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Highly Strain and Bending Sensitive Microtapered
Long-Period Fiber Gratings
Kaili Ren, Liyong Ren, Jian Liang, Xudong Kong, Haijuan Ju, and Zhaoxin Wu

Abstract— A microtapered long-period fiber grating
(MTLPFG) is fabricated successfully by periodically tapering a
standard single-mode fiber with CO2 laser heating source. This
can be done by taking advantage of that the effective index
difference between the core mode and the cladding modes is
changed periodically during microtapering. High fabrication
reproducibility and MTLPFGs quality can be achieved by
this CO2 laser-heater-based fabrication scheme. In addition,
the strain, bending, and liquid-level sensing characteristics
of the MTLPFGs are investigated experimentally. Compared
with the conventional long-period fiber gratings, it is found that
the strain and bending sensitivities of fabricated MTLPFGs are
improved by factors of about 10 and 5, respectively. Considering
the simple and flexible fabrication process as well as the high
quality and sensitivity of fabricated MTLPFGs, we believe that
this may offer a simpler and alternative choice to current filters
or sensing applications.
Index Terms— Microtapered long-period fiber grating, optical
fiber applications, optical fiber sensors.

I. I NTRODUCTION
ONG-PERIOD fiber gratings (LPFGs) have attracted
much attention in optical communication systems due
to their significance to photonic devices and fiber-optic sensors [1]–[7]. For LPFGs fabrication, a common technique is
the use of an UV laser based on photosensitivity of optical
fibers [1]. To induce the index modulation in specialty fibers,
such as standard single-mode fibers and photonic crystal fibers
without photosensitivity, techniques by V-grooves, microbending based on an electric arc discharger, femtosecond laser
radiation, strongly twisting, and a CO2 laser
radiation or etching were proposed [2]–[10]. However, when
utilizing a circular lens to focus the CO2 laser beam on the
fiber core or cladding for inscribing the gratings, the lack of the
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structure symmetry on the fibers cross section is a big problem
that may cause asymmetry mode profiles and complicated
mode coupling [3]–[6]. Techniques mentioned above are a
little complex and inconvenient [11]. Therefore, it is required
to investigate a simple and flexible technique for fabrication of
LPFGs. Recently, a promising technique, named as the microtapering method, is proposed and experimentally demonstrated
to fabricate LPFGs by periodically tapering with heating
source [11]–[22]. The principle of this microtapered longperiod fiber gratings (MTLPFGs) is that a periodical modulation of the effective index difference between the core mode
and the cladding modes is yielded due to a periodical change of
the fiber diameter during microtapering. A few methods have
been proposed to fabricate MTLPFGs. In practice, electric
arc discharge with a weight of mass scheme has drawn wide
attention owing to its simple and flexible characteristics for
tapering fibers [11]–[21]. Unfortunately, the arc discharges
tapering is severely influenced by electric current, arc duration
and the weight of the mass [16]–[23], which may possibly
result in poor reproduction of the tapers and large repeatability
error of up to 5 μm [22]. What’s more, using a mass
also seriously influences the fabrication efficiency [16]–[21].
Obviously, high extinction ratio and low insertion loss are
two important parameters to tailoring MTLPFG qualities for
applications, such as filters and optical sensors. Hereafter,
a modified arc discharge scheme without a weight of the
mass is proposed for improving the fabrication quality of
MTLPFGs [22], where after the arc discharge the tapering
process begins and is synchronously stretched by two precision
motors. However, there still exists a challenge to ensure
the product consistency due to the degradation of electrodes
during fabricating a MTLPFG which usually consists of
20 to 80 periods [16].
In this letter, we propose and experimentally demonstrate a
new scheme to fabricate MTLPFGs by periodically tapering
a standard single mode fiber (SMF) with CO2 lasers heating
source. Note that, for conventional LPFGs of CO2 writing
methods, the index modulation obtained by a continuous high
frequency laser point-by-point irradiation or etching along the
fiber axis with a small spot, which precisely focused in the
range of tens of micrometers [2]–[6]. However, in this scheme,
a double-beam CO2 laser cover two counter sides of SMF
as a uniform fiber heating source, which has a low power
density and finally leads to the taper region be softened uniformly due to the strong light absorption at the wavelength of
10.6 μm [20]. Compared with the flame and the arc discharge
heating schemes, this CO2 -laser-based heating source is a
cleaner, more stable and more efficient one, whose energy can
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Fig. 1.
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Fabrication scheme of the periodically MTLPFGs.

be easily and precisely controlled by a computer. As a result,
high-quality MTLPFGs with a large extinction ratio up to
30 dB and a low insertion loss of ∼1 dB are readily achieved.
Furthermore, such gratings’ sensing characteristics, including
strain, bending, and liquid-level sensitivities, are investigated
experimentally. It is found that this kind of MTLPFG shows
high sensing sensitivities.
II. FABRICATION T ECHNIQUE OF MTLPFG S
The realization of this kind of LPFGs using standard
SMF mainly relies on periodically modulating the effective
refractive index (RI) difference between fiber core and fiber
cladding modes, which is introduced from the changes of the
fiber diameter from the periodically microtapings [11], [12].
The experimental setup for fabricating and real-time measuring
MTLPFG is shown in Fig. 1, which composes of two parts:
an elongation process using a pulling device and a heating
process using a CO2 fusion splicer (Fujikura, LZM-100). The
CO2 laser is firstly split into two beams and then covered two
counter sides of the SMF for average heating it. Once the
fiber heating is completed, the softened SMF is pulled and
elongated by moving a fiber holder fixed on the motorized
stage. In the fabricating process, a broadband light source
(NKT Phonics, Superk Extreme) and an optical spectral analyzer (YOKOGAWA, AQ6370C) are employed to monitor the
transmission spectrum of the tapered LPFG.
In our experiments, the elongating speed of the pulling
device and the CO2 laser power of heating process are important to fabricate high quality periodically MTLPFGs. The CO2
laser power and exposing duration are manually selected to
approximately 6 W and ∼4 s, respectively. Note that, when
the beam heating terminates, the two ends of the fiber are
synchronously stretched by the left and right fiber holders,
respectively driven by the ZL motor and ZR motor [22].
A taper is created at the beams softened section of the SMF.
Hereafter, when one taper fabricating completed, the fiber is
moved by a grating pitch, e.g. 680 μm, along its axis via the
two motors in order to create another taper at a new location
of the SMF. The operation of grating pitch ensures the grating
working in 1550 μm. Figure 2(a) shows the microscope image
of the MTLPFG. The measured grating pit-ch of the MTLPFG
is about 680 μm. Each taper has a waist diameter of ∼110 μm.
Figure 2(b) shows the shape profiles of ten tapers. It can be
found that the tapers of the MTLPFG have a high uniformity.
The reproducibility error at X/Y axis position of each taper
is much lower than that produced by attaching a mass to the
fiber end [21]. Therefore, we assure that the MTLPFGs with

Fig. 2.
(a) Image of the MTLPFG inscribed by periodically tapering
a SMF. (b) X and Y axial diameter shape profiles of ten tapers. (c) Transmission spectrum of the periodically MTLPFG as the length of the tapering
regions increases. Inset is the near mode fields correpond to the wavelength
of 1551.12 nm with 40 periods. (d) Transmission spectra of five typical
MTLPFGs with  of 680 μm and the same fabrication parameters.

a good reproduction of tapers can be easily fabricated using
our proposed technique.
The effective index difference of the core mode and cladding
modes is mainly modulated by tapering the SMF [12]. In this
case, the core mode couples with the LP1n cladding modes at
specific resonance wavelengths λn when the following phasematching condition is satisfied:


(1)
λn = n e f f,co − n 1n
e f f,cl ,
where n e f f,co and n 1n
e f f,cl are the effective RIs of the fundamental core mode and the LP1n cladding modes, respectively.  is
the pitch of the MTLPFG. Since the transmission spectrum of
the MTLPFG, T, is a function of the length of gratings and is
given by
T = 10 log10 (cos2 (κL)),

(2)

where L (L = N ·) is the length of the periodical MTLPFG
and κ is the coupling constant. It is easy to find out from
Eq. (2) that T will be gradually enhanced by increasing the
number N of the microtapered periods, while it will be reduced
when N is further increased beyond a certain value. Figure 2(c)
shows experimental results for transmission spectral evolution
of the MTLPFG with a pitch of 680 μm while the N increases
from 20 to 41. The peak depth in the transmission spectrum is
enhanced by increasing N to 40. The strong extinction ratio of
over 30 dB was obtained when N was 40. While it reduced as
N is further increased owing to the over-coupling occurred for
the core mode and the cladding mode. As shown in Fig. 2(c),
when N increased to 41, the extinction ratio is retractile.
Hence, for this MTLPFG, the certain value of N is 40 which
corresponds to the length of the LPFG is about 27.5 mm.
Under the same condition, another periodically MTLPFG
with N of 40 was inscribed. Insert in Fig. 2(c) exhibits a
CCD image of the field distribution of the cladding mode
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TABLE I
S TRAIN S ENSITIVITIES OF THE D IFFERENT T YPES OF F IBER G RATINGS

Fig. 3. (a) Transmission spectrum of the periodically MTLPFG as the applied
strain increases. (b) Resonant wavelength shift and transmission variation as
a function of strain.

coupled from the core mode passing through the fabricated
MTLPFG at the resonant wavelength (1551.12 nm), which
corresponds to the coupled cladding mode of LP14 . Actually,
the observed field distribution is not completely symmetrical.
It is probably attributed to the Gaussian distribution of the laser
beam resulting in a temperature gradient combining with the
fiber pulling induces asymmetric stresses [23]. Meanwhile, we
tested the reproducibility by fabrication a series of MTLPFGs
with the same fabrication parameters. Figure 2(d) illustrates
the transmission spectra of five typical gratings in all fabricated MTLPFGs, it is seen that this fabrication technology
ensures a good reproducibility. Compared with the previous
methods [11]–[22], the main feature of our scheme is an
optimal heating source for MTLPFG manufacturing due to
its cleanness, lower maintenance, and long term consistency.
Therefore, high-quality of large extinction ratio (>30 dB)
and low insertion loss (<1 dB), and repeatable gratings can
be easily fabricated with this stability setup. In addition, the
sensors characteristics of this MTLPFG are investigated in the
following.
III. S ENSING E XPERIMENTAL R ESULTS AND D ISCUSSION
The sensing characteristics of this MTLPFG, including
strain, bending, and liquid-level sensitivities are investigated
experimentally at room temperature of 22 °C. For comparison,
similar experiments are also conducted by use of conventional
LPFGs under the same resonance wavelength of ∼1550 nm
and the same coupled cladding mode of LP14 mode.
A. Strain Sensor
The tensile strain testing of the periodically MTLPFG is
performed by fixing it on the left and right fiber holders fixed
on motors with a resolution of 0.01 mm, and the distance
between the two fixed pints is 55-mm-long fiber having the
MTLPFG in the center. By adjusting one of the stages up to
0.1 mm with a step of 0.01 mm, the tensile strain is applied on
the MTLPFG. When a tensile force is applied to the MTLPFG,
under the condition of mechanical equilibrium, the longitudinal forces are the same for the tapered and untapered regions,
which is equal to the applied force [11], [12]. Figure 3(a)
shows the transmission spectral evolutions of the MTLPFG
with the tensile strain changing from 0 με to 1818 με.
We can see that the transmission spectrum of the MTLPFG
has a blue shift as the applied strain increases. Figure 3(b)
depicts the changes of the resonant wavelength shift and the
transmission variation as a function of tensile strain. The strain

Fig. 4. (a) Transmission spectrum of the periodically MTLPFG with different
curvature. (b) The dependence of resonance wavelength and transmission
variation on the curvature.

sensitivity of the resonant wavelength and the transmission
were measure to be 1.2 pm/με and 3 dB/mε, respectively.
Table 1 shows the comparison of the strain sensitivities for
various LPFGs. The sensitivities of our MTLPFG are much
higher than that of previous LPFGs. We think that due to a
continuous local heating with the CO2 laser the core expands
slightly due to diffusion and thus the mode field diameter
increases accordingly. As a result, it becomes more sensitive
to the environment and leads to a considerable enhancement
in the sensing sensitivity.
B. Bending Sensor
An experiment setup similar to that described in [24]
is utilized for characterizing the LPFG as bending sensor.
A 55-mm-long fiber with the MTLPFG in the center is
clamped between two holders without applied torsion. The
bending is applied on the MTLPFG by adjusting one of the
translating stages down to 0.2 mm with a step of 0.01 mm.
Owing to the fiber length is much larger than the adjusted
translating stage stepping length (55 mm>>0.2 mm), the
curvature obtained for a given translation can be estimated
by approximating the bent fiber as an arc of a circle, with the
chord of the arc given by the translation separation.
Figure 4(a) shows typical transmission spectral evolutions
of the MTLPFG with increasing bending curvature. The transmission spectrum has a blue shift and the transmission losses
of the dip decrease during the bending. Figure 4(b) depicts
the changes of the wavelength and transmission loss under
different bending. The higher bending resonant wavelength
sensitivity is achieved when the curvature is larger than
2.4 m−1 , and the measured sensitivity is 1.59 nm/m−1 , which
is less than conventional LPFG. However, a high bending
transmission variation sensitivity of 10.7 dB/m−1 , which is
almost five times higher than that of conventional 4.2 m−1 .
Therefore, as a bending sensor, the MTLPFG can be used to
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Fig. 5. Transmission spectrum of our MTLPFG with twisting length of
27.5 mm with different liquid-levels. The MTLPFG with external RIs of
n 3 = 1.333, 1.353, 1.384, 1.405, 1.427, 1.44.

detect bending curvature by measuring the difference of peak
resonant wavelengths before and after bending.
C. Liquid-Level Sensor
The transmission characteristics of this MTLPFG in liquidlevel sensing are firstly investigated. In the experiments, we
measured the sensing characteristic of the MTLPFG on different liquid levels in the range from 0 mm to 27.5 mm with a
step of 2.5 mm under six different refractive indices (n 3 s)
ranging from 1.333 to 1.44. It is known that the effective
RIs of the cladding modes depend on the RI of surrounding
medium [25]. Figure 5 shows the measurement sensitivities
of the corresponding λn shift with the MTLPFG immersed
in different liquids. The transmission dip shifts continuously
towards the shorter wavelengths of the spectrum with the
gradual increase of immersion percentage. By using linear
fitting to dip wavelength response for the liquid-levels from
5 mm to 22.5 mm, a sensitivity (corresponds to the symbol
s in Fig. 5) range of 0.06–0.31 nm/mm, which is similar to
that of conventional LPFGs [25], is achieved with surrounding
RIs of 1.333–1.44. In our experiments, with the increasing of
surrounding RIs, the liquid-level sensitivity of the MTLPFG
sensor improved 5 times with RI from 1.333 to 1.44.
IV. C ONCLUSION
In summary, a simple and flexible scheme to fabricate
MTLPFGs assisted with a CO2 laser heater has been proposed
and successfully demonstrated in experiments. In comparison
to previously reported works, we have obviously improved
the reproducible quality and extinction ratio of the MTLPFGs
by use of this fabrication scheme. Furthermore, the sensing
characteristics of this kind MTLPFGs for strain, bending,
and liquid-level have been investigated experimentally. The
obtained superior sensing features indicate that this kind of
MTLPFGs may have some potential applications, such as
high-quality filters and optical sensors.
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