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Abstract: Optical fiber sensors based on tapered optical fiber (TOF) structure have attracted a
considerable amount of attention from researchers due to the advantages of simple fabrication, high
stability, diverse structures, and have great potential for applications in many fields such as physics,
chemistry and biology. Compared with ordinary optical fibers, TOF with their unique structural
characteristics significantly improve the sensitivity and response speed of fiber-optic sensors and
broaden the application range. This review presents an overview of the latest research status and
characteristics of fiber-optic sensors and TOF sensors. Then the working principle of TOF sensors,
fabrication schemes of TOF structures, novel TOF structures in recent years, and the growing
emerging application areas are described. Finally, the development trends and challenges of TOF
sensors are prospected. The objective of this review is to convey novel perspectives and strategies
for the performance optimization and design of TOF sensors based on fiber-optic sensing
technologies.

Keywords: fiber-optic sensor; tapered optical fiber structure; physical sensors; chemical sensors; gas
sensors; novel tapered optical fiber; humanoid tapered fiber structure

1. Introduction

In the 1960s, a waveguide made of quartz was used for the first time to transmit optical signals,
that became known as optical fibers. Corning has developed low-loss optical fibers that can transmit
optical signals over long distances. This led to a period of rapid development of fiber-optic
communication. Subsequently, fiber-optic sensing came into being. Compared with traditional
electrical sensors, fiber-optic sensing uses optical signals as the modulation and transmission carrier,
which makes it has many unique advantages [1-4], such as strong resistance to electromagnetic
interference in the transmission process, thus it can play a very significant role in the power system
[5,6]; strong corrosion resistance, which can be measured for highly corrosive analytes [7]; it has a
compact structure, which can be made according to the needs of the size of very small fiber optic
sensors [8]. Simultaneously, several studies have highlighted the advantages of simple fiber optic
materials, cheap cost, and broad scale utilization [9,10]. With its own inimitable characteristics, fiber-
optic sensors have broad application prospects in a variety of sectors, including environmental
monitoring, civil engineering, biomedicine, industrial production, aerospace, energy development,
and food safety [11-17].

Optical fibers have excellent resistance to interference from the external environment, which
enables them to be highly reliable and stable, and to a certain extent expands their application fields.
In order to achieve the sensing function and increase the sensitivity, Special processing procedures
are frequently used to modify the geometry of the fiber in order to disrupt the original total reflection
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transmission mode. Processing methods include taper pulling, core-offset splicing, laser etching and
side grinding and polishing [8,18-23].

Through advanced optical fiber processing equipment and fabrication techniques, more and
more special fiber structures are coming onto the stage of fiber sensing, such as tapered optical fiber
(TOF) structure [17], D-shaped structure [24], U-shaped structure [25], S-shaped structure [26], fiber
grating structure [27], heterocore structure [28], core-offset structure [29,30], and microsphere
structure [31]. These special fiber structures can effectively excite the enhanced evanescent field and
expose to and interact with the surrounding medium, thus promoting the interaction between light
and sensing materials and achieving higher sensing sensitivity. Among them, the TOF structure has
a smaller radius of the waist taper region, that can generate a larger local electric field in the tapered
region, thus generating a higher power evanescent field. The high-power evanescent field has the
ability to detect subtle changes on the fiber surface, including biomolecules, temperature, pressure,
chemical ions and gases. This results in a higher level of sensitivity and an improved limit of detection
(LOD) for the sensor [32-35]. As a result, optical fiber sensors with TOF structures have numerous
applications in a variety of domains [36,37].

The TOF sensor also has many other distinguishing features. First, it is compact and can be
flexibly installed for measurement and detection in various environments [38]. Secondly, TOF does
not require complex processing and expensive materials, and the preparation cost is relatively low
[39]. In addition, TOF processing accuracy is high, and the preparation process is relatively easy to
control with high reproducibility. At the same time, TOF has a large surface area at the tapered
structure, which can better contact with the analyte, thus improving the sensing effect [40].
Futhermore, the TOF sensor design is flexible and can realize different functions of the sensor by
changing its angular structure, sensing medium, and sensing layer. The optical fiber processed by
pulling the taper expands the abrupt field when light is transmitted in the fiber, increases the contact
area with the external environment, significantly improves the sensitivity and response speed of the
fiber optic sensors, and shortens the size of the fiber-optic sensor [41,42]. The preparation methods of
TOF probes include arc discharge technology [43], laser processing technology [44], chemical etching
technology [45], etc. TOF structures are commonly found in the following configurations: single
tapered structure [46], nano-tapered fiber [47], grating tapered structure [48], multi-tapered cascade
structure [49], taper tip [50], and so on. Internal beam splitting and optical path coupling will occur
as a result of the change in fiber geometry. Moreover, the evanescent field near the tapered fiber will
cause the light to diffuse into the surrounding environment as well as change the beam splitting and
coupling ratio of the tapered fiber. The fiber-optic sensor with tapered structure of can determine the
refractive index (RI), curvature, strain and other physical quantities of the surrounding environment.
In conclusion, based on the characteristics and advantages of TOF sensors, it will provide a broader
development space and a new platform for optical fiber sensor research.

In this review, the sensing mechanism and fabrication approaches of TOF sensors are
summarized, and the application and development of TOF sensing technology for practical scenarios
from physical, chemical, and biological aspects are comprehensively analyzed. Figure 1 depicts the
primary content of this review. The development of TOF fiber-optic sensors has been realized for
physical, chemical, and biological applications. In the future, as TOF sensor preparation technology
and optical sensing technology continue to develop, the TOF sensor is expected to deepen and
expand into more application fields.
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Figure 1. Schematic of the TOF sensors used in different sensing applications [51-54].

2. Theoretical Mechanism for Sensing

TOF as an optical sensor configuration, because of its simple fabrication, low cost and good
stability, progressively evolved into one of the most extensively used fiber-optic devices [55].Its
sensing approach is based primarily on light propagation characteristics in the tapered area and
interaction with the external environment [56]. By changing the radius of the fiber, the original ratio
of the fiber core to the cladding is changed. That is mainly used to excite the higher order modes of
light transmission in the fiber [57], allowing the interaction between the optical field inside the fiber
and external physical parameters, chemical substances and biological molecules for sensing
purposes. This section will elucidate on the fundamental structure of TOF, including the evanescent
waves (EWs) sensing theory, the surface plasmon resonance (SPR)/ localized surface plasmon
resonance (LSPR) sensor mechanism, in-line Mach-Zehnder interferometer (MZI)sensing theory, and
the grating principle.

2.1. Basic Structure of TOF

Figure 2 illustrates the basic structure of a TOF and how light propagates through the TOF
structure. The schematic of TOF structure is composed of single-mode fiber (SMF) tapered to form
three components, consisting of a general fiber region, a transition region and a tapered waist region
(sensing region), in a centrosymmetric structure. The core and cladding diameter of the transition
area decreases linearly and slowly, while the sensing region remains a cylindrical shape with uniform
diameter. By controlling the parameters of the tapered structure, such as the diameter and length of
the sensing region and the transition region mutation angle, different tapered fibers with different
sensing characteristics can be realized for different application situations.
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Figure 2. Schematic of basic tapered fiber structure.

2.2. Evanescent Waves Sensing Principle of TOF

Light transmitted through the fiber core follows the principle of total internal reflection (TIR)
[13]. In other words, light transmission in optical fibers is governed by Snell’s law, which reveals at
the equation level the refraction phenomenon when light propagates from one medium to another,
namely [58]:

n,sinf, = n,sinb, 1)

Here n; and n, are the RI of the incident and transmitted media, respectively, and 6, and 6,
are the angles of incidence and refraction. In addition, 6, increases with the increase of 6;. When
0, is 90°, the refracted light disappears, and the condition of total reflection is satisfied. At this time,
the beam is transmitted inside the core, which is known as TIR [59]. According to the TIR principle,
when the angle of incidence is greater than the critical angle, the light can be transmitted without loss
[60]. However, this is not the case, when the light at the core-cladding interface of the fiber occurs in
total reflection, there will also be part of the energy leakage into the cladding, the field strength is
very weak and exponential decay, so the attenuation field is called the evanescent field [61]. The
evanescent field is the optical field outside the core, plays an important role in fiber bending sensing,
and different modes of fiber transmission have different evanescent fields. Figure 2 demonstrates that
in the general region of the fiber, the light propagation is confined within the fiber core due to the
TIR principle. In SMF, the original TIR propagation pattern is changed during the gradual thinning
of the transition area, and the evanescent field is greatly enhanced in the thinning cross-section
region. In this case, the evanescently departing field formed near the tapered area can be used to
enhance the SPR/LSPR effect. In the TOF sensing region, the transmitted light waves are penetrated
into the cladding for a certain distance and then returned to the core [62]. The field through the core
interface is referred as the evanescent field. The propagation direction of the EWs is perpendicular to
the fiber axis and decays exponentially [63,64]. The mathematical formula for the field strength of the
evanescent field can be expressed as:

E =E,exp (— i) 2)
dy

Here & denotes the distance from the dividing interface and E, denotes the field strength on
the dividing surface. The longitudinal distance through the cladding of the EWs, i.e., the penetration
depth d,, is defined in Equation (3) [65] (d,, is also the depth when the energy of the evanescent field
is reduced to 1/e of the energy at the interface).

A

d, = 3
P 2n(ngosina)? — ng? ®)
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where A is theincident light wavelength, a is the angle of incidence of light at the interface between
the fiber core and the cladding, and n., and n are the RI of the fiber core and the cladding,
respectively.

The dp is dependent on the change in the surrounding RI, so the TOF sensor can detect
information about biomolecular analytes by detecting changes in the sensitive RI. The greater the dp
of the EWs, the more its energy leakage interacts with the external environment. Therefore, increasing
the sensitivity of the sensor can be achieved by increasing the dp of the EWs. The advantage of
tapered fiber is that it breaks the inherent TIR transmission mode, has a larger mode field, wider
spectral range, and is more conducive to the excitation of surface EWs. As a sensing element, tapered
fiber has a strong evanescent field near its tapered region, that is more susceptible to modulation by
the external environment, making it very promising for high-sensitivity measurements, and its small
size is also one of its distinctive advantages [66].

2.3. SPR/LSPR Sensor Mechanism Based on TOF

The SPR/LSPR phenomenon occurs between the surface of the metal film/nanoparticles (NPs)
where the sensor has a specific molecular recognition element and the vacuum/air or liquid medium.
When the analyte molecule binds to the enzyme/antibody of the sensor, it alters the surface of either
the fiber-coated metal film or nanoparticles. This alteration causes a shift in the position of the SPR
spectral peak, which is caused by a change in RI on the metal surface [67].

LSPR and SPR are both sensing techniques based on the plasmon resonance principle. Their
basic principles can be described by the Maxwell equation [68] and the Kretschmann configuration
[69]. Unlike the SPR phenomenon, which utilizes metal film excitation to detect the presence and
concentrations of chemicals and biomolecules in analytes, LSPR uses NP excitation to detect the
presence and concentrations of chemicals and biomolecules in analytes.

SPR sensing is a technique that uses the surface plasmon resonance phenomenon of metals for
sensing. In SPR biosensors, a bio-recognition element (e.g., enzyme/antibody/DNA probe, etc.) is
immobilized on the surface of a metal film. When the target analyte binds to the biometric element,
it causes a change in the RI of the metal film surface, that changes the resonance angle and the
intensity of the reflected light from the SPR phenomenon. By measuring this change in resonance
peak and reflected light intensity, the concentration and characteristics of the molecule to be
measured can be quantified [70]. With the advantages of fast, sensitive, real-time and label-free
detection, SPR biosensors have become advanced and powerful tools for characterizing and
quantitatively analyzing biological properties [71]. Although fiber-optic SPR sensors are highly
sensitive, the conditions for excitation of SPR are complex and the direct detection of low molecular
weight analytes at low concentrations is challenging.

LSPR sensor is technology that use the localized plasmon resonance phenomenon of NPs for
sensing. In LSPR sensors, the size and shape of the NPs affect the different wavelengths of the
absorbed and scattered light, thus influencing the excitation efficiency of the LSPR phenomenon [72].
When a target analyte binds to a ligand on the surface of metal-NPs, it causes a change in the RI
around the NPs, resulting in a shift and change in the LSPR spectral resonance peak of the metal-
NPs. The detection purpose is achieved by monitoring this change in the position of the resonance
peak. Tapered structure is one of the most popular fiber-optic probe structures in the field of LSPR
fiber optic sensing.

SPR/LSPR is an optical phenomenon that occurs in metal thin films/NPs (e.g., gold, silver) [73].
When leaked light from the fiber interacts with free electrons in the metal film/NPs on the fiber
surface, the electrons collectively oscillate at a specific frequency, resulting in (localized) SPR. In the
case of the LSPR phenomenon, the resonance wavelength of the LSPR spectrum can be expressed as
[74]:

Ares = Aw/2nG + 1 “)

The wavelength corresponding to the bulk metal plasma frequency is denoted by 2,,, while the
RI of the surrounding environment is represented by n,. When the RI of the dielectric on the surface
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of the metal layer is changed, a new resonance of the incident light at another angular frequency
occurs. This can be expressed macroscopically as a change in the resonance wavelength. The amount
of change in resonance wavelength can be expressed by the Equation (5) [75].

2d
Adyes = SAng |1 —exp (— E) ®)

Here S denotes the bulk RI response of NPs, An, is the amount of change in the surrounding
environment’s RI, d represents the effective adsorption layer thickness and [; is the attenuation
length of the characteristic electromagnetic field.

In recent years, SPR/LSPR-based fiber optic sensors have made remarkable progress in
biosensing, environmental monitoring, chemical analysis and other fields. On the one hand, as
nanomaterials and nanotechnology advance, the sensitivity and selectivity of SPR/LSPR-based
sensors make improvements. On the other hand, the multifunctionality of sensors is also realized
with the introduction of multiple recognition elements.

2.4. In-Line MZI Theory Based on TOF

Fiber-optic MZI is an important interferometric structure in fiber-optic interferometer, which
has received a lot of attention due to its optical filtering characteristics, low fabrication cost and high
accuracy. The TOF structure constitutes an inline MZI configuration and is often used for sensing
purposes because of its stability, compactness and high accuracy [38].

When light is transmitted to the taper region of an SMF TOF sensor, the bundling ability of the
cladding is weakened due to its thinning diameter, and a small portion of the light leaks to the
externally of the core, while the higher-order mode in the cladding is excited and transmitted in the
fiber at the same time as the fundamental mode in the core. After passing through the taper area, the
two light channels have a phase difference, and interference occurs when they are ultimately coupled
back into the fiber core. The sensor’s output light intensity can be calculated using the interference
principle. From the interference principle, the output light intensity of the sensor can be determined
as [76]:

10 = 11 + 12 + walllchSA(p (6)

I; and I, are the light intensities of the higher-order modes in the cladding and the
fundamental mode in the core, respectively, and A¢ is the phase difference generated by the two
light paths, that is defined by the mathematical formula [77]:

2mAn,srL
A(p = —AEff (7)

Angg is the effective RI difference between the higher-order mode and the fundamental mode,
A is the wavelength of the incident light, and L is the effective interference length. When external
parameters (temperature, pressure, deformation) are inflicted on the fiber, the phase difference
between the two modes is induced to change. The equation reveals that a change in Aneg or L
causes a variation in the phase difference, which affects the position of the wavelength of the
interference spectrum. Thus, the external environmental parameters can be determined by
monitoring the shifts of the interference spectrum.

Hence, the mathematical formula for the free spectral range (FSR) of the interference spectrum
can be approximately defined as [78]:

2
FSR =~

Ane f fL (8)

The mode interference principle of TOF has the advantages of high sensitivity, fast response

time and high reliability, and is extensively used for measurement and sensing in biological, chemical
and physical fields.
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2.5. Grating Sensing Principle of TOF

Tapered fiber grating is a novel category of optical waveguide device with a diameter in the
micron or nanometer range, which combines the evanescent field transmission characteristics of a
tapered fiber with the wavelength-selective optical properties of a fiber grating. The fast response,
high reliability and small size are also the factors that have contributed to its popularity. Tapered
fiber grating is formed by engraving a uniform fiber Bragg grating (FBG) or long-period fiber grating
(LPFG) on a taper fiber, that has unique spectral and dispersion characteristics [79]. The grating is
cost-effective, and a single grating can achieve multiparameter measurements with higher accuracy
and simplified sensor construction.

In a tapered fiber grating sensor, reflective gratings are periodically inscribed in the tapered
region of the fiber. These gratings split the light beam passing through the fiber into different
frequencies and split the reflected beam into different angles. When FBG sensors are subjected to
external physical quantities, such as temperature, pressure, strain, etc., this causes a change in the RI
of the grating, which in turn causes a change in the wavelength or intensity of the incident light.
Therefore, the sensing purpose can be achieved by measuring the wavelength shift or intensity
change of the transmitted light.

FBG is a grating structure realized by changing the propagation path of light waves in optical
fibers, and its underlying principle is based on Bragg scattering. Interference occurs when a light
wave encounters a periodic change with RI in a medium, resulting in reflection or transmission of
the light wave at a specific wavelength, which is referred to as Bragg scattering. In fact, the Bragg
grating requires certain conditions to be satisfied, namely the Bragg condition [80].

Ab = Zneff/lb (9)

Ay, mepp, and A, respectively refer to the reflection peak wavelength, effective RI of the medium,
and period of the gratings. When an FBG sensor is affected by external physical parameters, chemical
substances or biological molecules in the environment, it will cause a change in the effective RI of the
medium. This leads to a shift in 4,. Therefore, information about various external parameters can be
obtained by monitoring changes in 4,. FBG sensors have advantages such as fast response speed,
high reliability and accuracy. They are widely used for measuring and monitoring physical, chemical
and biological parameters as well as analyzing substances.

Unlike FBG, LPFG core and cladding modes have the same transmission direction, lower
insertion loss and less backward reflection. In accordance with the phase-matching condition,
coupling wavelength for linear polarization mode can be described as [81]:

A= (nggy — g ) A, (10)

Here, ngz, and ng! s denote the effective RI of the core and cladding, respectively. A,
represents the period of the LFPG. Previous studies have indicated that LPFG structures exhibit
highly sensitive to Rl in the environment surrounding the optical fiber. Based on this property, LPFG
has been applied in physical, chemical, and biological sensors [82].

Combining FBG with TOF structures, this not only takes advantage of the geometry of TOF
structures, but also incorporates the properties of gratings simultaneously [83]. This structure
provides a new fabrication strategy for sensor development.

3. Fabrication Method of TOF

Different fabrication methods can be used to manufacture TOF depending on the fabrication
requirements of the tapered fiber and the limitations of the equipment. The common fabrication
methods include arc discharge technology, laser processing technology, and chemical etching
technology. The methods and characteristics of these technologies are summarized in this section.
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3.1. Arc Discharge Technology

Arc discharge technology is a processing technique that allows controlled electrodes to
periodically heat the fiber layer to a molten state by freely adjusting the discharge power and
precisely limiting the discharge time. Compared with the hydroxide flame heating method, the arc
discharge technique is able to form a highly uniform high-temperature area around the optical fiber
to heat it up, enabling faster softening of the fiber and greatly improving processing efficiency. This
method can produce high quality, well-shaped optical fiber structures in a shorter period of time.

3.2. Laser Processing Technology

Laser processing technique is a typical approach for manufacturing TOFs. The fundamental
concept is to employ the laser’s high energy and precision to locally erode the fiber surface for
constructing a TOF structure. The laser beam is specifically focused on the fiber surface via a lens,
causing the material on the fiber surface to melt or peel, resulting in a reduction in fiber diameter and
shape modulation. This technology has applications for fabricating TOF of diverse shapes and
diameters because of its superior precision, controllability, and reproducibility.

3.3. Chemical Etching Technology

Chemical etching is a common method for TOF fabrication, which involves etching the fiber
surface through a chemical reaction [84]. The taper angle of the TOF can be controlled by varying the
time the fiber is treated in the chemical reagent. The size of the taper angle can affect the efficiency of
light transmission in the fiber. The fabrication process has simple equipment and low cost, but it is
difficult to control the taper angle and the diameter of TOF precisely. The chemical reaction
conditions and operation process need to be strictly controlled to ensure the quality of the fabricated
TOF [85].

Overall, each of the above techniques for fabricating TOF has its own advantages and
disadvantages, and the most suitable manufacture method needs to be selected according to the
specific application requirements and experimental conditions. Figure 3 presents some process
schematics for TOF probe fabricating.

Hydrofluoric acid D

V

Figure 3. Schematics of TOF fabricating process A. three-electrode system; B. dual-electrode tapered
system; C. oxyhydrogen flame heating system. Reprinted with permission from Optics & Laser
Technology, Copyright 2020, Elsevier [19]; and D. chemical etching facility.
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4. Applications of TOF Sensors

TOF sensors can monitor temperature, pressure, strain, chemical substances and RI by utilizing
the transmission characteristics of light to measure various parameters of the surrounding
environment. This review focuses on the application and research progress of TOF sensors in these
fields and summarizes their advantages and development prospects to provide reference and
guidance for subsequent research and applications.

4.1. Physical Applications of TOF Sensors

A surrounding RI (SRI) sensor on the basis of tapered channel-assisted multicore fiber (TAMCEF)
was first presented by AL-Mashhadani et al. [51]. The sensor with SMF-TAMCEF-SMF structure was
fabricated by connecting a section of TAMCEF with two SMFs through an arc discharge technique,
and the schematic of the structure is displayed in Figure 4A(a). TAMCEF has seven cores, each of
which is surrounded by a separate cladding and groove layer. Due to its unique fiber optic structure,
it has multiple applications in various fields of sensing. Figure 4A(b) shows the experimental setup
for sensing. The tapered sensor’s sensitivity was evaluated in various SRI ranges using a variety of
honey/water mixtures as SRI standard samples. In the RI range of 1.4430-1.4442, the sensitivity is
35089.28 nm/RIU, which is much higher than other MCF-based RI sensors. The SRI sensitivity
increases as the TAMCF waist length expands. As shown in Figure 4A(c), the fabricated tapered
sensor has high SRI sensitivity and good linearity, which can flexibly and precisely detect small
changes in SRI. The sensor’s advantages include high sensitivity, ease of preparation, and versatility.
This paper describes a straightforward and efficient way for creating a high-performance SRI sensor
based on TAMCEF, that offers potential for development in the biosensing and environmental
monitoring domains.

Shao et al. [52] developed a new fiber sensor that can measure both temperature and magnetic
field using micro-tapered long-period grating (MTLPG) and magnetic fluid (MF). The TLPG is
created by periodic exposure with a COz laser, combining the advantages of TOF and LPG. Figure
4B(a) shows the probe fabrication process, where SMF is tapered to a diameter of 20 pum by fusion
splicer to obtain T-SMF. A slenderer micro-taper is formed in the waist region of T-SMF due to
differences in motor movement speed and softening of the fiber. Then, CO: laser moves along its axis
for periodic exposure to achieve the target structure.The MTLPG comprises a tapered SMF wrapped
around its surface with an MF layer whose RI varies with temperature and magnetic field affecting
transmission spectrum. Simultaneous measurement of temperature and magnetic field can be
achieved by monitoring wavelength shift of two resonance peaks in transmission spectrum as shown
in Figures 4B(b) and 4B(c), respectively. The results show that MTLPG has high sensitivity, fast
response time, and good stability at low cost making it ideal for detecting temperature (-0.52 nm/°C
sensitivity from 25-75°C range) or magnetic fields (23.72 nm/mT sensitivity from 8-16 mT range)
under various circumstances as a dual-parameter TOF sensor.

Bakhshi et al. [53] proposed a MF detection method based on a TOF sensor, which utilizes a
composite coating of graphene oxide (GO) and iron oxide (FesOs) to enhance the magnetic-optical
effect. Figure 4C(a) shows the schematic of the TOF structure, which is formed by locally heating the
optical fiber to make it thinner during the tapered process to form the TOF. By adjusting the heating
power and moving speed, the temperature and position of the heating can be precisely controlled to
achieve uniform thinning of the fiber-optic. Figure 4C(b,c) shows the diagram of the device for
measuring the magnetic field, and the sensor is highly linear in the magnetic field range of 1-60 mT,
respectively. Furthermore, the effect of parameters such as TOF length and diameter on sensor
performance was investigated. After optimizing the analysis, it was discovered that the sensor’s
sensitivity reached 320 pW/mT when the TOF length was 11 mm and the diameter was 3.3 m. This
sensor offers a cost-effective solution to achieve high-performance magnetic field detection utilizing
TOF.
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Figure 4. Schematic diagrams of A. (a) SMF28-tapered TAMCF-SMF28 structure and (b)
Experimental setup for SRI sensing, (c) measured transmission spectrum and linearity plot results.
Reprinted with permission from Optical Fiber Technology, Copyright 2019, Elsevier [51]; schematic
diagrams of B. (a) FCF cross section, MMF-FCF-MMF structure, T-MFM-F structure coated with
PDMS and (b) fabrication process of T-MFM-T structure, (c) interference spectra of the T-MFM-F
sensor and the relationship between wavelength and temperature. Reprinted with permission from
Optics and Lasers in Engineering, Copyright 2023, Elsevier [52]; schematic diagrams of C. (a) taper-
shaped UV glue structure and (b) fabrication process of taper-shaped UV glue, (c) the relationship
between wavelength and temperature. Reprinted with permission from Optical Fiber Technology,
Copyright 2022, Elsevier [53]; schematic diagrams of D. (a) preparation process MTLPG structure, (b)
experimental setup of magnetic field sensor, (c) temperature sensing device. Reprinted with
permission from Optical Fiber Technology, Copyright 2021, Elsevier [86]; schematic diagrams of E(a)
TOF-based structure and (b) experimental setup of magnetic field sensor, (c) sensitivity in relation to
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TOF ‘s length and diameter. Reprinted with permission from Optical Fiber Technology, Copyright
2022, Elsevier [87].

Chen et al. [86] presented a polydimethylsiloxane (PDMS) fiber optic sensor based on the taper-
MMEF-FCE-MMF (T-MEM-F) structure to be capable of accurate temperature measurement. The
schematic diagram and fabrication process of T-MFM-F are shown in Figure 4D(a,b). In the field of
temperature sensing, PDMS has superior thermal and optical properties compared to other materials,
which can enhance its sensitivity to temperature. By applying PDMS to TOF, not only the sensitivity
of the sensor is significantly improved, but also the structural strength of the fiber is improved. The
results are shown in Figure 4D(c). The sensor has high sensitivity and linearity in the temperature
range of 45-80°C with a sensitivity of 0.046 dB/°C. It also has good repeatability and stability. The
sensor has the advantages of simple structure, easy fabrication and compact size, and can be used in
various temperature measurement and monitoring situations.

Liu et al. [87] developed a highly sensitive temperature sensor based on MZI interference with
asymmetric tapered UV light irradiation. The sensor utilizes the high RI and low loss of UV optical
fiber and the interference effect of asymmetric tapered structure to prepare a special shape of optical
fiber sensor and achieve temperature measurement by measuring the interference signal of the sensor
at different temperatures. The probe structure consists of two SMFs and an asymmetric tapered UV
adhesive connection, and its schematic diagram and fabrication process are shown in Figure 4E(a,b).
Experimental results show that the sensor has a temperature sensitivity of 11 nm/°C, and can
continuously monitor temperature changes in the response range of 5 °C to 17 °C. Therefore, it can
be used for high-precision temperature measurement and sensing applications and has promising
applications in the field of temperature measurement.

Table 1. Applications of TOF-based sensors in physical parameter detection.

Measured . Sensing Linear detection .
Fiber Structure L. Sensitivity LoD Ref
parameter principle range
R . L Radiated modes
Acoustic Vibration Tapered-Tip Fiber . 10 - 50 kHz 15.7 V/nm 0.1nm [88]
interference
T d dual side- Mach-Zehnd
Humidity ~—  F o e A 50 3% ~ 60.1% RH -0.142nm/% RH  n.rs  [89]
hole fiber interferometer
Single-mode t -
o mg.e mode taper Mach-Zehnder
Liquid level thin core taper . 0-15mm 1.2416 nm/mm  n.r.? [90]
. . interferometer
single-mode fiber
Fiber t d-1
Load toer taperec-loop SPR 0-20kPa 1473nm/kPa  nr2  [91]
probe
oo Tapered small core Modes
Magnetic Field . . n.r.2 0.46 nm/mT n.r.2 [92]
fiber interference
Mach-Zehnd 1-1.001849  -3244.22 RIU
Rl/temperature  MME-TSME-MMF 2o neer nmm/ nre  [93]
interferometer 25 - 80°C -35.18 pm/°C
1.332 -1.384 415 RIU
Mach-Zehnder nm/
RI Tapered SMF . 1.384 — 1.4204 1103 nm/RIU nr. [94]
interferometer
1.4204 - 1.4408 4234 nm/RIU
U-shape t d
RI shape tapere SPR 1335-141 153453 nm/RIU  nra  [95]
plastic optical fiber
Taper-Like Etched Mach-Zehnder
Temperature . . i 24 - 130°C 89.19 pm/°C n.r.2 [96]
Multicore Fiber interferometer
Micro Taper In-  Mach-Zehnder
Temperature . . . 89 - 950°C 0.113 nm/°C nr.2 [97]
Line Fiber interferometer

anot reported.
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4.2. Chemical Applications of TOF Sensors

Kang et al. [98] reported a dopamine-functionalized GO for the preparation of a highly sensitive
LPFG chemosensor with application to the detection of cobalt ions. The study was conducted by
modifying the GO with dopamine compounds, resulting in a homogeneous and stable coating of GO
on the probe, which provides binding sites for cobalt ions. The surface functionalization of the probe
is depicted in Figure 5A(a). micro-tapered LPFG was fabricated by COz laser using single-mode fiber.
The micro-tapered LPFG has a diameter of 110 pm, which has a higher mechanical strength than the
small diameter TOF and is well suited for sensing experiments in complex environments. The
experimental setup for Co? ion detection is shown in Figure 5A(b), and the spectral detection of
cobalt ions in the concentration range of 1 ppb -107 ppb was performed. The results are illustrated in
Figure 5A(c). The maximum resonance wavelength shift was 0.85 nm with increasing cobalt ion
concentration. The high sensitivity of 2.4 x 10 dB-ppb! was obtained at a PDA concentration of 0.05
gL by using a PDA-GO functionalized probe. The proposed PDA-GO functionalized sensing probe
has excellent performance for efficient detection in low concentration cobalt ion environments,
providing a new platform in the field of biological and chemical sensing.
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Figure 5. Schematic diagram of A. (a) the PDA-GO-MTLPFG functionalization process and (b)
experimental setup of Co? sensing, (c) transmission spectra GO-MTLPFG for Co? sensing. Reprinted
with permission from Optical Fiber Technology, Copyright 2022, Elsevier [98]; schematic diagram of
B. (a) SOFFS Principle and (b) QD functionalization process, (c) SOFFS hardware design. Reprinted
with permission from Sensors and Actuators B: Chemical, Copyright 2019, Elsevier [99]; schematic
diagram of C. (a) fabrication process of twisted fiber structure and (b) RI sensing test equipment, (c)
SPR resonance spectrum and relationship of Cu?* concentration and resonance wavelength. Reprinted
with permission from Optik, Copyright 2022, Elsevier [100].

Mercury ion (Hg?) is a toxic heavy metal that has serious harmful effects on human and
environment. Therefore, fast, accurate and convenient sensors are needed for quantitative and
qualitative detection of Hg?*. Liu et al. [99] designed a smartphone based optical fiber fluorescence
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sensor (SOFFS) for remote and on-site quantitative detection of Hg? in water. The schematic of the
sensor experimental apparatus is demonstrated in Figure 5B(a). According to the procedures in
Figure 5B(b), quantum dots are modified on the fiber surface by layer-by-layer reaction. SOFFS
utilizes a fluorescent probe to achieve selective recognition and fluorescence burst of Hg?* by specific
ligand reaction with Hg?". In addition, the study designed a smartphone application as shown in
Figure 5B(c) for automatic and accurate quantification of fluorescence burst and thus measurement
of Hg? concentration. The optimized combinatorial tapered fiber optic probe in SOFFS was able to
effectively detect Hg? in the detection range of 1 nM-1000 nM with the LOD of 1 nM. The fiber optic
probe was fabricated with good quality and high reproducibility, and the results demonstrate that
SOFFS has good selectivity in Hg? sensing. In addition, SOFFS is a potential tool for small size
portable, low cost and high efficiency water quality monitoring. It can measure Hg? quickly and with
excellent selectivity, high accuracy and sensitivity, proving its potential value in environmental
monitoring.

Wei et al. [100] developed a new sensor for detecting copper ions (Cu?*) using twisted optical
fiber SPR technology. The degree and angle of the fiber twist were adjusted to modulate the SPR
response, as shown in Figure 5C(a). A nano-metal film was then coated on the cladding’s external
surface to excite the fiber SPR effect at the interface between the cladding and sensing film. To detect
Cu? concentration, chitosan (CS) and polyacrylic acid (PAA) were modified on the probe surface
alternately through electrostatic adsorption. The sensing test device is depicted in Figure 5C(b). The
sensor uses a polymer containing amino and carboxyl groups as a sensitive layer that can effectively
adsorb copper ions, causing a red shift in the SPR spectrum, as illustrated in Figure 5C(c). The
resonance wavelength shifts with increasing Cu?* concentration within 15.7 nM - 1.57 mM range with
detection sensitivity of Cu? being 3.46 nm/lgC and LOD being10.1 nM.The twisted SPR sensor based
on single-mode fiber has simple fabrication, stable structure, high selectivity making it suitable for
environmental and biological fields for detecting Cu?".

Wang et al. [101] proposed a tapered interferometer sensor for detecting lead ion (Pb2+)
concentrations using poly(dopamine-maleic acid) (PDA-MA) functional film enhancement. The
microfiber was construtured by heating and uniformly stretching the SMF, which reduced the fiber
diameter from 125 pum to 10 pm, resulting in a stable microfiber interferometer. PDA is an emerging
material used for molecular immobilization and electrochemical sensing due to its abundant reactive
groups that can self-polymerize on various surfaces to form adhesive films. The conical structure and
ultra-fine diameter of this interferometer make it highly sensitive to changes in refractive index
caused by adsorption of carboxyl groups with lead ions, resulting in a macroscopic shift of the
wavelength in the interference spectrum. Experimental results show that the sensor can detect lead
ion concentration within a range of 10--106 M with high sensitivity (1.85x108 nm/M) and low LOD
(0.1678 ppb). This simple and inexpensive sensor exhibits good stability and specificity, indicating
feasibility for developing fiber-optic micrometer sensors with high accuracy for optical
environmental pollution research purposes. Figure 5C(a,b) present schematics of the process of PDA-
MA functionalization and experimental setup for Pb2+ concentration detection while Figure 5C(c)
shows the results obtained from experiments conducted on this sensor design.

Teng et al. [102] constructed a high-performance fiber-optic sensor species for online detection
of Pb? using black phosphorus and TOF structure. The TOF sensor with high surface-enhanced
Raman scattering (SERS) effect can achieve rapid detection of Pb?". Black phosphorus, a novel two-
dimensional material with excellent optical and electronic properties, can be used as a SERS active
substrate to enhance the detection capability of the TOF. The experimental apparatus is shown in
Figure 6B(a). Pb? is electrostatically adsorbed onto the BP surface to form adsorption complexes. The
accumulated complexes change the RI around the TOF, resulting in a shift of the interference
wavelength. The result Figure 6B(b) reflects a significant rightward shift of the spectrum at
concentrations from 0.1 to 104 ppb with the shift of 0.184 nm. And Figure 6B(c) illustrates the fitted
plot of wavelength drift and P> concentration change, with a sensitivity of 0.03714 nm/ppb and LOD
of 0.0206 ppb for Pb2+ solution concentration range of 0.1 to 105 ppb. Through multiple tests, it can
be demonstrated that the sensor has good stability and specificity, with the advantages of high
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sensitivity and LOD. It provides a new approach for environmental safety and water quality
detection.
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Figure 6. Schematic diagrams of A. (a) PDA-MA film functionalized microfiber sensor and (b)
experimental setup of Pb?* sensing, (c) linear response of the probe to Pb* and specific detection
results. Reprinted with permission from Optics & Laser Technology, Copyright 2023, Elsevier [101];
schematic diagrams of B. (a) BP integrated tapered fiber sensor equipment, (b) measured transmission

spectrum and linearity plot results. Reprinted with permission from Optical Fiber Technology,
Copyright 2021, Elsevier [102].

Table 2. Applications of TOF-based sensors in chemical substances detection.

M d Sensi Li detecti
easure Fiber Structure e'ns?ng near detection Sensitivity LoD Ref
parameter principle range
Alcohol: 0 - 60%
Alcohol Tapered fiber SPR cono ° 2350 nm/RIU nr. [103]
RI: 1.33-1.38
Transmission
Alcohol Tapered MMF intensity 0-500 ppm 22 counts/ppm nr.a [104]
modulation
Co* Micro-tapered long

Grating sensing 1 ppb —107ppb  2.4x10-°*dB/ppb nr.a [98]

period fiber
. Mach-Zehnder
Cu? Tapered fiber . 0-1000 uM 0.0091 nm/pM 220 uM  [105]
interferometer
Mode-mod
Cu? Taper in taper . odemode 0-01mM 78.03 nm/mM nr.? [34]
interference
. Tapered Fiber . 2.08x10°¢ — R .
Fluoride Probe EWs absorption 2 005x10 M n.r. n.r. [106]
Taper Michelson Interf.
c
Fluoride-ion interferometric wai;:f;;? sfli ft 0.01 -0.10ppb  3341.23 pm/ppb nra [107]
sensor
Polyurethane
Nitrate Tapered fiber selective nr.a 5.94x102uW/ppm  n.r.? [108]
detection
Interference
Pb? T d fib 0.1-10°ppb  0.03714 b 0.0206 ppb [102
aperec Libet wavelength shift PP nm/pp ppb [102]
Sodium ions  Micro-tapered long . . Sodium ions:
Grat 1-10°ppb 32ppb [109
Manganese ions period fiber rating sensiig PP 2.2x10° dB/ppb PP [109]



https://doi.org/10.20944/preprints202305.0684.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 May 2023 doi:10.20944/preprints202305.0684.v1

15

Manganese ions:
3.2x10° dB/ppb

anot reported.

4.3. TOF-Based Gas Sensors

Tan et al. [54] proposed a dispersion turning point (DTP)-enhanced photothermal interference
acetylene gas sensor based on a tapered micro-interferometer. The sensor utilizes the high sensitivity
and high temperature stability near the DTP to achieve accurate measurement of the gas absorption
spectrum. The structure of the conical interferometer is shown in Figure 7A(a). The sensing region
features a strong evanescent field, which serves as a platform for light-gas interaction. The gas
detection device is shown in Figure 7A(b), which works by passing a modulated laser beam through
a fiber-optic micro-interferometer, where a portion of the light is absorbed by the gas, resulting in a
photothermal effect that causes a phase change in the fiber-optic micro-interferometer. By detecting
the output signal of the fiber micro-interferometer, the absorption intensity and concentration of the
gas can be obtained. The design was achieved by using a microfiber interferometer with a length of
3 mm and a diameter of 2.29 um for acetylene measurements, and a lower limit of acetylene detection
of 965 ppb was achieved experimentally. By optimizing the design of the tapered interferometer, the
sensitivity of the sensor detection will be greatly improved by combining a thinner waist diameter
and a longer interaction length. The gas sensor has the advantages of high sensitivity, fast response,
and strong resistance to environmental interference, and has a broad development prospect in
important applications such as chemical or biochemical sensing and environmental monitoring.

Alkhabet et al. [110] developed a fiber optic Hzsensor using TOF coated with palladium NPs,
which can safely and efficiently detect the concentration of Hz at room temperature. The sensing
mechanism is shown in Figure 7B(a), using a multimode optical fiber as the sensing channel,
enhancing the evanescent field in the fiber by tapered treatment (20 um taper waist), and then coating
the TOF with palladium NPs by drop coating method. Palladium is a metal with catalytic properties
that can undergo adsorption and desorption reactions with hydrogen gas, thereby altering its
resistance and RI. the experimental setup is shown in Figure 7B(b), where the sensor performance
developed at room temperature was evaluated through various concentrations of H: gas. The
evaluation showed that the Pd-coated sensor based on Pd had 63% change in absorbance response
when exposed to 2.00% H: in synthetic air. The prepared sensor showed good selectivity for H> and
did not respond to other gases such as ammonia (NHs) and methane (CHa). The experimental results
are exhibited in Figure 7B(c). A simple, efficient and reproducible method for the detection of Hz is
demonstrated. The Pd-coated tapered fiber shows superior Hz sensing at low temperatures compared
to other conventional H: sensors. Overall, the developed sensor shows excellent sensitivity,
selectivity and stability with promising applications.

Bavili et al. [111] designed a novel fiber-optic hydrogen (Hz) sensor based on a self-assembled
polymer micro-cylindrical ring resonator (PMRR). The H: sensing mechanism is shown in Figure
7C(a). This PMRR is constructed by coating a hydrogen-sensitive composite material Pd-WOs on SMF
and an organic polymer material PDMS with a significant heat responsiveness. The experimental
devices for Hz detection are displayed in Figure 7C(b), where the spectral shift of the optical resonance
is monitored by studying the optical response of the sensor at different H2 concentrations. This
spectral shift includes changes in resonant peak frequency and intensity for detection purposes. The
results of the experiments revealed that the sensor sensitivity was 140 pm/% Hz and LOD was 60 ppm
when tested in the range of 1% H: concentration, indicating that the sensor exhibited excellent
sensitivity and selectivity in low concentration Hz environment. This confirms that The sensor has
potential applications in the detection of Hz. and can provide an effective solution for applications
such as hydrogen leak monitoring and Hz energy system safety monitoring.
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Figure 7. Schematic diagram of A. (a) DTP-enhanced PTI gas detection principle, (b) experimental
setup of PT gas sensing. Reprinted with permission from Sensors and Actuators B: Chemical ,
Copyright 2023, Elsevier [54]; B. (a) palladium and hydrogen detection principle, (b) experimental
setup of Hzsensor, Reprinted with permission from Materials Science and Engineering: B, Copyright
2023, Elsevier [54]; C. (a) H2 sensing mechanism, (b) experimental setup of Hz sensor. Reprinted with
permission from Sensors and Actuators B: Chemical, Copyright 2020, Elsevier [111].

Zhang et al. [112] proposed a Hz sensor on the basis of a self-assembled micro-vial type resonator,
whose structure and principle are shown in Figure 8A(a). The sensor utilizes a SMF coated with a
layer of hydrogen-sensitive Pd-WOs composite and a layer of PDMS, an organic polymer material
with significant thermal response, to prepare a self-assembled micro-vial structure. The experimental
system is depicted in Figure 8A(b), and the whispering gallery mode (WGM) is excited by coupling
the TOF with the self-assembled micro-vials. When hydrogen is applied to the WGM resonator,
hydrogen molecules penetrate the PDMS and undertake a redox reaction with Pd-WQs. After
absorbing the reaction heat, the volume and RI of the PDMS change, resulting in a wavelength shift
of the WGM resonator. As a result of measuring the shift in the resonance wavelength, a low-cost
hydrogen sensor is realized. According to the experimental results, the sensor has a maximum
sensitivity of -3.091 nm/%. The sensor is resistant to environmental humidity and temperature
fluctuations. Furthermore, the sensor is resistant to changes in humidity and temperature. It can also
measure other gases using other sensitive materials, which has a wide range of applications in the
field of biochemical sensing.Chua et al. [113] reported a method to grow h-MoOs nanorods on the
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surface of TOF using chemical bath deposition for the fabrication of ammonia gas sensors. The
sensing mechanism is shown in Figure 8B(b). The h-MoOQ:s is a semiconductor material with a layered
structure and space charge layer effect, which can effectively adsorb and desorb ammonia molecules
due to its high specific surface area and excellent optical properties, leading to changes in its
resistivity and RI, which affect the optical fiber output light intensity. The test apparatus is shown in
Figure 8B(b), where the h-MoOs coated on the TOF probe is directly connected to the SMA fiber and
positioned in a sealed custom gas chamber. The sensing results demonstrated a stable response in the
range of 100 ppm- 5000 ppm. The response time and recovery time were 210 s and 241 s, respectively,
at an ammonia concentration of 500 ppm. the optical fiber showed good selectivity for ammonia with
an LOD of 11 ppm. the sensor exhibited high sensitivity and fast response to ammonia at room
temperature with good stability and repeatability. It provides an effective way to develop a new fiber
optic ammonia sensor.
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Figure 8. Schematic diagram of A. (a) sensor probe and sensing mechanism, (b) H2 measurement
system. Reprinted with permission from Sensors and Actuators B: Chemical, Copyright 2023, Elsevier
[112]; Schematic diagram of B. (a) NHs sensing mechanism and (b) gas measurement system, (c)
sensitivity curve of A2 for NHs and selectivity test results. Reprinted with permission from Ceramics
International, Copyright 2021, Elsevier [113].

Table 3. Applications of TOF-based sensors in gas detection.

Measured

Sensing

Linear detection

Fiber Structure L. Sensitivity LoD Ref
parameter principle range
Etched-tapered
Ammonia Single Mode EWs absorption nra 300 au/% 0.00142% [114]
Optical Fiber
Ammonia Taper cascade  EWs absorption n.r.2 0.015 nm/ppm nr. [115]
Ammonia Tapered microfiber EWs absorption n.r.?2 1.30 pm/ppm n.r.?2 [116]
Fiber fusi d T issi
Ammonia fer fuston an ransmlssm.n 0-10,476 ppm  0.58 pm/ppm nr.2 [117]
taper spectrum shift
. ) Absorbance
Ammonia Tapered fiber nr.a 2699 AU/% 13 ppm [118]
changes
Butane Tapered Fiber ~ EWs absorption nr.s 0.4812 a.u./vol.% n.r.2 [119]
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Formaldehyde Tapere.d U-S.hape .
Plastic Optical ~ EWs absorption 5% —20% 0.00543V/% n.r.2 [120]
vapor Fiber
Hydrogen gas Tapered fiber ~ EWSs absorption  0.125% —2.00% 33.22 /vol% nr.sa [121]
Hydrogen gas Tapered fiber =~ EWs absorption 0.125% —2.00% 18,645 % n.r.2 [110]

anot reported.

4.4. TOF-Based Biosensors

Kang et al. [122] presented a micro-tapered long-period fiber grating (MTLPFG) pepsin sensor
based on GO. GO has excellent biocompatibility and selectivity, and it has a wide application
potential in the field of biosensing. As shown in Figure 9A(a), the MTLPFG sensor is processed by
CO:z laser heating technology, using computer-controlled parameters such as CO: laser power, taper
period and fiber movement speed to control the taper process. The pepsin detection device and
sensing principle of the sensor are illustrated in Figure 9A(b). In the experiment, the grating was
immersed in different concentrations of sample solutions and the transmission spectra were
monitored in real time. Figure 9A(c) illustrates the transmission spectra and resonance wavelength
response results of GO-MTLPFG at different pepsin concentrations. The results indicated that the
sensor exhibited high sensitivity in the detection range of 1-1000 ng/mL and the detection limit
reached 25.79 ng/mL. In addition, the GO-MTLPFG sensor has good stability and reusability, that
offers a new strategy for biosensing applications.

Wang et al. [123] proposed GO nanosheets functionalized with MTLPG sensitive optical
biosensor for hemoglobin detection. In the preparation of the sensor, GO nanosheets were deposited
on the probe to form GO-MTLPG by chemical bonding, and the process is displayed in Figure 9B(a).
LPG is very sensitive to temperature changes, and the experimental environment was controlled at a
constant temperature (23°C) to avoid experimental accuracy errors caused by temperature
differences. The experimental measurement device of the sensor is shown in Figure 9B(b), which
meets the requirement of detecting human hemoglobin concentration by monitoring different
concentrations of hemoglobin samples. The detection of hemoglobin is achieved when the
hemoglobin molecule interacts with the probe surface, resulting in a shift of the resonance
wavelength. The experimental results are shown in Figure 9B(c), where the sensor exhibits the blue-
shift and a decrease in resonance intensity as the concentration of the hemoglobin sample increases.
The sensitivity of the sensor was -2 nm/(mg/mL) and the lowest LOD was 0.02 mg/mL. The GO-
MTLPG bioprobe proposed here does not require labeling and can be detected in real-time. It exhibits
excellent performance, including high sensitivity, stability, and reusability. This makes it a valuable
tool for biomedical research and clinical diagnosis.

Li et al. [124] successfully designed a convex fiber-tapered seven core fiber-convex fiber (CTC)
fiber optic LSPR creatinine biosensor with compact structure and high sensitivity by combining a
heterocore fiber with a tapered probe structure. During the processing, CTC is mainly supported by
two powerful processing equipment (i.e., FSM and CMS). The FSM electrode discharge process
allows the fiber to reach a molten state at high temperature and form a convex structure under thrust.
Under the unique CMS three-electrode heating, the ideal tapered structure is formed by the
programmed precise control and bi-directional pulling taper mode, and the CTC structure fabrication
process is shown in Figure 9C(a). Two-dimensional nanomaterials (niobium carbide MXene) and The
experiments used particular creatinine enzyme functionalized sensing probes, and the experimental
setup is shown in Figure 9C(b). The CTC probe was immersed in the reaction cell and the LSPR
response results were recorded for different creatinine sample solutions. Figure 9C(c) exhibits the
results, in which the wavelength of the resonance peak was evenly red-shifted with increasing
concentration in the linear range of 0 — 2000 uM. The developed sensor’s sensitivity and LOD were
3.1 pm/uM and 86.12 uM, respectively. Moreover, a comprehensive and systematic analysis of the
reusability, reproducibility, stability and selectivity of the sensor probe was carried out and
satisfactory results were obtained. It was confirmed that the developed LSPR biosensor has a wide
application potential in food safety detection and aquaculture.
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Figure 9. Schematic diagram of A. (a) MTLPFG fabrication process and (b) measurement system and
sensing mechanism, (c) measured transmission spectrum results. Reprinted with permission from
Sensors and Actuators Reports, Copyright 2023, Elsevier [122]; schematic diagram of B. (a) GO
nanosheets functionalization process and (b) measurement system, (c) measured transmission
spectrum results. Reprinted with permission from Optical Materials, Copyright 2020, Elsevier [123];
Schematic diagram of C. (a) CTC fabrication process and (b) measurement system, (c) measured
transmission spectrum and linearity plot results. Reprinted with permission from Optics Express,
Copyright 2022, Elsevier.

The development of new LPF systems with increased sensitivity and stability is critical for
practical applications. Xiao et al. [125] demonstrated the use of a high-order diffraction long-period
grating (HOD-LPG) for prostate-specific antigen (PSA) detection. Figure 10A(a) shows how the
HOD-LPG is biofunctionalized via a multitude of biochemical processes that allow for the detection
of minor changes produced by selective recognition of PSA antigens under buffered circumstances.
Figure 10A(b) depicts the schematic of HOD-LPG fabrication, that can be separated into two steps:
the tapering step and the point-to-point grating inscription. The SMF is tapered into a tapered
structure using an FSM machine. This step consists of fixing the fiber on a fixture and moving it along
the fiber axis at a certain motor-driven speed. By controlling the arc discharge power and motor-
driven speed, a specific ultra-fine tapered fiber structure can be obtained. In the second fabrication
step, a portion of the TOF is tapered periodically by setting the grating pitch for point-to-point arc
discharge. The experimental results are shown in Figure 10A(c), which exhibits a linear response in
the concentration range of 5-500 ng/ml, reaching the LOD of 9.9 ng/ml. The proposed sensor, with its
established high repeatability and great specificity, provides a potential tool for the early detection
of prostate cancer.

Li et al. [126] proposed a dual-mode fiber optic sensor that utilizes surface-enhanced Raman
scattering (SERS) and fluorescence detection in an optical fiber, as illustrated in Figure 10B(a). The
sensor was fabricated through two steps: taper processing and Ag coating treatment, with half of the
fiber tip surface coated with AgNPs. Initially, a certain length of multimode fiber is processed into a
taper and then cut into two tips using a set program that allows good control over the shape
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parameters of the fiber tip, including tapered arc power and stretching speed. Subsequently, the TOF
tip side was fixed with a mold and coated in a high vacuum magnetron sputter coating system to
enhance and detect the Raman signal on the coated part while detecting fluorescence spectrum on
the uncoated part. Figure 10B(b,c) show SERS detection test results for Rhodamine 6G aqueous
solution concentrations ranging from 0.1 uM-1000 uM along with fluorescence molecular detection
devices respectively. The LOD for SERS detection test was found to be 0.2x10-6 M whereas it was
measured at 2.25 x 106 M for fluorescence spectrum within this concentration range. The quantitative
identification of target molecules was reliably obtained by combining Raman spectral features and
fluorescence intensity since both modes’ detection ranges were well matched.This simple-to-fabricate
endoscopic liquid biopsy has excellent performance characteristics making it easy to operate while
providing reliable results; hence it holds great application prospects in disease diagnosis/prevention
via in vivo detection techniques.
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Figure 10. A. Schematic of (a) the biosensing process, (b) tapering SMF to a microfiber fabrication
process and (c) linear response of the probe to PSA and specific detection results. Reprinted with
permission from Optics Express, Copyright 2020, Optica [125]; B. schematic of (a) the dual-mode
optical fiber sensor, (b) the experimental setup for SERS detection and (c) experimental setup for
fluorescence molecules detection. Reprinted with permission from Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, Copyright 2023, Elsevier [126].

Table 4. Applications of TOF-based sensors in biomolecules detection.

M d Sensi Li detecti
easure Fiber Structure e.:ns?ng tnear detection Sensitivity LoD Ref
parameter principle range
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Acetylcholine . . LSPR 0-1000 uM 0.062 nm/pM nr.s? [127]
multicore fiber
Creatinine CTC structure LSPR 0-2000 uM 3.1 pm/uM 86.12 uM  [124]
T d Optical E t field
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Fiber variations
5.01 £0.72) x1073
Glucose Tapered fiber LSPR nr.? ( ) > n.r.? [129]
/a.u.(%)
Micro-tapered Optical
ical waves
Hemoglobin long-period fiber .P n.r.@ 3.14 mg/mL 0.057 mg/mL [130]
. interference
grating
Cresol Tapered-in- LSPR 0-1mM 38pm/mM  014mM  [131]
-Cres -1m .8 pm/m 14 m
P © Tapered fiber p

Reflector-Less
C Optical fib
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Optical Fiber

100 fM-10nM  1.33 nm/RIU 164pM  [132]
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Triacylglycerides Tapered Optical EWSs absorption 0-50nM 0.9 nm/nM 0.23nM  [133]
. . Interferometric
Protein Tapered fiber ffoct 1-10 pM 1.02 nm/pM nr.s? [134]
effec

2not report.

5. Novel TOF Structure

Recent years have seen the emergence of innovative tapered structures in the field of fiber optic
sensor. These structures offer new opportunities for expanding and developing applications for
tapered fiber optic sensors. Figure 11 illustrates several typical examples of these new TOF structures,
which can be categorized based on their different shapes.

Asymmetric fiber —

Periodically fiber "’W—\"

Novel tapered opti Humanoid-shaped

fiber structure fiber 2B 2
Double S-shape ——
fiber T S
Taper-in-taper fiber N — e —

Figure 11. Schematic diagram of innovative TOF structures in recent years.

A novel simple, label-free human-shaped optical fiber structure was developed for the first time
by Zhang et al. [135]. for detecting histamine concentration in food. the HTOF schematic and
processing are shown in Figure 12A(a,b). By increasing the tapered processing, the structure’s
tapered region is shaped to better excite the field in the sensing region and produce higher power
EWs. In addition, the structure has a larger surface area, which increases the contact area of the swift
wave with the environment. The results show that the sensor has good linearity for histamine in the
range of 0-1000 uM with an LOD of 59.45 uM. In addition, the sensor has good reproducibility and
repeatability, as well as immunity to other interfering substances. The sensor provides a novel and
simple approach for developing fiber optic based LSPR biosensors for food safety and biomedical
applications.

Wang et al. [136] developed a novel LSPR-based sensor for the detection of alanine
aminotransferase, a closely related clinical indicator of liver injury in human blood. The sensor
employs a taper-in-taper (TIT) fiber optic structure with a structural schematic and experimental
apparatus as shown in Figure 12B(a,b). This is the first time such a structure has been applied to
biosensing. The structure was prepared by a three-electrode semi-vacuum taper pulling technique,
and TIT was used to reprocess the single-taper structure to achieve a composite multi-taper structure.
The variation of the transition region breaks the original TIR propagation pattern of the fiber, which
facilitates the leakage of light inside the fiber. By increasing the complexity of the transition region,
this further changes the propagation constant and excites additional higher order modes to improve
the sensitivity of the sensor, which is closely related to the unique structure of the transition region.
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The results show that the probe shows excellent linearity for the subsequently determined ALT
concentration. In addition, the structure has high sensitivity and stability to determine its value for
clinical application in the diagnosis of liver injury.

Mumtaz et al. [137] designed an ultrasensitive micro-strain sensor with an asymmetric fiber
taper. The sensor was fabricated with a 10 um ultra-thin asymmetric conical waist using SMF to form
a Michelson interferometer. The schematic diagram of the modified structure and the experimental
setup are shown in Figure 12C(a,b). The maximum strain sensitivity of the sensor is -39.77 pm/ue in
the range of 0-1600 pe, and the long-term stability of the sensor for strain measurement is
experimentally demonstrated. The sensor can realize the detection of small strains The sensor has the
advantages of simple structure, easy fabrication, small size and low cost, and can be widely used in
the field of mechanical property testing at the micro and nano scale.
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Figure 12. A. Schematic of (a) the humanoid shaped optical fiber sensor, (b) CMS machine tapering
and HTOF probe fabrication process. Reprinted with permission from Optics Express, Copyright
2023, Optica [135]; B. schematic of (a) the tapered-in-taper fiber sensor, (b) experiment setup for ALT
detection. Reprinted with permission from Measurement, Copyright 2023, Elsevier [136]; C. schematic
of (a) the asymmetric fiber sensor, (b) experiment setup for strain measurements. Reprinted with
permission from Measurement, Copyright 2023, Elsevier [137].

Zhu et al. [138] introduced a tapered fiber optic sensor based on a periodic tapered structure for
the detection of ascorbic acid. The probe structure and characterization diagrams are shown in Figure
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13A(a,b). The innovation of this work is the fabrication of a periodic tapered structure on the fiber
surface, which increases the interaction between the fiber and the external medium and improves the
sensitivity of the sensor. By immobilizing AuNPs/GO and specific enzymes on the tapered structure,
an effective biosensing platform is formed that can effectively adsorb and oxidize ascorbic acid. The
quantitative detection of ascorbic acid concentration was achieved by measuring the change of fiber
optic transmission spectra at different concentrations of the substance to be measured. It provides an
effective strategy for the development of new high-performance fiber optic sensors and has potential
applications in the field of rapid and accurate detection of ascorbic acid.

Li et al. [139] further optimized the tapered fiber interferometric structure using the cascade
method and successfully fabricated a novel cascaded S-tapered fiber intermodal interferometric
structure for detecting tyramine concentration. The dual S-tapered structure can provide more
leakage EWs to enhance the light-matter interaction and to improve the sensor sensitivity. The two
bending positions of the S-taper serve as two beam coupling regions. At the first bending point, the
light in the fiber core is coupled to the cladding, and the fundamental mode in the fiber core and the
higher-order mode in the cladding are transmitted through the S-tapered fiber to produce a certain
phase difference. In addition, as shown in Figure 13B(a), the sensor takes advantage of the excellent
properties of Nb2CTx MXene such as strong adsorption ability, large specific surface area and
excellent electrical conductivity, and modifies it with AuNPs and tyrosinase on the double S-tapered
fiber to form an efficient biosensing interface. The results are shown in Figure 13B(b), with a sensor
detection sensitivity of 34 pm/uM, a low detection limit of 0.35 uM, and a good selectivity. We also
applied the sensor to real food samples to verify its reliability and practicality. The LSPR sensor with
dual S-tapered optical fibers provides a novel and effective method to provide a new implement for
food safety monitoring.
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Figure 13. A. Schematic of (a) the periodically fiber sensor, (b) diameter scanning results and SEM
image of periodically fiber. Reprinted with permission from Optics & Laser Technology, Copyright
2020, Elsevier [138]; B. (a) experiment setup for tyramine test, (b) Test results for tyramine detection.
Reprinted with permission from Applied Physics Letters, Copyright 2023, Elsevier [139].
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Various shapes of TOFs have different advantages and disadvantages for fiber optic sensor
applications. Therefore, when designing and developing different types of TOF structures, the
requirements of the applications and the characteristics of different types of tapered fibers need to be
considered. In addition, with the emergence of new structures of tapered fiber optic sensors, fiber
optic sensor technology will be used in more fields. Furthermore, in combination with other sensor
technologies, tapered fiber optic sensors can play an even greater role. Consequently, the future
research direction not only lies in developing new structures and sensing applications, but also needs
to explore the combination and integration of multiple sensing technologies to achieve more efficient
and accurate measurement and detection.

6. Future Prospects

With the increasing demand in some new fields, miniaturization of fiber-optic sensors with high
sensitivity has clearly become a trend for future development. TOF sensors need to be integrated and
miniaturized to meet the demand for miniaturization, portability and multifunctionality of sensors.
In addition, the performance of TOF sensors can be improved further. For example, the sensitivity,
selectivity, stability and other properties can be further improved by optimizing the structural design
of tapered optical fibers, improving the preparation process, and exploring new surface modification
methods. In addition, new fiber materials and fiber structures can be explored to meet the needs of
different applications and achieve better sensitivity and resolution.

For further enhancement of the sensor performance, other innovative fiber optic structures have
been investigated in depth, especially the fiber configuration shown in Figure 14, including dual-
periodic tapered as well as quad-periodic tapered structure, taper-in-taper and taper-in-multi-taper
structure, humanoid-shaped and dual-periodic S-taper. Naturally, novel fiber structures are also
being investigated, such as W-shapes and taper-in-taper with core mismatch structures, and it is
reasonable to believe that these emerging fiber structures could play an important role in diverse
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Figure 14. Graphs of diameter scan A. humanoid-shaped; B. taper-in-taper; C. periodic taper; D. dual-
taper; E. multi-taper-in- taper; and F. schematic of double S-taper.

On the other hand, although TOF sensors have a broad range of application prospects, it also
faces some challenges. First, achieving large-scale preparation is still a challenge, and efficient and
controllable preparation processes need to be sought to meet the needs of industrial production.
Secondly, the stability of tapered fiber optic sensors during long time use is also an important issue.
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Since the structure of tapered fiber optic sensors is relatively fragile and easily disturbed by the
external environment, long-time use can lead to problems such as structural deformation or damage,
thus affecting the performance of the sensor, which must to be addressed further.

In conclusion, the TOF sensor is a promising sensor with a wide range of applications, but it still
confronts hurdles in the preparation process, stability, challenging environmental applications, and
performance improvement. These obstacles will be further solved and broken through in future
research, with the continuous growth of science and technology, and it is believed that the bright
development pro-spect of TOF sensing.

7. Conclusions

In this review, the progress of development, basic principles, and fabrication methods of tapered
fiber optic based sensors are discussed. It also focuses on the application of tapered fiber optic sensors
in physical, chemical, gas and biological fields, including research results in stress sensing, gas
sensing and biomolecule detection. These results thoroughly indicate that TOF sensors have evolved
into a prospective novel sensor with a wide range of applications in various fields and promising
future development prospects. On the other hand, some challenges for TOF sensors have been
observed. Among them, the fabrication process and stability are the current issues that need to be
overcome. To solve these challenges, more efficient and controllable fabrication processes are
required to be developed to enhance the stability and durability of the sensors.

The forthcoming innovative fiber-optic structures, including W-shape and taper-in-taper with
core mismatch structures, will further explore the use of fiber-optic sensors for biosensing
applications. In summary, TOF sensors have high application potential and development prospects,
but still face some challenges. With the continuous development and innovation of technology, we
believe that TOF sensors will be applied in more fields and become an important part of the new
generation of sensors. It is believed that with continuous technical innovation and application
demand, TOF sensors will be more widely used and innovated.
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