
lutions characterized by concentrations of 1 ng/ml, 100 ng/ml, 10 ng/
ml, 1000 ng/ml, 10,000 ng/ml, respectively. In addition, a coreless
multimode fiber was used as the sensing fiber, Rhodamine B from
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SIGMA(R4127), light source from Thorlabs (DJ532-10) and power
meter from Newport (918D-IS-1, 1936-R).

2.2. Methodology

The propagation characteristics of higher-order modes in an optical
fiber’s evanescent field exhibit a distinctive attribute that extends
beyond the core-cladding interface. This extension augments the pene-
tration depth of light into the surrounding medium and intensifies the
interaction with substances located on the fiber’s surface. As a result,
there emerges an increased sensitivity conducive to evanescent wave-
based sensors.[5-13,22,28] In certain cases, these skew rays are
referred to as leaking rays or tunneling rays as they do not intersect with
the waveguide axis.[29]

A specific degree of skewness can be induced along the meridional
axis by reflecting the meridional rays from a curved waveguide inter-
face.[30] The skew rays can be generated by launching light from one
end of the fiber at an angle non-parallel to the axis of the waveguide’s
cross-sectional area responsible for meridional axis generation. These
skew rays can be characterized mathematically employing two angular
parameters, described in relation to the longitudinal and transverse
orientations with respect to the outer interface of the waveguide shown
in Fig. 1.

Skew rays have the capacity to induce a greater occurrence of total
internal reflection (N;) when considering a consistent emission angle (6)
in comparison to their meridional counterparts, as shown in eq. (1).[31]
This phenomenon holds the potential to enhance the sensitivity of
numerous sensing mechanisms, including but not limited to optical
confinement absorption, molecular absorption (such as pump light ab-
sorption), and fluorescence excitation.
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Fig. 1. Concept of light-sheet excited skew rays.



L. Xu et al.

the penetration length of each reflection (i.e., Goos-Hanchen shift); 6, =

z—sin! (%) is the angle between the ray and the normal of the core-

cladding interface seen from the transverse perspective; 0y =% —

cos™! (ﬁ) is the angle between the ray and the normal of the core-

cladding interface seen from the longitudinal perspective, which rep-
resents skewness; N; is the refractive index of the optical fiber; i repre-
sents the integer step offset from the center of the optical fiber; N
represents the total number of steps from the center of the fiber to the
edge. Skew rays can also be excited at larger 6, far exceeding the upper
limit of the meridional rays. In contrast to the optical phase interference
measurement techniques, optical power-based measurement mecha-
nisms are less sensitive to temperature. In other words, power-based
sensing mechanisms exhibit a smaller response to temperature varia-
tions.[32]

A series of scans were conducted to establish the correlation between
the quantified value, specifically the concentration of dye and the
detection parameter (attenuation) to facilitate subsequent de-
terminations of dye concentration. These scans involved altering the
parameters 6 and core offset at each incremental concentration level.
Simultaneously, the residual pump power was gauged to facilitate the
computation of the corresponding attenuation value. The residual pump
power is monitored instead of fluorescence intensity or Raman scattered
signal to achieve a higher signal-to-noise ratio, at the expense of non-
specificity. To avoid the unwanted contribution of ambient light in the
experiments, the experiment setup was shielded and the power meter
was zeroed before each experiment. In addition, the experiment setup
was conducted on an air-suspended optical platform to minimize vi-
brations that may otherwise cause fluctuations in the input optical
power.

2.3. Fabrication of sensing structures

One distinctive feature of this article is the design and character-
ization of sensing structures. Three different sensing structures are
studied for absorption-based sensing: microbubble, microstub and
tapered fiber. Due to the limited experimental conditions, the lengths of
all sensing structures are not necessarily equal, and thus the sensitivity
of each sensing structure is compared after length normalization. In
addition to these structures, the pristine coreless multimode fiber, or
uniform structure, is used as a control (as shown in Fig. 2).

The preparation of the uniform structure (Fig. 2a, Fig. 3) is relatively
simple. The coating layer was stripped off for a length of 3 cm at the
position of the fiber used for sensing. The exposed 3 cm length of
cladding was then wiped with anhydrous ethanol to remove debris,
allowing for full contact between the exposed cladding and the Rhoda-
mine B solution. When total internal reflection occurrs at the cladding-
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Fig. 2. Concept of the different sensing structures (a) uniform structure; (b)
microbubble structure; (c) microstub structure; and (d) tapered structure.
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solution interface, the surrounding analyte absorbs the transmitted
light.

The microbubble structure (Fig. 2b) was created by first cladding-
stripping a 3 cm length of sensing fiber. The sensing fiber was cleaved
into two sections, and a microcavity with dimensions of approximately
40 pm was micromachined into one end face using a femtosecond laser.
Laser micromachining parameters were: linearly polarized laser output,
515 nm wavelength, 290 fs pulse width, 200 kHz repetition rate, 10 pJ
pulse energy, 1 mm/s motor speed, 10x microscope objective magni-
fication, and 0.25 NA. After rinsing with alcohol to remove debris, the
two end faces were spliced together, resulting in the formation of an
inner hollow bubble or more precisely, a microbubble structure.

The microstub structure (Fig. 2¢) was fabricated through a delicate
sequence of cleaving and splicing. First, a coreless multimode fiber with
a 320 pm cladding diameter was coating-stripped and flat cleaved.
Second, a coreless multimode fiber with a 400 pm cladding diameter was
coating-stripped and flat cleaved. The two bare fiber sections were
spliced together and then cleaved to retain a 2 cm length of 400 pm
section attached to the 320 pm fiber. Lastly, another 320 pm fiber was
prepared and spliced to the free end of the 400 pm section, resulting in a
microstub structure with a microstub length of 2 cm and a total sensing
length of 3 cm.

The tapered structure (Fig. 2d) was fabricated through flame-assisted
tapering of the original fiber. An in-house hydrogen-oxygen flame
tapering system was used to fabricate tapered fibers, with setting of
uniform region length, uniform region diameter, and transition region
length in LabVIEW to obtain the desired taper profile.

Fig. 4 shows the microscope images of the four sensing structures.
Fig. 4a shows the uniform structure, with a cladding diameter of 320 pm,
and coating diameter of 483 pm. Fig. 4b shows the microbubble struc-
ture, with a bubble-like microcavity measuring ~40 pm in each
dimension. Fig. 4c showcases the microstub structure comprising
320-400-320 pm cladding diameters. Fig. 4d reveals the uniform waist
of the tapered structure, with a cladding diameter of 113 pm.

3. Simulations

Simulations were carried out in the initial stage of experimentation
using ZEMAX (Fig. 5) as a feasibility guide to analyze the progression of
skew rays within four distinct sensing structures. A comparison was
made between the simulated distribution of optical power at the ter-
minal point of the fiber and the distribution obtained through experi-
mental measurements (conducted within an aqueous solution), as
shown in Fig. 6. The incident light beam was assumed to possess an
angle of 10 deg. upon reaching the input fiber end face. The cladding
refractive index is 1.45 which is very close to that of the fiber used and
the coating refractive index is 1.37. To accommodate the chosen ab-
sorption medium (water), the refractive index was set as 1.33 in order to
prevent reflection at the interface.

In the uniform structure (Fig. 7a) the skew rays enter the fiber, un-
dergo total internal reflections, and propagate along a helical path. The
rays pass through the sensing region (i.e., the stripped fiber section of 3
cm) and a portion is absorbed by the simulated water environment. By
adjusting the incident angle and height continuously, the corresponding
power distribution (Fig. 7a) was obtained. The same simulation
approach was applied to the other sensing structures as well, such as
microbubble structure (Fig. 7b), microstub structure (Fig. 7c), and
tapered structure (Fig. 7d), to observe the propagation of light rays and
obtain the corresponding power distribution.

For the microbubble structure (Fig. 7b), the light propagates along a
spiral path within it. By performing simulations at different incident
angles and heights, the corresponding power distribution (Fig. 7b) can
be obtained. However, it should be noted that the simulation results may
differ significantly from the actual scenario. One possible reason is that
in the simulation, the bubble is assumed to be a perfect spherical shape
with a vacuum inside. In reality, the fabricated microbubble structure
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(b).

Fig. 3. Microscope images of red-laser illuminated uniform structure, (a) sensing area left interface, and (b) sensing area right interface. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

320.00 pm 483.03 ym

112.89-pm

Fig. 4. Microscope images of the different structures based on coreless multimode fiber: (a) uniform structure; (b) microbubble structure; (c) microstub structure;

and (d) tapered structure.

approximates a slightly elliptical shape.

These differences would affect the path of light propagation and
power distribution, leading to disparities between the simulation results
and actual observations. Therefore, in practical applications, besides
relying on simulation results, it is necessary to consider the actual
fabrication process of the microbubble structure and make appropriate
adjustments and optimizations.

The sensing region of the microstub structure (Fig. 7c) has a length of
4 cm, with the microstub itself being 2 cm in length. However, this
structure exhibits significant loss during light propagation, mainly due
to the diameter-mismatch-induced coupling losses at the two splice

points. The simulation results of the microstub structure differ signifi-
cantly from those of the uniform structure (Fig. 7a). This disparity likely
stems from the more complex fabrication process of the microstub
structure, involving three cleaving and two splicing steps, and the arc
fusion process that can affect the transition shape between two fiber
diameters. Consequently, it is crucial to optimize the manufacturing
process for the microstub structure to reduce losses and enhance sensing
performance.

In the tapered structure (Fig. 7d), the light propagates in a spiral path
until the narrow waist region. Due to the reduction in fiber diameter in
the narrow waist region, there is an increase in high-order mode loss,
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Fig. 5. ZEMAX simulation 3D model of each sensing structure: (a) uniform structure, (b) microbubble structure, (c) microstub structure, and (d) tapered structure.

resulting in significant energy loss. Consequently, compared to the
uniform structure, the tapered structure exhibits lower power output at
larger angles (Fig. 7d), leading to an overall decrease in power. In the
tapered structure, the length of the uniform region is 2 cm, and the
transition regions on both sides have lengths of 1 cm each, making the
total length of the sensing region 5 cm. The shape variation within the
sensing region affects light propagation, leading to increased mode loss
in the multimode fiber. Consequently, when designing and implement-
ing tapered structures, the impact of fiber diameter and transition profile
on optical transmission needs to be considered. Furthermore, it is
possible that the launch angle of light and thus the positions of total
internal reflections determine the location of spikes in evanescent field
along the fiber taper, which corresponds to the prominent sensing
points.

4. Experiments
4.1. Experimental setup
The schematic diagram of the experimental setup for injecting pump

light into the sensing fiber is depicted in Fig. 8. The experiment was
conducted at varying incident heights and angles, and with a sensing

fiber partially immersed in Rhodamine B solution. The sensing fiber is
based on coreless multimode fiber made of fused silica with a diameter
of 320 pm, a numerical aperture of 0.4, a length of 90 cm, and a bending
radius of approximately 40 cm. This sensing fiber was coupled with an
unpolarized, single-mode laser source operating at a wavelength of 532
nm. The laser source is very stable (<1% intensity fluctuation) and thus
does not require a feedback loop for stabilization. The pump light having
a beam diameter of 3.2 mm was collimated using a plano-convex lens
with a focal length of 150 mm. A cylindrical plano-convex lens 100 mm
scale focal length was utilized to create the light sheet of ~20 pm
thickness. However, accurately measuring the thickness of the resulting
output ring was challenging due to the skewed angle of the light rays.
The flat-cleaved input end of the sensing fiber was affixed to a computer-
controlled rotary stage, positioned at the rotational center. By center
alignment of the collimated beam at the input end of the sensing fiber
using a rotating 3-axis translation stage, the input power and signal-to-
noise ratio can be maximized, thereby enhancing the detection
sensitivity.

The sensing fiber projected the output light into an integrating-
sphere based power meter (Newport 918D-IS-1, 1936-R). A 570 nm
long-pass color glass filter was employed to confirm a negligible fluo-
rescence signal, which ensured that the total received optical power was
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composed of the residual pump power. Attenuated measurements were
repeated on both the dye solution and pure water (baseline) with the aim
of compensating for water absorption losses.

4.2. Experiment results

The testing range covered concentrations spanning from 1 ng/ml to
* ng/ml, with an order of magnitude increase in each concentration
level. A total of five discrete concentrations were tested. In the

experiments, attenuation is used as a sensing performance metric. The
attenuation reflects the responsiveness of the sensor to changes in the
analyte concentration. However, if the attenuation is too high, the
signal-to-noise ratio becomes poor and consequently the limit of
detection worsens. Fig. O illustrates the attenuation results for the uni-
form sensing structure. It is observed that as the concentration increases,
the attenuation also increases gradually. Moreover, a localized attenu-
ation is clearly observed in the upper right corner that is characterized
by higher positions and larger angles of the light sheet. This indicates



L. Xu et al.

Laser source

15.2puw

8000
0ooo

Optical power meter

Collimator lens

O\
3s qu® )‘a
e,a\x

4 sensing structures
Cylindrical lens

Sensing area . .
\ Rotation displacement platform

=

Circular halo at cross-section

Fig. 8. Experimental setup: laser beam is reshaped into a light sheet before
exciting a narrow band of skew rays for maximized sensitivity.

that the absorption effectiveness of the solution is optimal when the light
sheet is at the appropriate height and angle within this region. The
maximum attenuation peak at the optimal incident height and angle is
measured as 6.74 dB.

The absorption-induced attenuation of the microbubble sensing
structure was also investigated as depicted in Fig. 10. Similar to that of
the uniform structure, the attenuation increases gradually with
increasing the concentration. Likewise, a localized attenuation phe-
nomenon is clearly visible in the region of higher light sheet positions
and larger incident angles. The maximum attenuation peak for the
microbubble structure is measured as 11.38 dB which is slightly higher
than the results obtained from the uniform structure.

The attenuation results for the microstub structure (Fig. 11) show
similar trend as that of the uniform and microbubble structures. As
concentration increases, the attenuation effect gradually intensifies.
Additionally, a localized attenuation phenomenon is observed in the
region of higher light-sheet positions and larger launch angles, indi-
cating that the optimal height and angle within this region contribute to
the best absorption effectiveness of the solution. At the optimal incident
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height and angle within the microstub structure, the maximum attenu-
ation peak is measured as 9.62 dB, slightly lower than the results ob-
tained with the micro-bubble structure.

For the attenuation results of the tapered structure, on the other
hand, significant differences were observed compared to the other three
structures (Fig. 12). There is a pronounced localized attenuation in the
region of higher light-sheet positions and smaller launch angles. This
localized attenuation phenomenon is attributed to the reduction in
diameter after the tapering of the optical fiber, which renders the
waveguide sensitive to high-order mode cut-off with varying launch
conditions. A maximum attenuation peak of 15.03 dB can be achieved
within the region of enhanced attenuation by selecting the optimal
incident height and angle. These findings indicate that different struc-
tures have distinct effects on the attenuation in the design and optimi-
zation of fiber-optic sensors. The characteristics of the tapered structure
require special attention when selecting the incident position and angle
to achieve optimal absorption effectiveness.

Three different heights and launch angles were selected for each
sensing structure to investigate the most suitable launch conditions for
measuring Rhodamine B (as shown in Fig. 13), taking both sensitivity
and linearity into account. Fig. 13a presents the trend of attenuation
variations with concentration for three different incident heights and
angles in the uniform structure. It is observed that the attenuation is
highest with high sensitivity at the position (36°, 180 pm). However, at
the position (24°, 160 pm), the attenuation corresponding to a concen-
tration of 10° ng/ml is unexpectedly stronger than that of 10* ng/ml,
which could be attributed to the attenuation peak occurring early in this
particular launch condition and photobleaching occurring at higher
concentrations. The trend at the position (17°, 160 pm) is similar to that
at the position (24°, 160 pm), but the attenuation is weaker for each
concentration. This confirms that (36°, 180 pm) is the optimal incident
height and angle for the uniform structure. Fig. 13b shows the trend of
attenuation variations with concentration for three different incident
heights and angles for the microbubble structure. Overall, at the incident
angle and height of (38°, 180 pm), the attenuation increases more
rapidly with concentration variation, and the final attenuation is also
stronger. Therefore, (38°, 180 pm) represents the optimal incident angle
and height for sensitivity for the microbubble structure. Fig. 13c
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Fig. 9. Absorption-induced attenuation of uniform structure at different concentrations: (a) 1 ng/ml; (b) 10 ng/ml; (c) 100 ng/ml; (d) 1000 ng/ml; and (e) 10,000

ng/ml.
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10,000 ng/ml.

demonstrates the trend of attenuation variations with concentration for
three different incident heights and angles for the microstub structure.
Comparing the three curves, it is be observed that at the position (35°,
180 pm), the curve of attenuation variation with concentration is the
steepest, with the highest slope and the maximum attenuation at the
highest concentration. Thus, (35°, 180 pm) represents the optimal
incident angle and height for the microstub structure. Fig. 13d displays
the trend of attenuation variations with concentration for three different
incident heights and angles in the tapered structure. At the position (8°,

160 pm), the attenuation increases roughly linearly with concentration,
showing the largest slope and the highest attenuation at the highest
concentration. However, at the position (4°, 40 pm), the attenuation
variations with concentration are nonlinear and the attenuation is not as
high as at the position (8°, 160 pm). At the position (2°, 60 pm), the
variations are approximately linear, but with a smaller slope and lower
sensitivity. Therefore, (8°, 160 pm) represents the optimal incident
angle and height for sensitivity for the tapered structure.

A comparative analysis was conducted between the attenuation of
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different sensing structures with respect to different concentrations, at
their optimal launch conditions (Fig. 14a). From Fig. 14a, it can be
observed that the sensing curves for the four structures exhibit a
monotonic response, but with different slope gradients that are indica-
tive of the sensitivity. Therefore, it can be concluded that the tapered
structure demonstrates the best sensitivity. However, considering that
the lengths of the sensing regions differ for the four structures, and the
length of the sensing region also affects the sensing performance, for a
fair comparison, length normalization is necessary. From Fig. 14b, it can

be seen that after length normalization, the microbubble structure ex-
hibits the best sensing performance, achieving a maximum sensitivity of
0.046 (dB/cm) / dB(1 ng/mp and a linear-region sensitivity of 0.03953
(dB/cm) / dB (1 ng/my at launch conditions of (38°, 180 pm). This is due
to the fact that compared to the tapered structure the hollow micro-
bubble structure not only increases the number of total internal re-
flections and thus interaction with the analyte, but also induces a week
internal Fabry Perot etalon that could increase scattering, which in turn
leads to a slightly higher sensitivity.With a measured noise floor
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equivalent to 0.0276 dB, the std. of noise is 0.00994 dB, the limit of
detection (LoD) is 0.236 dB(; ng/my or 1.028 ng/ml with 3.03 cm sensing
length. In addition, one possible way to improve the linearity of the
results could be to restrict the dynamic range of the sensor (range of
concentrations).

To assess the repeatability of the sensors, a series of attenuation
experiments were performed, wherein concentration tests were carried
out for the tapered structure. We chose the taper design for repeatability
over the microbubble structure due to the better reproducibility. The
microbubble fabrication process often yields hollow bubbles of different
shapes and dimensions, which is not suitable for practical application
where the production yield needs to be sufficiently high. We performed
three consecutive tests on the conical structure over a period of 18 h to
obtain the mean and standard deviation of the three data sets under the
same launch conditions, subsequent to these trials, an evaluation of the
associated errors was undertaken with the findings depicted in Fig. 15. A
maximum error of 1.29 dB was observed, which suggests a reasonably
consistent sensing performance.

The resistance to temperature fluctuations of fiber-optic sensors is
extremely critical, as temperature fluctuations can affect the accuracy
and reliability of the sensor. A length of uniform coreless multimode
fiber,[32] being the least-sensitive design, naturally has good resistance
to temperature fluctuations, due to the lack of interference or mode
coupling effects. The tapered coreless multimode fiber should not be
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Fig. 15. Repeatability data at different RhB concentrations for the
tapered structure.

sensitive in our case due to its relatively large waist diameter (relative to
wavelength of light), and thus weak evanescent field overlap with the
environment.[9] Murugan, G. et al. used a microstub fiber design[33] to
create a micro-laser and measured its emission wavelength using an
optical spectrum analyzer. If the microstub was temperature sensitive,
the relatively slow wavelength sweep measurement would not have
been possible, which infers a low temperature cross-sensitivity as well.
For the microbubble structure design (nominated best design), the
temperature cross-sensitivity was investigate, as shown in Fig. 16. A
temperature control box was installed surrounding the sensing region
without direct contact with the sensing fiber. The sensing region was
heated from 25 °C to 50 °C, measured with a thermocouple at the fiber
location. The change in optical power was recorded with a total of 600
data points, with one data point every 1 s. Experimentally, it was
demonstrated that the microbubble structure exhibits good resistance to
temperature fluctuations. The temperature resistance was judged by
observing the change in the received optical power between tempera-
ture steps. The first step is room temperature around 25.5 °C, sustained
for 0-2 min, then heating started in the second minute, with the sensing
area warmed up for 2-5 min, and was maintained at around 50.5 °C for
5-10 min. No obvious changes in the optical power (and thus attenua-
tion) were observed during the temperature test, indicating good ther-
mal resistance.

As an evanescent-wave-based chemical sensor, the objective was to
identify the most effective design for chemical sensing. In the previous
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Fig. 16. Temperature influence test of the microbubble sensing structure.
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trial runs, it was observed that the tapered structure displayed the most
significant attenuation in signal strength, measuring at 15.03 dB, when
immersed in a Rhodamine B solution of 10 pg/ml concentration.
Nevertheless, the variability in the length of the sensing region during
the fabrication process could potentially influence sensing performance,
necessitating the need to standardize attenuation measurements.
Through the tapering process, the effective length of the sensing region
was expanded to 5 cm, leading to a normalized signal reduction of 3.01
dB/cm. Conversely, the uniform structure exhibited a sensing region
length of 3 cm, with the most substantial signal attenuation reaching
6.74 dB and a normalized attenuation of 2.25 dB/cm. Similarly, the
microbubble structure also maintained a 3 cm sensing region, yielding a
maximum signal attenuation of 11.38 dB and a normalized attenuation
of 3.79 dB/cm. Additionally, the microstub structure featured a 4 cm
sensing region, demonstrating a peak signal attenuation of 9.62 dB and a
normalized attenuation of 2.40 dB/cm. The outcomes derived from
these assessments indicate that the microbubble structure stands out in
terms of sensing performance after sensing length normalization with a
maximum sensitivity of 0.046 (dB/cm) / dB(; ng/m1) and a linear-region
sensitivity of 0.03953 (dB/cm) / dB(1 ng/my at launch conditions of (38°,
180 pm). The microbubble design improves sensitivity by four orders of
magnitude compared to previous work, which focused on uniform fiber
and comparing the sensitivity improvement between light-sheet gener-
ated skew rays and other types of light incidence.[32] It’s uniform
exterior surface and robustness makes it particularly suitable for
repeated chemical measurements.

5. Conclusions

In conclusion, the aim of this study was to create a chemical sensor
head with high sensitivity yet robust. To achieve this, four distinct
sensing structures were examined, all relying on coreless multimode
fiber (320 pm core diameter, sensing region length of 30-50 mm) were
studied through simulation and experiment verification: uniform,
microbubble, microstub, and tapered. Each sensing structure was
separately interrogated with beam-shaped skew rays through a light-
sheet injection method. The outcomes of the experiments revealed
that the microbubble configuration showcased the highest normalized
sensitivity to Rhodamine B, registering at 0.046 (dB/cm) / dB(1 ng/m),
corresponding to an LoD of 1.028 ng/ml with a sensing length of 3 cm.
The results show that the microbubble structure improves the sensitivity
by four orders of magnitude compared to previous work. It is worth
noting that potential avenues for refining the microbubble structure’s
sensitivity and detection limit include modifications to microbubble size
and dimensions, surface adjustments of gold nanoparticles, and the
utilization of fluorescence spectroscopy for detection. In essence, this
study effectively demonstrates the exceptional sensing capabilities of
the coreless multimode fiber structure, boasting remarkable sensitivity,
resistance to temperature fluctuations, and overall robustness.
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