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Fiber-optic microstructured sensors based on abrupt field patterns:
theory, fabrication, and applications

Yuxuan Yi*', Wanlai Zhu'', Zao Yi?*, Zigang Zhou?, Shubo Cheng?, Majid Niaz Akhtar* and Sohail Ahmad®

Abstract: Fiber-optic sensing technology has the advantages of passivity, anti-electromagnetic interference, long-
distance measurement, high sensitivity and high accuracy, small size, and adaptability to harsh environments such as
high-vacuum, high-pressure, and strong magnetic fields compared with the traditional electrical sensing technology.
However, with the increasing application requirements, how to further improve the sensitivity of fiber-optic sensors,
extend the detection limit and improve the maintenance-free capability has become one of the core issues of the
current research. This paper reviews the principle, preparation, and application of fiber-optic microstructured sens-
ing based on abrupt field type. It specifically outlines the development and applications of micro-nano optical fibers,
photonic crystal optical fibers, optical fiber gratings and structured optical fibers, and lists the main preparation
methods of two types of micro-nano optical fibers from the basic theory of optical fiber microstructured sensor
devices.
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1 Introduction

The wide application of sensor technology in various fields,
especially in deep-sea exploration', aerospace?, defence and
military industry®, biomedical* and industrial production®,
has become an important part of the development of
modern science and technology. With the improvement of
industrial automation and intelligence level, the perfor-
mance requirements of sensors such as accuracy, sensitivity,
stability and response speed are getting higher and higher.
However, many existing conventional sensing technologies,
especially sensors based on electrical, mechanical or chemi-
cal principles, still face a number of challenges, especially in
terms of adaptability and high-accuracy measurements in
complex environments with high temperatures, high pres-
sures, high vacuums, and strong electromagnetic interfer-
ence. For example, electrical sensors: electrical sensors
usually rely on changes in electrical signals, such as resis-

tance and voltage, to detect physical quantities or chemical
substances®. Although it has a fast response speed, simple
structure and low cost, there is strong electromagnetic inter-
ference, and its sensitivity and stability are easily damaged in
complex environments. In addition, the long-distance trans-
mission signal is easily attenuated, which limits its applica-
tion in remote monitoring. Mechanical sensors: mechanical
sensors such as pressure sensors and displacement sensors
usually rely on changes in physical displacement to detect
physical quantities’®. Although these sensors have a high
resolution, their structure is complex, easy to wear and tear,
and they are greatly affected by factors such as ambient
temperature and humidity, resulting in poor stability for
long-term use. Chemical sensors: chemical sensors use
chemical reactions or adsorption phenomena to detect
chemical components in gases or liquids’-!!. Although
chemical sensors have important applications in gas

Received: 30 June 2025

Accepted: 30 December 2025

Published online: 23 January 2026

1School of Mathematics and Science, Southwest University of Science and Technology, Mianyang 621010, China; ?School
of Chemistry and Chemical Engineering, Jishou University, Jishou 416000, China; 3School of Physics and Optoelectronic
Engineering, Yangtze University, Jingzhou 434023, China; “Institute of Physics, The Islamia University of Bahawalpur,
Bahawalpur 63100, Pakistan; ®Institute of Physics, Bahauddin Zakariya University, Multan 66000, Pakistan.

TThese authors contributed equally to this work.

*Correspondence: Z Yi, E-mail: yizaomy@swust.edu.cn

250027 (Page 1 of 18)


https://doi.org/10.29026/oes.2026.250027
https://cstr.cn/32246.14.oes.2026.250027
mailto:yizaomy@swust.edu.cn

Yi YX et al. Opto-Electron Sci 5, 250027 (2026)

https://doi.org/10.29026/0es.2026.250027

detection and environmental monitoring, many traditional
chemical sensors have limitations in sensitivity, selectivity,
and response time, and are susceptible to interference from
environmental factors.

In light of these challenges, fiber-optic sensing technol-
ogy has gained widespread attention due to its inherent
advantages—such as immunity to electromagnetic interfer-
ence, capacity for long-distance and distributed measure-
ments, compact size, high stability, and superior sensitivity
and detection limits'>!®. These attributes make fiber-optic
sensors highly suitable for demanding application environ-
ments. In this paper, the multi-application requirements of
optical fiber sensing technology are divided into three
aspects as shown in Fig. 1. Physical field detection, chemical
atmosphere monitoring, and biochemical solution analysis
are discussed: when optical fibers are applied to biochemical
solution analysis, including blood testing, water contamina-
tion screening', food safety, and monitoring of biopharma-
ceuticals, it is necessary to modify a sensitive membrane
layer or an antibody, which can specifically bind to the target
molecules/ions, onto the optical fiber surface, and then place
it in different dispersions to achieve biochemical analysis, as
the range of refractive index fluctuations increases due to
different types of solutions. The surface of the fiber is modi-
fied with a sensitive membrane layer or antibody that can
specifically bind the target molecules/ions, and then placed

in different dispersions for biochemical analysis'>, which
increases the range of refractive index fluctuations that the
sensor needs to adapt to due to the different types of solu-
tions. When optical fibers are used for sensing physical fields
including temperature, electromagnetic fields, vibration,
humidity and stress, it is often necessary to encapsulate the
optical fibers with high refractive index materials in order to
improve the sensing sensitivity and mechanical
properties'®', e.g., encapsulation with polydimethylsiloxane
or dimethanol improves the temperature sensitivity, and
encapsulation with materials such as magneto-fluid
improves the sensitivity of magnetic field detection. In appli-
cations such as industrial gas leak detection, environmental
pollution assessment, air quality evaluation, and cleanroom
monitoring, optical fiber sensors are frequently functional-
ized with gas-responsive materials to enable selective inter-
action with target molecules'®". Commonly employed coat-
ings include metal-organic frameworks (MOFs), quantum
dots, and polymer films. These sensing layers operate in
environments where the surrounding refractive index is
slightly above unity. The precise monitoring of the target gas
composition is then achieved by exposure to an environ-
ment with a refractive index of slightly more than 1. In
summary, fiber-optic sensing technology holds broad appli-
cation prospects across multiple domains, particularly in the
detection of physical, chemical, and biological parameters.
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Fig. 1 | Multi-disciplinary sensing application requirements.
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By incorporating diverse sensing materials, these sensors
offer notable advantages such as high sensitivity, rapid
response, and minimally invasive measurement.

In this review, we categorize the applications into three
broad groups: (i) physical parameters such as temperature,
strain, and refractive index; (ii) chemical and environmental
parameters, including gas concentration and solution
composition; and (iii) biological and medical applications,
such as biomarker detection and biosafety monitoring. This
hierarchical classification underpins the organization of the
subsequent sections, where each sensing structure is
discussed in relation to the corresponding application
domain. Among them, fiber-optic microstructured sensors
based on the principle of evanescent wave are one of the
major research categories and have demonstrated excellent
performance in many sensing fields. The core principle of
such sensors lies in the interaction between swift waves and
the environment, i.e., when a light wave propagates in a
waveguide, part of its energy will be rapidly attenuated along
the waveguide surface and interacts with the external
medium, a characteristic that gives fiber-optic microstruc-
tured sensors a significant advantage in detecting weak
signals and enhancing sensing sensitivity.

In light of the growing demand for high-performance
fiber-optic sensors, this review aims to provide a compre-
hensive and structured overview of microstructured fiber-
optic sensing technologies based on abrupt field interac-
tions. Compared with existing reviews that tend to focus
solely on specific device types or applications, this paper
highlights three key advantages. It offers a systematic classi-
fication of representative device structures, including
micron fibers, photonic crystal fibers, fiber gratings, and
structured optical fibers, enabling a broad yet detailed
understanding of the current landscape. It provides an in-
depth discussion of the theoretical basis behind swift wave
interaction and absorption mechanisms, which is essential
for performance optimization but often underrepresented in
general reviews. The review emphasizes mainstream fabrica-
tion techniques such as chemical corrosion and high-
temperature tapering, bridging the gap between theory and
practical implementation. Together, these aspects present a
comprehensive and application-oriented perspective that
will benefit both new researchers and experienced engineers
in the field.

Owing to the pressing demands for sensitivity and envi-
ronmental resilience in deep-sea exploration and biomolec-
ular detection, transient field fiber optic sensors must over-
come the physical limitations inherent in conventional elec-
trical/mechanical sensing. This paper aims to systematically
elucidate the synergistic mechanisms governing microstruc-
ture design, fabrication processes, and performance optimi-
sation, thereby filling the gap in existing reviews concerning
a comprehensive analysis spanning the entire chain from
structure to principle to application.

2 Fiber optic micro-structured devices
based on abrupt field patterns

As the demand for advanced sensing applications continues
to grow, a key focus of current research is on optimizing the
performance of fiber-optic sensors—particularly in enhanc-
ing sensitivity, response time, detection limits, and signal-to-
noise ratio, while also striving to achieve long-term stability
and minimal maintenance requirements. These demands
have greatly contributed to the development of different
configurations of optical fibers, such as photonic crystal
fiber (PCF)%, tilted fiber grating (TFBG)?, optical reso-
nance cavities (resonance vials?, resonance rings®, etc.),
fiber optic interferometers (F-P interferometry*, Mach
Zindel interferometry”, Sagnac interferometry®), cascade
structures (S-M-S?7, S-SCF-S%, S-N-§%, S-H?, etc.), end-face
microstructured types (end-face hypersurfaces®’, end-face
cantilever arms®, F-P cavities®), structured optical fibers
(D, U*, §%, J*7, %), micro-nano optical fibers®, etc. The
operating principle of the vast majority of fiber optic sensors
is based on the Evanescent Wave effect, whereby part of the
light energy transmitted by the core of an optical fiber leaks
out into the surrounding medium when it comes into
contact with the surface of the fiber, and this leaked light
field is closely related to the nature of the surrounding envi-
ronment. Using this phenomenon, optical fibers can be used
as highly sensitive sensors to detect the physical, chemical or
biological properties of different media. In addition, physi-
cal phenomena such as Raman scattering®, dispersive turn-
ing points, echo wall modes*, surface equipartition excita-
tion resonance®, and vernier effect*® have been widely used
to enhance the sensing sensitivity.

Fiber optic sensors based on evanescent field type have
the advantages of compact structure, high sensitivity, anti-
electromagnetic interference, corrosion resistance, etc., and
have been widely used in the fields of national defence, new
energy, biomedicine, human-computer interaction, etc.***
According to the number of ports of the device, it can be
divided into single-ended, double-ended and multi-port;
according to the demodulation of signals, it can be divided
into intensity demodulation***’, phase demodulation*® and
wavelength demodulation type*~°!. The intensity demodula-
tion type is mainly based on the principle of swift wave
absorption, and the environmental variables are resolved by
analysing the change of output signal strength. The wave-
length demodulation type is mainly based on the swift field
excitation of the surface equipartition excitation resonance,
and the environmental variables are resolved by analysing
the drift change of the resonance peaks; the phase demodu-
lation type is mainly based on the interference formed by the
pattern leakage of the strong swift field, and the amount of
environmental changes is resolved by analysing the drift of
the interference peaks. The key to fiber-optic sensors based
on swift field is how to construct structures that can form
strong mode leakage in the sensing region, and there are two

250027 (Page 3 of 18)


https://doi.org/10.29026/oes.2026.250027

Yi YX et al. Opto-Electron Sci 5, 250027 (2026)

https://doi.org/10.29026/0es.2026.250027

main ways of leakage, one is to carry out secondary process-
ing of optical fiber modification operations, for example,
pulling cone processing, side throwing, etching, bending,
corrosion and other operations on optical fiber; the second
is to design and prepare special structures such as PCF*%,
TFBG**** and other new structures®. Currently, four typical
fiber structures characterized by pronounced abrupt field
distributions have been widely studied and developed:
micro/nano optical fibers, photonic crystal fibers, tilted fiber
gratings, and various structured fiber designs.

2.1 Micro- and nanofibers

Micro- and nanofibers (MNFs) have been extensively inves-
tigated, with Prof. Tong and colleagues providing compre-
hensive demonstrations of their fabrication methods and
fundamental optical properties. In this review, we do not
aim to repeat those details, but rather to highlight their sens-
ing mechanisms, recent performance improvements, and
representative applications within the broader context of
abrupt field patterns. This approach allows us to emphasize
their role in comparison with other microstructured fibers
such as PCFs and gratings. With the deepening of the
research on light, especially the enhancement of the require-
ments on the performance of optical fiber technology and
devices, it has become one of the research hotspots in the
field of optical fiber to reduce the structure and mode field
size of optical fiber, in order to improve its ability of
constraining and regulating the light in smaller scale space,
and to explore the new mechanism and technology of the
interaction between light and matter. As a combination of
optical fiber optics and micro-nano technology, micro-nano
optical fiber has been developed into a new type of micro-

nano waveguide structure in recent years. Compared to
conventional optical fibers, micro- and nanofibers have
smaller diameters (usually close to or smaller than the
vacuum wavelength of transmitted light), larger core-
cladding refractive index differences (about 0.5 with the air
cladding), and larger swift field strengths, which, despite the
presence of a large proportion of the swift field, can still
confine the light field in the fiber cross-section to wave-
length scales that are close to the optical diffraction limit, as
shown in Fig. 2(a). These features endow micro-nano opti-
cal fibers with some unique optical transmission properties,
such as low loss, high-intensity optical field confinement,
strong swift field, surface field enhancement, significant
waveguide dispersion, tiny mass and compatibility with
standard optical fibers. These advantages provide new possi-
bilities for the application of optical fiber technology in the
fields of high-sensitivity optical sensing, microscale high-
efficiency near-field coupling, low-power nonlinear effects,
low-loss dispersion compensation over short distances, cold-
atom manipulation, and ultra-fast optical modulation, as
shown in Fig. 2(b).

The guiding modes of micro-nano optical fibers, espe-
cially the intensity, phase, and spectral properties of the swift
fields transmitted on their surfaces, are very sensitive to
small changes in the refractive index of the environment,
and are therefore well suited for high-sensitivity optical
sensing®®. Currently, micro-nano fiber optic sensing struc-
tures have been widely used to detect a variety of physical,
chemical and biological signals, such as concentration,
temperature, humidity, deformation, pressure, pH, electric
current, etc.””. Such sensors offer notable benefits, including
enhanced sensitivity, rapid response times, compact form
factors, and low power consumption. Considering the
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Fig. 2 | (a) Distribution of energy flow (slope-printing vectors) along the axial direction of the transmitted light (top) and the distribution of the cross-
section optical field intensity (bottom). (b) Characteristics and potential applications of micro- and nanofibers. Figure reproduced with permission from:
ref.>s, American Chemical Society; ref.°’, under a Creative Commons Attribution 4.0 International License.
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demand for highly sensitive, tiny and wearable sensors in the
fields of robot control, human-computer interaction and
healthcare, as well as the challenges of existing 'electronic
skin' sensors in terms of electromagnetic interference and
response speed, Tong LM's group and Zhang L's group at
Zhejiang University have carried out a series of extended
applications of micro- and nano-fiber optics®.

Regarding the more demodulated types of sensors for
micro-and nanofibers can be classified into intensity and
phase types, several typical micro- and nanofiber configura-
tions are illustrated in Fig. 3. (a) Surface-modified func-
tional film layer type, which is often applied to atmosphere
detection or solution analysis, but we need to recognise that
the surface modification of the fiber is easily contaminated
or destroyed when solution analysis is carried out; (b) exci-
tation of WGM mode type; (c) construction of interferomet-
ric mode type, which is the key to constructing phase-type
sensing, and is conducive to the improvement of detection
sensitivity and detection limit; and (d) single micro-nano-
fiber strength type, which can be significantly enhanced to
improve the mechanical properties and used for mechanical
aspects of the measurements; (e) dual nanofiber intensity
coupling type, which can significantly improve the mechani-
cal detection sensitivity by changing the coupling efficiency
through deformation; (f) multiple nanofiber arrays, which is
a composite structure of surface sensing extended by point
or line sensing, and can be used for wearable 'electronic skin'
sensing.

2.2 Photonic crystal fiber

The development of photonic crystal fibers (PCFs) started in
the mid-1990s and is an important innovation in fiber optic
technology. The basic concept of PCFs was first proposed by
Knight et al. in 1996, who altered the propagation proper-
ties of optical fibers by introducing periodically arranged
microstructures (e.g., air holes) in the fibers, which in turn
gave the photonic crystal fibers a very different optical
behaviour. The emergence of PCF breaks the 'total reflec-
tion' transmission mode of traditional optical fibers. The
introduction of a periodic refractive index variation between
the fiber core and cladding allows light transmission to go
beyond simple total internal reflection, enabling more accu-
rate manipulation of light propagation via the engineered
periodic microstructure. According to the differences in the
light guiding mechanism, PCFs can be classified into two
categories: total internal reflection PCFs (TIR-PCFs), and
photonic bandgap guided PCFs (PBG-PCFs). Its structure is
shown in Fig. 4.

The guiding mechanism of TIR-PCF resembles that of
traditional optical fibers. By embedding periodically
arranged air holes of specific dimensions in the cladding, the
effective refractive index of the cladding becomes lower than
that of the core, thereby enabling light confinement within
the core through total internal reflection. TIR-PCF has a
wide wavelength range to maintain a stable normalized
transmission frequency, and it is therefore in a wide wave-
length range. It is capable of single mode transmission and
exhibits different dispersion characteristics. PBG-PCF has a
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Fig. 3 | Micro-nano-fiber based sensor devices: (a) surface-modified functional film layer type; (b) excitation of WGM mode type; (c) construction of inter-
ferometric modes type; (d) single micro-nano-fiber intensity type; (e) dual micro-nano-fiber intensity-coupled type; and (f) multiple micro-nano-fiber arrays
type. Figure reproduced from: ref.%!, American Chemical Society; ref.®?, Optical Society of America under the terms of the OSA Open Access Publishing
Agreement; ref.®*, American Chemical Society; ref.%*, under a Creative Commons Attribution 4.0 International License; ref.%>, Springer Nature.
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Fig. 4 | (a) Total internal reflection PCF. (b) Band gap guided PCF. Figure
reproduced with permissionfrom: ref.%®, Chinese Laser Press.

different design in which the refractive index of the fiber
core is lower than the effective refractive index of the
cladding. The air holes in the fiber cladding are arranged in
a strict periodicity, forming a two-dimensional photonic
crystal structure, which in turn creates a photonic bandgap
effect. When the frequency of light falls into the bandgap
range, light waves cannot propagate through the photonic
crystal. The low refractive index fiber core disrupts the over-
all periodic structure and introduces a narrow band of defect
states inside the PCF. This defect state allows light in a
specific frequency range to be bound within the fiber core,
thus enabling its propagation through the core.

However, when the air holes of the TIR-PCF are filled
with a material with a higher refractive index than silica, the
cladding contains both dielectric columns with higher
refractive indices and periodically arranged low refractive
index regions, forming a structure with both total internal
reflection and photonic bandgap light-conducting mecha-

nisms, which makes the PCF able to propagate light-
conducting by using total internal reflection and photonic
bandgap effects at the same time® . By combining the
advantages of the two light-guiding mechanisms, PCFs can
be applied in various fields, including dispersion compensa-
tion, wavelength division multiplexing and demultiplexing,
and optical fiber sensing.

With the in-depth study of PCF, it shows unprecedented
flexibility and superiority in optical transmission, especially
PCF can achieve a high degree of adjustment of light wave-
lengths, modes, and interactions between light and the envi-
ronment, which has led to a wide range of research and
applications in many fields, such as optical communications,
optical sensing, and laser design. PCF offer significantly
greater structural design flexibility compared to conven-
tional optical fibers, which makes them particularly well-
suited for the development of high-sensitivity optical
sensors. Figure5 shows the more common design
approaches for PCF: (a) for TIR-PCF utilizing surface modi-
fication and ionic liquid infiltration, ensuring uniform coat-
ing on the inner walls of the air holes presents a significant
challenge due to their extremely small dimensions; (b) PBG-
PCF based on the modification of fluorescent thin film,
where the gas to be detected is in direct contact with the
sensitive film layer, which can significantly improve the
sensing sensitivity, but there is also a problem of uniformity
of modification; (c) single-core PCF based on SPR effect,
constructing a mismatch structure that always has limited
interaction with the environment although it transfers part
of the fiber core energy to the cladding layer; (d) multi-core
PCF based on SPR effect, which also suffers from low detec-
tion sensitivity; (e) although the dual-core photonic crystal

lonic liquid
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Fig. 5 | (a) TIR-PCF based on surface modification and ionic liquid filling. (b) PBG-PCF based on fluorescent film modification. (c) Single-core PCF based on
SPR effect; (d) multi-core PCF based on SPR effect. (e) Dual-core PCF based on air in-pore modification and filling. (f) Functionally oriented design based on
SPR-PCF. Figure reproduced from: ref.®®, Springer Nature; ref.”°, Elsevier B.V.; ref.”?, Elsevier B.V.; ref.”?, Elsevier B.V.; ref.”>74, Optica Publishing Group under

the terms of the Optica Open Access Publishing Agreement.
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fiber (PCF) based on inner air-hole modification and liquid
infiltration can significantly enhance sensing sensitivity, it
presents major limitations in practice. Specifically, precise
control over the deposition of the gold film is nearly
unachievable within the confined structure, and the sensing
process requires the target liquid to be accurately filled into
specific micro-holes, which further reduces the practical
feasibility of this approach; (f) SPR-PCFs based on function-
ally oriented design, a structure that allows PCFs not to have
strict photonic crystal properties and greatly improves the
degree of design freedom. The free design of air holes, the
free polishing design of the fiber morphology, and the
customization of the surface modification can effectively
reduce the process difficulty and promote the feasibility of
the process while maintaining the high sensing sensitivity.

2.3 Fiber grating

Fiber grating is a new type of grating inscribed inside the
optical fiber, can be achieved without changing the struc-
ture of the optical fiber itself under the premise of the signal
light energy from the optical fiber core to the optical fiber
cladding effectively coupled to achieve high mechanical
properties, high efficiency and high stability of the optical
fiber sensing. The grating structures inscribed in the center
core of an optical fiber can be divided into the following
types: fiber Bragg grating (FBG), tilted fiber Bragg grating
(TFBG) and long period fiber grating (LPFG).

Figure 6 illustrates the representative structures and spec-
tral responses of FBG, TFBG, and LPFG, where the FBG
exhibits narrowband Bragg reflection with a corresponding
transmission dip due to core-core mode coupling, the TFBG
shows densely distributed multi-order resonances arising
from strong core-to-cladding mode coupling, and the LPFG
presents a few broad attenuation bands in the transmission

spectrum resulting from co-propagating core-cladding
mode coupling. FBG confine the optical signal within the
fiber core by coupling the forward- and backward-propagat-
ing core modes, thereby limiting light from reaching the
cladding and hindering direct interaction with the external
environment. Therefore, to enhance its swift field, it needs
to be side-polished or hydrofluoric acid etched to enhance
the swift field and its interaction with the environment”.
TFBG not only provides the Bragg reflection mode of the
core, but also enables the core mode to be strongly coupled
with a large number of cladding modes, showing an optical
comb-like transmission spectrum. Each resonance peak
corresponds to a specific cladding mode, which is highly
responsive to changes in the refractive index of the medium
surrounding the fiber surface. Monitoring shifts in these
resonance peaks enables sensitive detection of external envi-
ronmental variations’®. However, the resonance peaks are
spaced only a few nanometers apart and lack a fixed refer-
ence point, limiting their effectiveness over a wide refractive
index range. However, the spacing between the resonance
peaks is only a few nanometres and there is no reference
point, which is not conducive to measurements over a large
refractive index range. The LPFG has a large refractive index
modulation period that couples the forward-transmitting
core mode to the forward-transmitting cladding mode, and
its transmission spectrum exhibits a small number of
broader resonance peaks of the FWHM in the range of
hundreds of nanometres. Due to structural limitations, it not
only exhibits high sensitivity to ambient refractive index, but
also is susceptible to ambient temperature or bending
stress”’.

Combining the highly sensitive SPR effect sensing tech-
nique with fiber-optic grating with strong cladding film
coupling characteristics provides a new method for ultra-
high sensitivity in-situ analysis. Since TFBG and LPFG have

Uniform FBGs
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Long period FGs
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Fig. 6 | (a, b) Bragg grating structures and their transmission (black) and reflection (red) spectra. (c, d) Tilted fiber grating structures and their reflection
spectra. (e, f) Long-period fiber grating structures and their transmission spectra. Figure reproduced with permissionfrom: ref.’é, under a Creative

Commons Attribution 2.0 International License.
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stronger cladding mode coupling ability, they have been
expanded for more applications”. As shown in Fig. 7(a) and
7(b), the introduction of SPR effect in TFBG can provide a
reference point for the extremely dense optical comb spec-
tra while enhancing the sensitivity, based on which, Guo T's
group at Jinan University has carried out a series of fiber-
optic grating applications for the monitoring of thermal
runaway management of batteries. The resonance peaks of
LPFGs have a large FSR, which is an advantage in sensing, as
shown in Fig. 7(c) shows, the modification of antibody on its
surface can effectively improve the detection sensitivity of
the sensor to the receptor molecules. Figure 7(d) then
demonstrates the fabrication of LPFGs using a micro-nano
optical fiber with graphene oxide modified on the surface to
improve the desorption capacity and ZIF-90 to improve the
specific adsorption capacity, ultimately achieving an acetone
sensing sensitivity of 26.1 pm/ppm, which is complicated to
prepare and needs to be improved in terms of its universality.

In addition to conventional FBGs, LPFGs, and TFBGs,
several emerging grating structures have been developed to
extend the sensing capabilities of fiber gratings. One repre-
sentative example is the excessively tilted fiber Bragg grating
(Ex-TFBG), in which the grating planes are inscribed at a
large tilt angle (typically >70°). Ex-TFBGs enable strong
coupling to high-order cladding modes, producing a broad
and highly sensitive spectral response that is particularly
advantageous for biochemical sensing and refractive index
monitoring.

Another important category is localized fiber gratings,
which are fabricated with highly confined modulation
regions, often using femtosecond laser inscription. These

localized gratings offer flexible inscription geometries and
can be integrated at specific points of a fiber device, provid-
ing high spatial resolution and adaptability in harsh
environments.

The inclusion of these advanced grating types comple-
ments the classification framework and highlights the diver-
sity of fiber grating designs, each optimized for distinct sens-
ing requirements. Their applications further enrich the
scope of fiber-grating-based sensing, ranging from label-free
biosensing to high-temperature and high-strain monitoring.

2.4 Structured optical fibers

The photonic crystal fibers and fiber gratings described in
the previous section require specialised equipment, so a
series of secondary structural designs for ordinary fiber
structures have been derived to enhance the swift field and
thus the sensing sensitivity, as shown in Fig. 8(a) shows a
multimode interference structure based on a single-mode-
coreless-single-mode composition after macrobending,
where the angle of the incident light can be changed by
macrobending to produce a stronger and more abrupt pass-
ing field, and modification by ZnOHF-ZnO to further
enhance the environmental interaction capability, and
finally a detection limit of 1 ppm for triethylamine was
achieved, but the spectral irregularities of this structure are
very large and the FSR is very large. Figure 8(b) and 8(c)
demonstrates a temperature sensor made by transversely
polishing the central part of a multimode optical fiber to
form a side-polished optical fiber with a leakage window and
by modifying hyperbolic metamaterials, nano-diamonds,

a Optical SPR spectrum C
SPR
Polarr'zgwd light

Microcurrent lons Gold film TFBG

P

Fiber cladding

—— PBS buffer
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— |gG
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Fig. 7 | (a) SPR-type TFBGs for battery monitoring. (b) SPR-type TFBGs for bioanalysis. (c) Surface antibody-modified LPFGs for biosensing. (d) Surface-modi-

fied micro-nano LPFGs for organics gas sensing. Figure reproduced from: ref.’®, under a Creative Commons Attribution 4.0 International License; ref.%,

American Chemical Society; ref.®!, Elsevier B.V.; ref.??, Elsevier B.V..
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Fig. 8 | (a) Multimode interferometric structure based on single-mode-coreless-single-mode structural composition after macrobending. (b) Z-type based
on micro-nano fiber. (c) D-type based on multimode-coreless-multimode side-throwing. (d) Spike-conical type based on multimode optical fiber. (e) U-
bending type based on multimode optical fiber. Figure reproduced from: ref.®, Elsevier B.V.; ref.?*, Optical Society of America under the terms of the OSA
Open Access Publishing Agreement; ref.®>, American Chemical Society; ref.258” American Chemical Society.

and PDMS, with a maximum sensitivity of 9.021 nm/°C.
However, this sensor preparation process is multi-processed
and requires a high degree of process precision, which is not
conducive to large-scale reproduction. Figure 8(d) demon-
strates a sensor in which a multimode optical fiber was
chemically etched to form a tapered tip to enhance the abil-
ity of light to interact with the ambient medium and modi-
fied with a series of pre-treatment modifications to modify
the magnetic field and magnetic substance on nanodia-
monds, achieving a sensitivity of 0.57 nT/Hzl/2@1 Hz.
Figure 8(e) illustrates a U-shaped macrobending of a de-
coated multimode optical fiber, which enhances evanescent
field intensity by altering the incident angle of light within
the bent section. Additionally, an in-situ growth of the
porous metal-organic framework material ZIF-67 is
performed in this U-shaped region, enabling detection of
Cr(VI) ions down to a 1 ppb limit.

2.5 Advantages and limitations of typical fiber
microstructures

Different fiber microstructures exhibit distinct advantages
and limitations in evanescent-field-based sensing, which

largely determine their suitability for specific sensing scenar-
ios. A clear understanding of these trade-offs is essential for
rational sensor design and practical deployment.
Micro-/nano-fibers offer extremely strong evanescent-
field interaction and fast response due to their subwave-
length-scale diameters, making them highly attractive for
ultra-high-sensitivity biochemical and refractive-index sens-
ing. Their large surface-to-volume ratio also facilitates effi-
cient surface functionalization. However, micro-/nano-
fibers are mechanically fragile and susceptible to environ-
mental perturbations, surface contamination, and long-term
signal drift. As a result, robust packaging, surface passiva-
tion, and reference-based interrogation schemes are often
required to improve their stability in practical applications.
Photonic crystal fibers (PCFs) provide unique structural
advantages arising from their periodic air-hole cladding or
hollow-core designs. The presence of microchannels enables
extended light-matter interaction lengths and efficient gas
infiltration, making PCFs particularly well suited for gas and
vapor sensing. In addition, their modal properties can be
engineered to enhance sensitivity or enable multi-parameter
sensing. Nevertheless, PCF-based sensors face challenges
related to uniform inner-hole coating, repeatable filling
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processes, and reliable sealing and interconnection, which
currently limit large-scale fabrication and field deployment.

Fiber grating-based structures, including fiber Bragg grat-
ings (FBGs), long-period fiber gratings (LPFGs), and tilted
fiber Bragg gratings (TFBGs), are widely used due to their
well-defined spectral features and mature fabrication tech-
nology. FBGs are especially advantageous for physical-quan-
tity sensing, such as temperature, strain, and pressure, owing
to their mechanical robustness, excellent repeatability, and
multiplexing capability. LPFGs and TFBGs, which involve
strong cladding-mode coupling, are more suitable for refrac-
tive-index and biochemical sensing, particularly when
combined with surface plasmon resonance or functional
coatings. However, grating-based sensors may suffer from
cross-sensitivity, polarization dependence, and spectral
complexity, necessitating careful structural design and
advanced demodulation strategies.

Opverall, no single fiber structure is universally optimal for
all sensing tasks. Instead, the selection of a specific fiber
microstructure should be guided by a balanced considera-
tion of sensitivity requirements, environmental robustness,
fabrication feasibility, and the targeted sensing application.

To further illustrate how the structural characteristics and
sensing mechanisms discussed above translate into practical
sensing performance, a quantitative comparison of represen-
tative fiber-optic microstructured sensors is summarized in
Table 1%, The table provides an overview of typical
performance metrics, including sensitivity enhancement
strategies, detection limits, response times, and application
scenarios, for different fiber architectures. By presenting
these parameters in a unified format, Table 1 highlights the
trade-offs among sensitivity, dynamic response, and robust-
ness across various sensing structures, and offers readers a

practical reference for selecting suitable fiber-optic sensor
configurations for specific sensing tasks.

3 Theory of fiber-optic sensing based on
swift waves

To facilitate a clear correspondence between the fiber struc-
tures introduced in Section 2 and the sensing principles
discussed in this section, the sensing mechanisms are
analyzed here from a structure-oriented perspective. In
evanescent-field-based fiber sensors, the dominant sensing
response is jointly determined by the optical field distribu-
tion, the modal coupling pathway, and the interrogation
observable (e.g., intensity, wavelength, phase, or linewidth).
These factors are inherently linked to the underlying fiber
microstructure.

Different fiber architectures naturally favor different sens-
ing mechanisms. For example, optical micro-/nano-fibers
primarily rely on strong evanescent-field interaction and are
therefore well suited for absorption-based sensing, surface
binding detection, and resonance-enhanced schemes.
Photonic crystal fibers enable extended light-matter interac-
tion through their microstructured air-hole regions, making
them particularly advantageous for gas and chemical sens-
ing based on absorption, refractive-index variation, or
surface plasmon resonance. Fiber gratings, including FBGs,
LPFGs, and TFBGs, provide well-defined spectral features
and mode-coupling characteristics, which are commonly
exploited for wavelength-based interrogation, multi-param-
eter sensing, and differential measurement schemes.

Based on these considerations, the sensing mechanisms
discussed in this section are not treated as isolated physical
effects. Instead, each mechanism is analyzed in conjunction

Table 1 | Performance comparison of representative fiber-optic microstructured sensors.

Sensor type Sensitivity enhancement technology

Typical detection limit

Response time Application scenarios

Micro-/nanofibers
(MNF)90,96

Diameter tapering, surface functionalization (Au,
graphene, nanoparticles), WGM resonance
~ Metal film/nanostructure deposition for SPR
SPR-coated MNF®%3 o
excitation
Hollow-core/
Gas/liquid filling into microchannels, photonic
suspended-core .
PCRe? bandgap design
Metal thin-film coating or nanostructure inside
PCF

Strong cladding mode coupling, SPR or thin-film

SPR-PCF?

Tilted Fiber Bragg
Grating (TFBG)®#°
Fiber Bragg Grating
(FBG)®
Side-polished/D-
shaped fibers®*
U-/S-/1-/Q-shaped

bent fibers®°*

integration

Side-polishing/etching, composite encapsulation

Side-polishing + SPR/functional films

Macro-bending, angle tuning, functional coatings

10°-107° RIU; biomolecule LOD in
fM—pM range

107°-107° RIU; biomolecule LOD pM

ppb-level for gases (e.g., ~2 ppb
acetylene); 10510 RIU for liquids

10-°-107 RIU; biomolecule LOD
pg:mL*-ng-mL?
1075-1073 RIU; temperature/strain
~0.01-0.1 nm/°C
Temp. res. ~0.001-0.1 °C; strain in

1077-1075 RIU; several 10® nm/RIU

ppb—ppm for gases/ions; 10°-10"*
RIU for liquids

<1 s (optical), often
Biochemical solutions, wearable
limited by analyte
devices, biosensing
diffusion

. High-sensitivity biochemical
Seconds—minutes )
level sensing

1-10 s (gas diffusion

. Gas sensing, trace spectroscopy
limited)

) Chemical/biological liquid
Seconds—minutes .
detection

Temperature, strain,
10 ms—s . . o
biochemical monitoring

. Structural health monitoring,
ms (instantaneous) . .
UE range long-term temp./strain sensing
1 Surface biochemical sensing,
<ls
reported online liguid monitoring
Wearable, field gas monitoring,
<1 s—seconds
low-cost sensors
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with the fiber structures that most effectively support it. A
mapping between representative fiber microstructures, their
dominant sensing mechanisms, and typical interrogation
observables is summarized to provide readers with an intu-
itive framework for understanding how structural design
choices translate into sensing performance. This structure-
mechanism-response relationship also serves as a practical
guideline for selecting and designing fiber-optic sensors for
specific sensing scenarios.

The sensing mechanism relying on evanescent wave
absorption is governed by the leakage or loss of electromag-
netic energy at the interface between the core and cladding
during total internal reflection (TIR). This section focuses
on the relevant physical fields and the key parameters that
influence the operation of these sensors.

3.1 Sudden wave theory

The optical signal propagates within the waveguide or fiber
via total internal reflection, with its transmission influenced
by the refractive indices of the core and cladding. This
behavior can be described using the critical angle (6.) and
numerical aperture (NA) as follows””.

. Nclad
0. = arcsin (“’) , (1)
ncore

NA =V ngore - nzlad . (2)

The number of supported modes (M) depends on the NA,
the fiber radius (r) and the wavelength of the optical signal
(A), and this relationship is given by the following
equation®.

4 v

M= ™35 )

where V = 2nrNA /A is known as the V-number of the fiber

and helps to determine the operation of the fiber, i.e. single
mode or multi-mode.

Multiple physical, optical, and geometrical characteristics
of optical fibers influence the evanescent wave. Among
these, the penetration depth and the evanescent power (or
the fraction of power residing in the cladding) are key
parameters for assessing the performance of EWA sensors.

The depth of penetration (dp) of a swift wave, the distance
by which the electric field amplitude decreases to 1/e of its
value at the interface, increases as the refractive index
contrast at the core-cladding interface decreases, which is
also a function of the wavelength of the light and the angle
of incidence®-10%:

L A B A
’ 2nn2 +/sin?6; — sin0,  2m\/n2 sin’0; — n?, '
(4)

In theory, evanescent waves can interact with molecules at
infinite distances, albeit with diminishing intensity. Practi-

cally, the d, defines the effective range within which
molecules significantly influence the sensing signal.

Sudden power (fractional power in the cladding) can be
approximated by calculating the fractional power present in
the cladding of a multimode fiber'**:

Pclad_ 4 _4\/i
P 3yM 3V’

where Pjoq is the optical power in the cladding and P total
optical power in the core and cladding. From Eq. (5), it can
be seen that an increase in the value of V decreases the frac-
tional power in the cladding'®. Therefore, the choice of V
number is very important to determine the swift wave power
of the fiber optic sensor.

(5)

3.2 Fiber optic sensing principle based on swift wave
excitation of surface equipartition exciton
resonance

Surface Plasmon Polariton (SPP) is a collective oscillation of
electrons at the metal-dielectric interface with a specific
longitudinal wave vector kgp, which is related to frequency as
follows!0410%;

() = @[ _enl@es(@)

c\ en(w) + eq(w) ’ ©

where ¢, = ¢/ +1iel, &4 = &) + 1], denote the complex
dielectric function of metals and dielectric materials, w is the
angular frequency, c is the speed of light in vacuum, the
equation is also known as the dispersion equation of SPP.

3.3 Fiber optic sensing principle based on swift wave
absorption

The penetration depth of the evanescent wave is very
limited, primarily influencing the weak cladding modes
while leaving the core modes largely unaffected. To enhance
sensing sensitivity, it is essential to optimize the sensing
region so that the evanescent field associated with the core
mode can directly interact with the analyte!*®'””. When
designing fiber-optic sensors based on evanescent wave
absorption, understanding the different types of signal loss
occurring during transmission is crucial:

1) Refractive loss

In a de-cladded fiber optic probe, an increase in refractive
index near the sensing (de-cladded) region reduces the local
numerical aperture, resulting in light attenuation caused by
refractive losses. Figure 9 illustrates the refractive loss in a
fiber optic sensor, where the de-cladding fiber directs some
rays (R; and R;) according to the critical angle when it
remains in the RI medium (n;). When the surrounding
refractive index changes from n, to n3 (n3>n,), the critical
angle increases accordingly. As a result, the new critical
angle (60.) exceeds the incident angle of ray R;, leading to its
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refraction out of the fiber and subsequent loss, as illustrated
in Fig. 9(b). Based on the Fresnel reflection coefficient, a
portion of the incident light is reflected back into the fiber at
each interaction with the core surface, continuing to propa-
gate with diminished power.

No refraction loss

b R / n" |
\

Refraction loss

n,>n;>n,

0750,

Fig. 9 | Schematic representation of the refractive loss of the fiber optic
sensor due to the change in the surrounding RI. (a) No refractive loss
occurs due to the 6 > 6. of the two rays. (b) The RI changes from n; to n3
(n3>n3) which increases the critical angle to (6;) and results in the refrac-
tive loss of ray R1. The decrease in the colour intensity of ray R; indicates a
decrease in the power of the refracted rays. Figure reproduced with
permissionfrom: ref.'%, Springer Nature.

Refraction loss arises from an increase in the effective
refractive index within the sensing region. For the sensor,
this loss can be quantified using the following equation'*1°;

NA,\’
Py = —101log (NA3> , (7)

where Ppy is the refraction loss (dB), NA, is the numerical
aperture of the sensing region in the presence of the analyte,
and NA, is the numerical aperture of the sensing region in
the presence of the reference medium. This refractive loss is
the synchronous response of the fiber due to changes in the
overall RI.

2) V-number mismatch

When light transfers between two optical fibers with
different V-numbers (caused by variations in core radius or
core/cladding materials, as illustrated in Fig. 10) signal loss
can occur. This is because the receiving fiber, having a lower
V-number, cannot support the higher-order modes present
in the transmitting fiber, leading to loss of the energy carried

a b

/ =

( . k rz

\ Neladding

ol

Fig. 10 | Schematic diagram of V-number mismatch. (a) Due to different
cladding materials (NA mismatch). (b) Due to different core radii (r1<r3).

air

by those modes.

As shown in Fig. 10(a), when light propagates from a high
numerical aperture fiber (NA,) to a fiber with a low numeri-
cal aperture (NA,), it results in a loss of light. The loss due to
mismatch (P;) can be calculated by the following

equation'!:
NA, )\’
P, = —10log ( 2) : (8)

NAI

In swift wave absorption-based sensors, the de-cladded
sensing region is typically followed by a standard cladding
fiber, resulting in a V-number mismatch between the two
sections. When light transitions from the sensing region
back into the passive fiber, higher-order modes that cannot
be coupled are lost, leading to signal attenuation and a
reduced signal-to-noise ratio. A common strategy to miti-
gate this issue is to reduce the core radius of the output fiber
to match the V-number. The condition for minimizing
V-number mismatch can be expressed by the following

i 112.
equation™*:
1
e — M3 ’
core clad
s S Telad ) 2 ’ (9)
Meore — nanalyte

where r, is the radius of the fiber core at the end of the sens-
ing region, rg,q is the radius of the cladding, 74,4 is the RI of
the fiber core, ny,q is the RI of the cladding, and 71y is the
effective RI due to the presence of the analyte in the sensing
region. Thus, the sensor response of the fiber optic sensor
based on swift wave absorption is the combined effect of the
loss of refractive index, the mismatch of the V-number swift,
and the loss due to the swift wave absorption.

3) Sudden wave absorption loss

In a de-cladded fiber, the evanescent wave at the core
surface can interact with the surrounding medium, though
its reach is confined by a limited penetration depth. If
absorbing molecules are present within this interaction
region, they will attenuate the evanescent field, leading to a
reduction in the amplitude of the guided mode in the core.
The transmitted power at the output end of the de-cladded
fiber can be described by the following equation'':

P, =P, xe", (10)
where L is the length of the de-cladding fiber probe, P; is the
output optical power after passing through the transmission
length (L), P, is the initial optical power before passing
through the fiber transmission, and y is the swift wave
absorption coefficient of the molecule. The evanescent wave
absorption coefficient is directly proportional to the frac-
tion of optical power present in the cladding (or surround-
ing medium in a de-cladded fiber), the molecular concentra-
tion C, and the intrinsic absorption coefficient «. This rela-
tionship can be described by the following expression'!*:

P clad
p

y= aC . (11)
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4 Main preparation methods of micro-
nano optical fiber

4.1 Chemical corrosion method

The main component of optical fiber is SiO,, which is chem-
ically very stable, and only hydrofluoric acid can react with it
to achieve the purpose of etching in common laboratory
drugs. It is difficult to control the etching rate, and the
surface of the optical fiber is rough, which leads to large
optical loss, so a low concentration of hydrofluoric acid or
ammonium fluoride is generally used as a hydrofluoric acid
buffer in the experiments to reduce the etching rate of
hydrofluoric acid on SiO,!**. A common hydrofluoric acid
etching optical fiber device is shown in Fig. 11"°:

A standard optical fiber with the coating layer removed is
fixed on top of the etching platform and an appropriate
concentration and volume of hydrofluoric acid solution is
added dropwise at its center. Due to surface tension,
hydrofluoric acid forms droplets and flows along the surface
of the optical fiber during the etching process. By adjusting
the distance of the optical fiber within the droplet, the etch-
ing length of the micro-nano optical fiber can be precisely
controlled. The whole experiment lasts for about 75
minutes, and the hydrofluoric acid needs to be carefully
recovered after completion. The hydrofluoric acid etching
method is simple and inexpensive to operate, and the
droplets are able to move axially on the surface of the fiber,
prompting the fiber to naturally form a tapered structure, so
many studies have focused on this method in recent years.
At present, nanoscale micro-nano optical fibers with high
sensitivity and low loss have been successfully prepared.
However, this method still faces some challenges, such as the
inhomogeneity of the fiber diameter, the difficulty in prepar-
ing long-distance micro- and nanofibers, the higher surface
roughness compared with the heating method, and the large
differences in experimental process parameters, which make
it difficult to unify the standards. These issues limit the
commercial application of the hydrofluoric acid etching

method, which is currently mainly suitable for small-scale
preparation in the laboratory.

Although hydrofluoric acid etching is simple to operate
and low in cost, it presents significant limitations in practi-
cal application:

Surface roughness and optical loss: following etching with
low-concentration hydrofluoric acid (5%—-10%), the surface
roughness R, of optical fibres typically exceeds 5 nm
(compared to R,<1 nm achieved by the high-temperature
taper method). This results in increased optical transmis-
sion loss of 3—5 dB/m. Particularly for micro-nanofibres
(diameter < 500 nm), the loss is further amplified, limiting
their application in long-distance sensing.

Poor diameter uniformity: influenced by surface tension,
hydrofluoric acid droplets flow unevenly along the fibre axis,
resulting in post-etching diameter deviations of +50 nm.
Sensitivity variations exceeding 15% occur within batches,
rendering it difficult to meet mass production consistency
requirements.

Challenges in producing extended lengths: limited droplet
coverage (typically < 1 cm) precludes fabrication of micro/
nanofibres exceeding 2 cm in length. Environmental moni-
toring applications (e.g., gas concentration distribution)
often require sensing areas exceeding 5 cm, thereby restrict-
ing practical deployment scenarios.

Safety and process controllability: hydrofluoric acid is
highly corrosive, necessitating stringent protective measures
during experiments. Etching rates are significantly influ-
enced by temperature (increasing by 10% per 1 °C rise) and
humidity, making it difficult to standardise process parame-
ters across laboratories and lacking a standardised fabrica-
tion workflow.

4.2 High-temperature molten cone drawing method

The fusion taper method is to remove the coating layer of
the standard optical fiber, the middle section of the optical
fiber with the coating layer removed is heated close to the
heating source, and the two ends of the optical fiber are fixed
on an electrically controlled moving platform. As the heat-
ing softens the optical fiber, the platform stretches the optical

Hydrofluoric acid droplets

a

Incident light Optical fiber

=

|

QOutgoing light

o

Petri dish

Fig. 11 | Hydrofluoric acid etching of a single-mode optical fiber. (a) Schematic diagram of the etching device. (b) Optical microscope pictures of the fiber

being etched at different time points.
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fiber at both ends with a certain force in order to obtain the
specific required optical fiber dimensions''’, as shown in Fig.
12. According to the different heating methods, the fusion
taper method can be divided into: electric heating fusion
taper method!', oxyhydrogen flame heating fusion taper
method!?, laser heating fusion taper method'” and high-
temperature ceramic probe heating'?' and other methods.
The melt-drawing cone method is currently the most mature
and most promising technology for the industrialisation of
micro-nano optical fiber manufacturing. The micro-nano
optical fiber prepared by the melt-drawing cone method has
a smooth surface, atomic level flatness, low optical transmis-
sion loss and better flexibility, and therefore is superior to
other optical and mechanical properties. However, the above
methods still have the problems of unstable heating temper-
ature, environmental interference, or inability to further
stretch the optical fiber, so related researchers proposed the
two-step stretching method'”? and the self-modulation
method, the two-step stretching method is developed on the
basis of the fusion pulling cone method, and the operation
process is to firstly wind the optical fiber preform that has
already been stretched thinly on the tip of the rod sapphire,
and then make the optical fiber softened and stretched again
with the help of heat conduction by heating the sapphire
rod. The fiber is softened and stretched again by heat
conduction. Due to the uniform temperature distribution at
the tip of the sapphire rod, it is possible to effectively stretch
the fiber diameter to hundreds or even tens of nanometres.
The self-modulated tensile cone method is designed by
designing a special tensile cone platform, so that the optical
fiber maintains a certain bending state during stretching,
thus using the change of bending tension to uniformly apply
the force. Specifically, at the beginning of stretching, the
optical fiber is thicker, requiring a larger tension, bending
stress is concentrated in the thick part; as the diameter of the
optical fiber decreases, the required tension is gradually
reduced, and the bending stress is concentrated in the finer

part. The automatic migration of bending stresses helps to
keep the forces on the fiber balanced, thus enabling it to be
drawn finer. With the continuous improvement of the fused
taper method, it has been possible to control the prepara-
tion of micro-nano optical fibers to meet the needs of vari-
ous types of optical devices, and can achieve high repeatabil-
ity and stability. It is foreseeable that the development of
optical devices will usher in a new breakthrough with the
maturity of the fused taper method.

4.3 Fabrication of photonic crystal fibers (PCFs)

The fabrication of photonic crystal fibers mainly relies on
the stack-and-draw method, where silica capillaries are
stacked in a designed pattern to form the preform, which is
then drawn into a fiber under high temperature. This tech-
nique allows for precise control of the air-hole lattice and
has been widely used for hollow-core and suspended-core
PCFs. In recent years, alternative methods such as extrusion
and 3D printing of preforms have been reported, enabling
more flexible geometries and potentially large-scale produc-
tion. The main challenges lie in maintaining uniformity of
air holes during fiber drawing and ensuring reproducibility
across long fiber lengths.

4.4 Fabrication of fiber gratings

Fiber gratings are most commonly inscribed by ultraviolet
(UV) laser exposure using a phase mask, which remains the
standard technique for fabricating FBGs with high precision
and reproducibility. For advanced gratings such as tilted
FBGs or localized gratings, femtosecond laser inscription
offers high flexibility and three-dimensional localization of
the refractive index change inside the fiber. Arc-discharge
and mechanical pressure methods have also been explored
for LPFG fabrication. These diverse inscription techniques
enable tailored grating structures for different sensing
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applications, but trade-offs exist between cost, inscription
speed, and long-term stability.

5 Conclusions

In this paper, the theoretical basis and preparation method
of fiber-optic microstructured sensors based on the swiftly
passing wave principle are systematically discussed. Firstly,
the generation mechanism of swiftly passing wave and its
role in microstructured fiber optic sensing are introduced,
and the high sensitivity and weak signal detection ability of
swiftly passing wave make it show significant advantages in
the fields of biosensing, environmental monitoring and
industrial detection. Subsequently, the mainstream micro-
nano optical fiber preparation methods, including chemical
etching and high-temperature melt-drawing cone method,
are summarized, among which the melt-drawing cone
method is the most promising industrialized preparation
technology due to its smooth surface, low loss and high
repeatability. Comprehensive theoretical support is provided
for the design of fiber-optic sensors based on swift wave, and
a solid foundation is laid for the study of optimizing sensor
performance.

6 Outlook and future perspectives

Looking forward, the development of evanescent-field-based
fiber microstructure sensors is expected to evolve from the
pursuit of single-parameter ultra-high sensitivity toward
multi-objective optimization, where sensing performance,
robustness, reproducibility, and manufacturability are
considered simultaneously. From a structural perspective,
different fiber architectures exhibit distinct development
trajectories, challenges, and opportunities.

6.1 Micro-/nano-fiber-based sensors

Optical micro- and nanofibers will continue to play an
important role in applications requiring ultra-high sensitiv-
ity and fast dynamic response, owing to their large evanes-
cent-field fraction and strong light-matter interaction.
Future development is expected to focus on robust packag-
ing strategies, anti-fouling and anti-drift surface functional-
ization, and hybrid integration with gratings, resonators, or
microfluidic components to enable multi-parameter sensing.
However, challenges remain in terms of mechanical fragility,
long-term stability, and batch-to-batch reproducibility.
Addressing these issues will be essential for translating
micro-/nano-fiber sensors from laboratory demonstrations
to practical and deployable systems.

6.2 Photonic crystal fiber (PCF)-based sensors

For photonic crystal fiber sensors, future research is likely to
emphasize application-oriented structural design, particu-

larly for gas and chemical sensing. The intrinsic microchan-
nel structures of PCFs provide unique advantages for gas
infiltration, extended interaction length, and enhanced field
overlap. Nevertheless, widespread deployment is still limited
by challenges such as uniform inner-hole coating, repeat-
able filling processes, and reliable sealing and interconnec-
tion. Future efforts are expected to focus on simplified hole
geometries, functional-material-assisted infiltration (e.g.,
MOFs or polymers), and standardized fabrication and pack-
aging protocols to improve reproducibility and scalability.

6.3 Fiber grating-based sensors

Fiber grating sensors, including FBGs, LPFGs, TFBGs,
excessively tilted gratings, and localized gratings, are
expected to remain a cornerstone for physical, chemical, and
biochemical sensing. Future trends include enhanced
cladding-mode engineering through tilted or localized grat-
ing designs, multi-parameter decoupling strategies using
cascaded or polarization-resolved gratings, and integration
with plasmonic or functional coatings for improved
biochemical sensitivity. Meanwhile, challenges such as
polarization dependence, spectral complexity, and cross-
sensitivity will need to be addressed through optimized
structural design and advanced signal demodulation tech-
niques.

6.4 Hybrid and intelligent fiber-optic sensing systems

An emerging trend in this field is the development of hybrid
sensing systems that combine multiple structures and mech-
anisms, such as fiber gratings integrated with SPR/LSPR
interfaces, micro-/nano-fibers, and optofluidic platforms. In
parallel, data-driven and intelligent interrogation methods,
including machine-learning-assisted demodulation and drift
compensation, are expected to play an increasingly impor-
tant role in improving sensing accuracy and long-term
stability. Such hybrid and intelligent systems offer promis-
ing pathways toward practical, high-performance, and
multifunctional fiber-optic sensors.

6.5 Toward practical deployment and standardization

Beyond structural and functional innovation, future
progress will increasingly depend on addressing engineer-
ing and standardization challenges, including long-term
stability, calibration strategies, packaging reliability, and
performance benchmarking.  Establishing commonly
accepted evaluation metrics—such as detection limit,
response time, cross-sensitivity coefficients, long-term drift,
and repeatability—will be crucial for enabling fair compari-
son across different sensing platforms and accelerating real-
world applications.
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