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Abstract—An S-tapered fiber sensor has been realized on the
common single-mode fiber by a fusion splicer. The S fiber taper
(SFT) can be considered as a compact fiber Mach-Zehnder interferometer with the total length of hundreds of microns. The spectral characteristics of the SFTs with different structure parameters
including axial offsets and taper waist diameters have been studied.
Sensing experiments have also been carried out to test their response to refractive index (RI) and axial strain. The SFT with an
axial offset of 114 m and a taper waist diameter of 54.6 m exhibits the best combination property. Its RI sensitivity reaches as
high as 2066 nm/RI unit in the RI range of 1.407–1.421 and the
average strain sensitivity is
pm/ , which is the highest
strain sensitivity, to the best of our knowledge, with one or two orders of magnitude larger than the existing fiber strain sensors.
Index Terms—Fiber optic sensors, fiber taper, Mach-Zehnder interferometer (MZI), refractive index sensors, strain sensors.

I. INTRODUCTION

R

ECENTLY, optical fiber sensors have been extensively
studied in measurement of various physical and chemical
parameters, such as temperature [1]–[5], curvature [6], strain
[7]–[12], and refractive index (RI) [13]–[25], due to their merits
of small size, light weight, fast response, and corrosion resistance. Many kinds of the fiber sensor structures have been developed, for example, fiber Bragg gratings (FBGs) [16]–[18],
long period fiber gratings (LPFGs) [12]–[15], and variety of
optical fiber interferometers [2], [10], [25]. The FBGs are suitable for distributed sensing and they have high detecting resolution, but in RI measurement, they usually need to be chemical
etched, greatly reducing the FBGs strength and durability. The
LPFG-based RI sensors are robust and they have a high sensitivity when the surrounding RI (SRI) is close to that of the fiber
cladding, but they also have a large cross sensitivity to temperature and bending. Furthermore, these fiber-grating-based (FBGs
and LPFGs) sensors generally require precise and expensive
fabrication techniques, including phase mask and laser source.
The other fiber sensors based on interferometers, such as FabryPerot interferometers (FPIs) [10], [11], Mach-Zehnder interferometers (MZIs) [1], and Michelson interferometers (MIs) [25],
are formed through some novel methods and structures in recent years. The microcavity- or microbubble-based fiber FPIs
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[10], [11], which are fabricated by a fusion splicer, have been
reported to measure the axial strain. These fiber sensors have a
simple and easy fabrication process, but their strain sensitivities
are not satisfyingly high. Otherwise, the fiber MZIs and MIs for
RI sensing have been realized by nonadiabatically tapering the
fiber through a fiber-taper machine (flame brushing method) or a
fusion splicer (arc discharging method). The nonadiabatic fiber
tapers are used for coupling light energy from the fundamental
core mode to cladding modes or reverse. The taper-based fiber
interferometer sensors have many advantages, such as simple
structure, ease of fabrication, and cost effectiveness, but their
RI sensitivities are relative low and the total length of the structure is generally tens of millimeters, which is not compact for
integrated applications.
Lately, we reported on a novel fiber sensor for RI and axial
strain sensing based on a single “S”-like fiber taper [26], which
is fabricated by applying off-axis pull while tapering the fiber in
a fusion splicer. The S fiber taper (SFT) can be considered as a
compact fiber MZI structure with a length of less than 1 mm. Its
RI sensitivity is much higher than the normal fiber-taper-based
MZIs and the axial strain sensitivity is even one or two orders
of magnitude higher than the existing fiber strain sensors.
In this paper, we demonstrate the detailed characteristics of
the SFTs fabricated under different experimental conditions, including different axial offsets of the two fiber holders and different discharging time. The change of the experimental conditions leads to different geometrical parameters (axial offset
and taper waist diameter), which are used for controlling the
transmission spectra and detection sensitivities of the SFTs. The
highest RI sensitivity is 2124 nm/RI unit (RIU) in the RI range
of 1.407–1.421 when the axial offset and the taper waist diameter of the SFT are 138 m and 65.0 m, respectively. When the
axial offset is 114 m and the waist diameter is 54.6 m, we obpm/ , which
tain the highest axial strain sensitivity of
is 3 times larger than our previous result. The SFT is a promising
fiber sensor structure for highly sensitive measurement of SRI
and axial strain or the other physical, chemical, and biological
parameters, which can be obtained through measurements of RI
or strain.
II. FABRICATION
The SFT was fabricated on a common telecom single-mode
optical fiber (SMF-28e, Corning, Inc.) by using an Ericsson
FSU-975 fusion splicer. First of all, a user-defined fiber tapering
program was created and only the step PULL 1 was chosen in
the tapering process. The discharge current was set as 10 mA
and the tapering time changed from 11 s to 15 s in the experiments. The axial offset of the two fiber holders in fusion splicer
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Fig. 1. (a)–(d) Optical microscope images of the SFTs with different axial offsets when the taper waist diameters are fixed to 65 m. (e) Transmission spectra
of the SFTs corresponding to (a)–(d).

could be adjusted manually with the help of a pair of cleaved
fiber tips. After the axial offset was fixed, the fiber tips were
replaced with a section of coating removed fiber sample. Two
ends of the fiber sample were connected to an optical spectrum analyzer (OSA) (Yokogawa AQ6370B) and a supercontinuum broadband light source (Superk Compact, NKT Photonics, Inc.), respectively, to monitor the transmission spectrum.
The optical microscope images and transmission spectra of
the SFTs fabricated under different experimental conditions are
shown in Figs. 1 and 2 with different axial offsets and taper
waist diameters, respectively. The SFTs in Figs. 1(a)–(d) have
the axial offsets changing from 109 m to 163 m with the same
tapering time of 12 s. The total lengths and taper waist diameters of the SFTs have the same values of about 700 m and 65.0
m, respectively. The corresponding transmission spectra are
shown in Fig. 1(e). The insertion loss, which is mainly due to
the fiber microbending loss, of the SFT increases with the axial
offset augments and the extinction ratios (attenuation difference
of maximum and minimum value) of the loss peaks are weaker
when the axial offsets are too small (less than 109 m) or large
(greater than 163 m). In our experiments, the taper length and
taper waist diameter are correlation, namely a taper length corresponding to a taper waist diameter. Here, we chose the taper
waist diameter to clarify the SFTs’ transmission and sensing features. Figs. 2(a)–(d) show the SFTs with different taper waist
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Fig. 2. (a)–(d) Optical microscope images of the SFTs with different taper waist
diameters when the axial offsets are fixed to 114 m. (e) Transmission spectra
of the SFTs corresponding to (a)–(d).

diameters varied from 66.9 m to 49.2 m under the tapering
time of 11 s, 12 s, 14 s, and 15 s, respectively. These SFTs have
the same axial offset of 114 m. Their corresponding transmission spectra are shown in Fig. 2(e). The number of attenuation
peaks will decrease with the taper waist diameter thinned. In
Figs. 1(e) and 2(e), the labeled peaks A–F with wavelengths
around 1500 nm are used for comparison of the sensitivities of
each SFT later. The fabrication process of the SFT has a good
repeatability and this is crucial for the practical exploitation of
the S-tapered architecture.
III. THEORY
Fig. 3 shows the simulated light propagation in the SFT by
Rsoft. The parameters of the S taper model are obtained from
Fig. 1(b). The total length, axial offset and taper waist diameter
are 700 m, 114 m, and 65.0 m, respectively and the input
wavelength is 1.55 m. Light energy is largely coupled from
the fiber core to cladding in the first bending section and partly
coupled back from the cladding to core in the second one. A
mount of light energy is coupled to cladding through the SFT
and attenuated or absorbed by the fiber coating at last, leading
to a relative large insertion loss of the structure. As mentioned
above, the SFT can be considered as a novel fiber MZI structure.
The two fiber bending sections play the role of coupling light
from core mode to cladding modes or reverse. A higher-order
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Fig. 3. Simulated light propagation in the SFT with total length of 700 m,
axial offset of 114 m, and taper waist diameter of 65.0 m, respectively, at the
input wavelength of 1.55 m.

cladding mode can be stimulated in the SFT due to the asymmetric structure [27]–[29]. We consider the simplest two modes
interference process in the SFT and the form is

Fig. 4. Transmission spectrum of peak B changes with different temperature.
Inset: wavelength of peak B changes with temperature.

(1)
where
and
are the light intensities of the core and the
cladding modes, and
is the phase difference between them.
Here
is expressed as
(2)
is the effective RI difference between the core and
where
the cladding modes,
is the effective length of the interferometer, and is the input wavelength. When
becomes an
odd times number of , the attenuation peak wavelength
can
be expressed as
(3)
where
is the interference order. The formula
is
the optical path length difference
of the concerned two
modes. The free spectral range (FSR)
can be approximated
by
(4)
The transmission spectrum of the SFT has large FSR is owing
to the small size, which results in a short
. The taper waist
diameter has stronger impact on
than the taper length
and a thinned taper waist makes a small
. That’s why
the loss peaks number decreases with the taper waist diameter
diminish [Fig. 2(e)]. In addition, the extinction ratio of the SFT
is mainly decided by the light energy distribution in the core and
the cladding modes, namely and . When the axial offset of
the SFT is small, less energy will be coupled to the cladding
mode and a small will weaken the interference in the end of
the taper while for a large axial offset, little energy will be left
in the core mode and the light interference is also weak, which
are shown in Fig. 1(e).
IV. SENSING EXPERIMENTS AND RESULTS
A. Temperature Sensing
In practical measurements of SRI and axial strain, the thermal
characteristics of the SFTs are required and need to be compen-

Fig. 5. Transmission spectrum of peak B changes with different SRI. The numbers denote to the SRI values.

sated, so we investigated the temperature response of the SFT
first of all. The SFT was mounted on a hot plate with a temperature resolution of 0.1 C. The hot plate was heated up from room
temperature (20 C) to 100 C in steps of 10 C. The transmission
spectra of the SFT are nearly unchanged at different temperatures, as shown in Fig. 4. The bottom wavelength of loss peak
B just has a random fluctuation with temperature [Fig. 4(inset
figure)]. We tested the other SFTs with different geometrical parameters and obtained the similar results. So the SFT is proper
for the temperature independent SRI and strain sensing around
room temperature.
B. SRI Sensing
RI measurements of the SFTs were carried out experimentally. Both ends of the SFT were fixed on a pair of fiber holders
to keep it straight with no additional tension. In each measurement, only one drop of the RI solution was needed to test the SRI
response due to the small size. After the transmission spectrum
was recorded, the SFT was cleaned with ethanol and deionized
water and dried by compressed air to recover its original spectrum in air. The procedure was repeated to measure the other
RI solutions, which were made of different concentrations of
glycerin water solution. The RI values of these solutions were
collimated by an Abbe refractometer at 589 nm and room temperature C. We choose peak B for example. Fig. 5 shows the
typical transmission spectrum changes with different SRI. The
spectrum of loss peak B moves to longer wavelength with SRI
increasing due to the higher-order cladding mode taking part in
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Fig. 7. Transmission spectrum of peak B changes with different axial tension.

Fig. 6. Wavelength of attenuation peaks A–F shift as a function of SRI. Peaks
in (a) and (b) belong to the SFTs with different axial offsets and taper waist
diameters, respectively.

the ERI of the fiber core and cladding modes. In our experiments,
decreases much faster than the increment of the
interferometer length
when applied axial tension augments.
According to the formula (3), the attenuation peak wavelength
will have a blueshift with axial tension increasing. Furthermore,
the shape of the SFT will change with axial tension. When the
tension augments, the axial offset of the SFT will decrease,
leading to more light energy remains in fiber core mode. So
the light interference is weakened and the transmission power
increases with the axial tension augments, which is shown in
Fig. 7. We can calculate the axial strain inside the fiber by the
formula
(5)

the light interference [14], [26]. When the SRI reaches the effective RI (ERI) of the cladding mode, light energy will spread out
from this mode to environment and attenuate at last. With the
cladding mode energy decreasing, light interference in the SFT
is weakened, leading to the attenuation peaks becoming smaller
and finally disappearing.
Fig. 6 shows the relationships between the wavelength of
peaks A–F and different SRI. Peaks in Figs. 6(a) and (b) belong
to the SFTs with different axial offsets and taper waist diameters, respectively. The loss peaks wavelength changes with SRI
have a similar trend. The wavelength change rate becomes faster
with the SRI increasing, which means the SFT has the highest
RI sensitivity when the SRI closes to ERI of the cladding mode.
The maximum SRI sensitivities of each SFT have been calculated and the results are shown in Fig. 9, denoted by the black
solid squares. The highest RI sensitivity is 2124 nm/RIU in the
RI range of 1.407–1.421, and the corresponding loss peak is the
peak C.
C. Axial Strain Sensing
The SFT has an extremely high sensitivity for axial strain detection. The experiments of strain sensing were carried through
applying axial tension to the SFTs by a piezoelectric tensometer
with a tension error of 0.001 N. Fig. 7 shows the typical transmission spectrum changes with different axial tension. The loss
peak B moves to shorter wavelength with the tension increasing.
The axial tension not only elongates the SFT but also changes

where is the axial tension, is the cladding radius, and is the
silica Young’s modulus. The wavelength shifts of attenuation
peaks A–F with axial strain are shown in Fig. 8. When the axial
strain is small, the wavelength change is relative larger than the
change at big strain. That maybe results from a large decrease
of
, which is induced by the fast shape change of the SFT
when an axial strain applied in the fiber. The average strain sensitivities of the loss peaks A–F are also calculated and plotted in
Fig. 9, represented by the blue solid circles. The highest strain
sensitivity is
pm/ , which is 3 times larger than our
previous result. The extremely high strain sensitivity is one or
two orders of magnitude, to our best knowledge, higher than the
existing fiber strain sensors.
In addition, we checked the polarization response of the SFT
and found that the device is insensitive to polarization.
D. Discussion
Maximum SRI sensitivities (black solid squares) and average
axial strain sensitivities (blue solid circles) of the peaks A–F are
plotted in Fig. 9. The results in Fig. 9(a) approximately shows
the sensitivities of the SFT with different axial offsets. When
the axial offset is less than 138 m, the maximum SRI sensitivity of the SFT increases with the axial offset augments.
But the value will reduce if the axial offset is too large, e. g.
greater than 163 m. The similar situation happens in the taper
waist diameter cases, which are shown in Fig. 9(b). The maximum SRI sensitivity of the SFT has the largest value of 2124
nm/RIU when the axial offset is 138 m and the taper waist
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V. CONCLUSION
We have fabricated a series of SFTs under different experimental conditions and they are divided into two groups by
axial offsets and taper waist diameters. The characteristics
of the SFTs, especially their transmission spectra, have been
analyzed in detail. Sensing experiments have been carried out
to test their response to SRI and axial strain. The transmission
spectrum of the SFT has a redshift with the SRI increasing
and a blueshift with the axial strain increasing, respectively.
The phenomenon of transmission spectrum weakened in the
SRI and strain measurement has been observed and explained.
The highest SRI sensitivity is 2124 nm/RIU in the RI range of
1.407–1.421 when the axial offset of the SFT is 138 m and
the taper waist diameter is 65.0 m. The highest axial strain
sensitivity of
pm/ , which is even 3 times higher than
our previous result, is obtained with the axial offset of 114
m and the taper waist diameter of 54.6 m, respectively. In
addition, the SFT also has many other advantages including
small size, ease of fabrication, and low cost, which make it a
promising fiber sensor in physical and chemical sensing fields.
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