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Abstract: In this paper, the first- and fourth-order fiber Bragg grating (FBG)-based axial strain sensors
are proposed. The FBGs are inscribed in step-index polymer optical fibers (POFs) (TOPAS core
and ZEONEX cladding) via the point-by-point (PbP) direct-writing technique. A first-order FBG
with a single peak is obtained with a pulse fluence of 7.16 J/ cm?, showing a strain sensitivity of
1.17 pm/pe. After that, a fourth-order FBG with seven peaks is obtained with a pulse fluence of
1.81J/cm? with a strain sensitivity between 1.249 pm/pe and 1.296 pm/pe. With a higher fluence of
2.41]/cm?, a second fourth-order FBG with five peaks is obtained, each of which is split into two
peaks due to high birefringence (Hi-Bi) of ~5.4 x 10~%. The two split peaks present a strain sensitivity
of ~1.44 pm/ue and ~1.55 pm/ e, respectively. The peak difference corresponding to Hi-Bi presents
a strain sensitivity of ~0.11 pm/ e and could potentially be used for simultaneous dual-parameter
measurement, such as temperature and strain.

Keywords: polymer optical fiber; fiber Bragg grating; birefringence; strain sensing

1. Introduction

Since the first fabrication of fiber Bragg gratings (FBGs) in polymer optical fiber
(POF) [1], FBGs have been successfully inscribed in various polymers, such as poly(methyl
methacrylate) (PMMA) [1], the cyclic olefin copolymer (TOPAS Advanced Polymers,
TOPAS) [2], the cyclic transparent amorphous fluoropolymer (Ashasi Glass, CYTOP) [3,4],
the cyclic olefin polymer (ZEON CORPORATION, ZEONEX) [5], and polycarbonate
(PC) [6]. Meanwhile, based on unique properties of POFs, i.e., a larger thermo-optic
coefficient, a smaller Young’s modulus, and good biocompatibility, POF-based FBG sensors
have been widely used for different sensing applications, such as temperature, strain,
humidity, and vital signs [5,7,8].

Compared to the phase-mask technology, which is most popular for mass production
of FBGs, femtosecond direct-writing technology provides some unique advantages, includ-
ing high accuracy and high quality with reduced thermal effect [9]. In 2012, Stefani et al.
reported point-by-point (PbP) inscription of a fourth-order FBG in a microstructured POF
(mPOF), which was asymmetrically designed such that the microstructure did not interfere
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with the writing beam during inscription [10]. In 2015, Lacraz et al. inscribed a four-order
FBG with a reflectivity of 70% in a CYTOP fiber via the line-by-line (LbL) technique [11].
In 2021, Dash et al. inscribed four-order FBGs in step-index rectangular ZEONEX POFs
using a 520 nm femtosecond laser and the PbP technique [12]. The following year, Hu et al.
produced first-order FBG in both BDK-doped POFs [13] and TOPAS/ZEONEX POFs [14].

In terms of strain measurements, PMMA is the most popular material, with a typical
Young’s modulus of 3.3 GPa with a failure strain over 100% and a yield strain of ~6% [7].
For FBG resonances at 850 nm and 1550 nm fabricated using a helium—cadmium (He-Cd)
laser and the phase-mask technique in mPOFs and step-index POFs, the strain sensitivity
was measured to be 0.71 pm/ e at 850 nm and 1.3 pm/ pe at 1550 nm, respectively [15]. For
FBG resonances at ~1530 nm inscribed using the same laser and technique in step-index
POFs, the strain sensitivity was 1.34 pm/upe and 1.2 pm/ e, respectively, for 253 um- and
16 pm-diameter fibers [16].

Additionally, TOPAS and ZEONEX are humidity-insensitive materials. For FBGs
resonant at ~870 nm inscribed in TOPAS mPOFs using a He-Cd laser and the phase-mask
technique, a strain sensitivity of 0.64 pm/ e was obtained [17]. For the high-order FBGs
inscribed in the ZEONEX POFs, the strain sensitivity was 0.731 pm/pe and 1.29 nm/ pe
at ~867 nm and ~1511 nm, respectively [12]. For the FBG at 870 nm inscribed in a step-
index POF (TOPAS core and ZEONEX cladding) using a He-Cd laser and the phase-
mask technique, a strain sensitivity of 0.76 pm/pe with a maximal strain up to 3% was
obtained [18].

Though POF-based FBG sensors present unique advantages for strain sensing, such as
a large sensitivity [19] and sensing range, in practical applications temperature variations
could interfere with the performance of these sensors. To measure the strain and tempera-
ture simultaneously, Oliveira fabricated a multimode interferometer with an FBG in the
multimode POF and two single-mode silica fibers on both sides of the POF [20]. For the
same purpose, Pereira et al. partially reduced the cross-sectional area by micromachining a
slot using a femtosecond laser on the surface of the mPOF including an FBG [21].

In this paper, we use the femtosecond PbP technique to fabricate FBG axial strain
sensors in single-mode step-index TOPAS/ZEONEX POFs. In the first regime with an
objective lens (NA = 1.42), a first-order FBG with a single peak (FBG 1) is obtained with
a pulse fluence of 7.16 J/cm?, showing a sensitivity of 1.17 pm/e. In the second regime
with an objective lens (NA = 0.75), a fourth-order FBG with seven grating peaks (FBG 2) is
obtained with a pulse fluence of 1.81 J/cm?, presenting a sensitivity between 1.249 pm/ pe
and 1.296 pm/pe. With a higher fluence of 2.41 ]/ cm?, a second fourth-order FBG with five
peaks (FBG 3) is obtained, each of which is split into two peaks due to high birefringence
(Hi-Bi) of ~5.4 x 10~%. The two split peaks show a strain sensitivity of ~1.44 pm/ue and
~1.55 pm/ e, respectively, and the split-peak distance corresponding to Hi-Bi shows a
sensitivity of ~0.11 pm/ pe.

2. Axial Strain-Sensing Principles

An FBG works as a mirror reflecting light around the Bragg wavelength Apy,ge, which
depends on the effective refractive index of the core mode n,¢¢ and the refractive-index
modulation period A. The Ap,q¢ is expressed as:

MABrage = 21, f A @

where m represents the grating order. By applying an axial strain ¢ on an optical fiber, A
is generally subject to the same strain, and 7,5 is modified by the strain-optic effect [22].
Thus, according to Equation (1), the wavelength change AAp;qq¢ due to strain variation Ae
is given by

AABragg = /\Bragg(l — pe)Ae (2)
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where p, is the so-called effective strain—optic constant and is defined as:

1 dngp Moy
_neff i (P12 — v(p11 + p12)], 3)

Pe =

where p1; and p1, represent elements of the elasto-optic tensor, and v is the Poisson’s ratio.

Due to the Hi-Bi, a single Bragg peak of an FBG in the reflected spectrum is split into
two peaks, which correspond to two different 7,¢; at two orthogonal fiber axes, i.e., the
slow and fast axis (s- and f-axis). Thus, according to Equation (1), the birefringence can be
expressed as

B m()\gmgg,s - /\Bragg,f) __ mAp
Meff,s — Meff,f = 2A ~2A @

where Aprae0s and Ap,qq ¢ represent the wavelengths of two split peaks, and Ap represents
the peak difference. The wavelength shift of the Hi-Bi FBG as a function of axial strain is
expressed as [23]

le
A)LBmgg,s = )\Bragg,s {1 + %[U(pll + p12) - plZ] }AE, (5)

7’12
AABragg,f = MBragg,f {1 + EJ;f'f [v(p11 + p12) — P12 }A& (6)

Consequently, the variation of the peak distance AAp can be obtained by Equations (5)
and (6)
AAp = A/\Bmgg,s - A)\Bmgg,f @)

3. FBG Inscription
3.1. Experimental Setup

FBGs were photo-inscribed in single-mode step-index TOPAS/ZEONEX POFs by
the femtosecond laser PbP direct-writing technique. The fiber was developed in-house
at DTU Electro, with core material TOPAS (50135-04, TOPAS Advanced Polymers) and
cladding material ZEONEX (480R, ZEON CORPORATION). The core and cladding diam-
eter were 5 um and 128 pm, respectively [18]. Compared to the case of writing FBG in
mPOFs [10], the PbP inscription in step-index POFs in this work was easier to implement,
as the fiber was symmetrically designed and fabricated. The laser micromachining sys-
tem was from Newport Corporation, and contained a femtosecond laser (SpOne-8-SHG,
Newport) emitting at 520 nm with a pulse duration of 306 fs and a maximal repetition
rate of 200 kHz. The laser power could be altered by rotating a half-wave plate followed
by a Glan laser polarizer. A quarter-wave plate was used to generate circularly polarized
pulses to significantly reduce the anisotropy of the refractive index change. The laser beam
was reflected by a dichroic mirror and then focused on the fiber by using an objective
lens, which featured a magnification of 60x and an NA of 1.42 (UPLXAPO60XO, OLYM-
PUS) for the first regime and a magnification of 40x and an NA of 0.75 for the second
regime. The diameter of the focused beam spot was estimated by the diffraction limit
D = 1.22A/NA [24]. More information about the inscription setup can be found in our
previous work [13]. LED illumination and a CCD camera were employed to capture the
microscopic images of the refractive modification in real time. It is worth mentioning that
actual size of the refractive-index modification is normally smaller than the beam diameter
due to the refractive-index-modification threshold. For example, the estimated diameter of
the refractive-index modification in FBG 1 was around 0.3 um, whereas the beam spot had
a diameter of 0.45 um [14].

Before grating inscription, a ~3.5 cm-long piece of POF was connectorized to two
silica-fiber pigtails with UV-curing glue. The POFs positioned under the objective lens
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were fixed with two fiber holders, which were mounted on three-axis precision-translation
stages (X/Y: XMS100-S, Z: M-VP-5ZA, Newport). The FBG inscription setup is illustrated
in Figure 1. The grating period A is equal to the ratio of the translation velocity v to
the pulse repetition rate f. In this work, the translation velocity was adjustable, and the
pulse-repetition rate was set to a constant value of 50 Hz. The reflected grating spectra
of FBGs 1-2 were monitored by an FBG interrogator system (FS22SI, HBM FiberSensing)
featuring a wavelength resolution of 1 pm and a scanning rate of 1 Hz. The counterparts of
FBG 3 were interrogated using a broadband source (ASE-C+L LIGHT SOURCE, Golight)
and an optical-spectrum analyzer (Anritsu MS9740A). The data of the grating inscriptions
are displayed in Table 1.

CcCcDh
CM HWP

.

QWP GP

Objective lens

z

‘ Translation stage U / Y
X

Figure 1. Schematic of the experimental setup for PbP FBG inscription in POP. HWP: half-waveplate,
GP: Glan polarizer, CM: collimator, QWP: quarter-waveplate.

POF
Fiber holder >

Table 1. Data of grating inscriptions by the femtosecond laser at 520 nm.

Regime 1 2
NA of objective lens 1.42 0.75

FBG 1 2 3
Pulse energy (nJ) 11.22 10.15 13.54
Focused-beam diameter (im) 0.45 0.85 0.85
Pulse fluence (J/cm?) 7.16 1.81 241
Translation velocity (um/s) 25.95 101 100

Grating length (mm) 2 4 4

Grating period (um) 0.519 2.02 2

Bragg wavelength (nm) 1584 1522~1582 1520~1540

3.2. Experimental Results

In the first regime, a 2 mm-long FBG 1 was inscribed with a pulse energy of 11.22 nJ.
The reflected spectrum is shown in Figure 2, showing a single grating peak at 1584 nm.
Good stability of the FBGs inscribed in the same type of fiber using the same technique
was already demonstrated and reported in our previous work [14]. In the second regime,
the 4 mm-long FBG 2 was obtained with a pulse energy of 10.15 nJ, and seven grating
peaks were presented with a peak distance of ~9.8 nm, as shown in Figure 3. The comb-like
spectrum with regularly spaced resonances could be attributed to the generation of sampled
FBGs, resulting from the minor core-cladding eccentricity due to the fiber imperfection
during the fiber-fabrication process and the unwanted helically twisted structure in the
fiber-mounting process. A similar FBG spectrum was demonstrated in helically twisted
silica optical fiber [25]. It is worth mentioning that the generation of multipeak behavior is
also sensitive to the grating orders, as first-order FBG (FBG 1) showed only one peak. A
similar situation was found in largely chirped-structure FBGs [26]. Further investigation
will be conducted in future work. The mechanism for multi-peak generation in this work
is different from that using a phase mask with higher diffraction orders [27]. Besides, for
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an elevated pulse energy of 13.54 nJ, the 4 mm-long FBG 3 was achieved with five main
grating peaks with a peak distance of ~5.8 nm. Each of them was split into two main peaks,
as shown in Figure 4. This phenomenon, which was not observed for FBG 2 and with lower
pulse fluence, could be due to Hi-Bi induced by higher pulse fluence.

_25_-
_30_-
35
40

454

Reflected power (dBm)

-504

-554

T T T
1580 1582 1584 1586 1588
Wavelength (nm)

Figure 2. Reflected spectrum of the 2 mm-long FBG inscribed with a pulse energy of 11.22 nJ in the
first regime.
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Figure 3. Reflected spectrum of the 4 mm-long FBG inscribed with a pulse energy of 10.15 nJ in the
second regime.
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Figure 4. Reflected spectrum of the 4 mm-long FBG inscribed with a pulse energy of 13.54 nJ in the
second regime.

The distances of the split peaks of FBG 3 were 0.63 nm, 0.55 nm, 0.48 nm, 0.54 nm, and
0.57 nm for peaks 1-5, respectively, yielding a birefringence value approximately equal to
6.3 x 107455 x 1074,4.8 x 107%,5.4 x 1074, and 5.7 x 10~4, respectively, according to
Equation (4). This birefringence is one order of magnitude higher than that reported in our
previous work, where a birefringence of 3.0 x 10~° was induced in PMMA mPOF during
the FBG inscription with the phase-mask technique [28], because the focused beam spot
on the fiber core for the femtosecond PbP method in this work was much smaller than the
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counterpart in the phase-mask technique, inducing more inhomogeneous refractive-index
modifications. In addition, the birefringence obtained in this work was somewhat less than
the 7.93 x 10~ obtained in the standard single-mode silica optical fiber via the line-by-line
FBG inscription technique [29].

4. Axial Strain Measurements
4.1. Experimental Setup

During the axial strain measurement, both the room temperature and relative hu-
midity were under control, which were kept constant at 25 °C and 40%, respectively. The
experimental setup is shown in Figure 5. A three-axis translation stage (MBT616D/M,
Thorlabs) with a fine travel range of 300 pm was used for this axial strain measurement.
Both sides of the POF adjacent to the splice point of the POF and the silica fiber were
permanently fixed on the fiber clamps using UV-glue so the strain was accurately applied
to the POF.

e Splice between POF
} B and silica fiber

Three-axis translation stage &
Figure 5. Experimental setup for strain measurement.

4.2. Experimental Results

For FBG 1 obtained in the first regime, the strain introduced to the fiber was increased
from 0% to 1.08%. The spectrum response to the applied strain is depicted in Figure 6a,
and the Bragg wavelength versus strain is displayed in Figure 6b, showing a linear strain
response with a sensitivity of 1.17 pm/pe £ 0.02 pm/ e via linear regression. For FBG 2
obtained in the second regime, the strain applied to the fiber was set from 0% to 1.05%. The
spectra of peaks 1-7 in terms of strain are shown in Figure 7a—g, respectively, and the shifts
in the Bragg wavelengths in response to the strains are shown in Figure 7h. After linear
regression, the sensitivity (slope) is shown in Table 2. It was found that the strain sensitivity
increased with the Bragg wavelength, from 1.249 pm/ e for ~peak 1 to 1.296 pm/ue for
peak 7.

0% 0.23% 0.46% 1998
o0 6 —023% - 046%
(@) ——0.69% 0.92% 1.08% 1596 (b)
s A E 1594
S -30 [ £
e Mo £ 1592
g |/ 2
g IR 3 1590
® 0 Wl 5
[5) 2 | (l
3 ‘ 2, 1588-
& i Vi g
& 1586
-50 | ||
! 2
1584
1584 1587 1590 1593 1596 1599 00 Do A 0 0.8 A0
Wavelength (nm) Strain (%)

Figure 6. The spectrum (a) and Bragg wavelength shift (b) in terms of the strain from 0% to 1.08% for
FBG 1 in the first regime.
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Figure 7. The spectra of peaks 1-7 (a—g) and Bragg wavelength shift (h) in terms of the strain from
0% to 1.05% for FBG 2 in the second regime.

Table 2. Linear fit of peaks 1-7 of FBG 2 in the first regime as a function of strain from 0% to 1.05%.

Peak 1 2 3 4 5 6 7
Slope (pm/ pie) 1.249 1.260 1.262 1.267 1.276 1.287 1.296
Standard error (pm/ ue) 0.008 0.007 0.008 0.008 0.008 0.008 0.008

For FBG 3 obtained in the second regime, the strain introduced to the fiber was
increased from 0% to 1.037%. The spectra of peaks 1-5 in terms of strain are shown in
Figure 8a—e, respectively, and the Bragg wavelength shifts of the split peaks for peaks
1-5 are shown in Figure 8f—j, respectively. Different from FBGs 1 and 2, the evolution of
the Bragg wavelength of the split peaks in terms of strain was nonlinear (second-order
polynomial fit). It was found that the strain sensitivity decreased when the strain increased.
The nonlinear strain sensitivity could be attributed to the strain-dependent parameters p11,
p12, and v. Based on the fit curves of the two split peaks, the difference was calculated,
presenting increasing properties as a function of strain, as shown in Figure 8fj for peaks 1-5,
respectively. For the strain of 1.037%, the largest Ap of FBG 3 were obtained, which were
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1.40 nm, 1.53 nm, 1.17 nm, 1.51 nm, and 1.66 nm for peaks 1-5, respectively. The spectrum
with two split peaks was similar to the one demonstrated in Ref. [29]. The variation of Ap
could be attributed to the change in Hi-Bi induced by the increasing strain, similar to the
cases reported in Refs. [30,31]. According to Equations (5) and (6), the wavelength shifts as
a function of strain could have been inconsistent, as the parameters p11, p12, and v could
have been influenced differently by the asymmetric laser modifications. Consequently, the
birefringence value for each peak was approximately equal to 1.40 x 1073, 1.53 x 1073,
1.17 x 1073, 1.51 x 1073, and 1.66 x 103, respectively, according to Equation (4).
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Figure 8. The spectra of peaks 1-5 (a—e) and the Bragg wavelength shift of the split peaks for peaks
1-5 (f-j) in terms of the strain from 0% to 1.037% for FBG 3 in the second regime.
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It is worth mentioning that for FBG 1 and 2, the smaller side peaks in the reflected
spectra adjacent to the highest peaks were considered the side lobes of the gratings, which
move with the highest peaks, showing similar sensitivities in terms of strain. However,
for FBG 3, the distance between the two split peaks increased as a function of strain. The
peak distortion could be attributed to the interference from the grating side lobes. Thus, we
believe that unlike the cases for FBG 1 and 2, emergence of the split peaks in the reflection
spectra of FBG3 was due to the high birefringence in the FBG. In addition, these multi-peaks
should not be associated with the few-mode behavior of the fiber associated with the higher
fluency because of two reasons: (1) negative effective refractive-index modification was
obtained in the same fiber [14], and (2) FBG resonances in few-mode fiber showed quite
similar strain sensitivities [32].

Though the split peaks in terms of strain presented nonlinear properties, to better char-
acterize the performance of this strain sensor, the linear sensitivity was further calculated
by linear fit based on the raw data of the split peaks, showing a similar strain sensitivity
of ~1.44 pm/ue and ~1.55 pm/ e, respectively, and their Bragg wavelength difference Ap
versus strain varied, with a similar sensitivity of ~0.11 pm/ e, which is five times as high
as the 0.0214 pm/ue obtained using the sawtooth stressor-assisted Hi-Bi FBG [30]. The
slopes and the standard errors for peaks 1-5 after linear fit are presented in Table 3. Since
the split peaks and Ap presented very different strain sensitivities, the Hi-Bi FBG sensor
could be potentially used to measure strain and temperature simultaneously [30,31].

Table 3. Linear fit of peaks 1-5 of FBG 3, including left and right split peaks and their difference in
the second regime as a function of strain from 0% to 1.037%.

Peak 1 2 3 4 5
. Slope (pm/ pe) 1.43 1.44 1.44 1.46 1.45
Leftsplitpeak o\ \dard error (pm/pe) ~ 0.08 0.07 0.08 0.07 0.08
. . Slope (pm/ pe) 1.54 1.55 1.53 1.56 1.57
Rightsplitpeak g dard error (pm/pe)  0.08 0.07 0.08 0.07 0.08
A Slope (pm/ pie) 0.10 0.11 0.09 0.11 0.13
b Standard error (pm/ e) 0.02 0.01 0.01 0.01 0.02

5. Conclusions

In this work, 2 mm-long FBG-based axial strain sensors in step-index TOPAS/ZEONEX
POFs are proposed. The FBGs were inscribed by the femtosecond PbP direct-writing
technique at 520 nm in two regimes. In the first regime with an objective lens (NA = 1.42), a
first-order FBG with a single peak (FBG 1) was obtained with a pulse fluence of 7.16 ] /cm?,
showing a linear strain sensitivity of 1.17 pm/pe in the range of 0 to 1.08%. In the second
regime with an objective lens (NA = 0.75), a fourth-order FBG with seven peaks (FBG 2)
was obtained with a pulse fluence of 1.81 J/cm?, presenting a linear strain response with a
sensitivity between 1.249 pm/pe and 1.296 pm/ pe in the range of 0 to 1.05%. With a higher
fluence of 2.41 ] /cm?, a second fourth-order FBG with five peaks (FBG 3) was obtained,
each of which was split to two peaks due to Hi-Bi being equal to 6.3 x 1074, 5.5 x 1074,
4.8 x 107%,5.4 x 1074, and 5.7 x 1074, respectively. The two split peaks of the five peaks
presented nonlinear (second-order polynomial fit) strain response with a similar strain
sensitivity of ~1.44 pm/pe and ~1.55 pm/ e, respectively, after linear fit, and their Bragg
wavelength difference versus strain varied, with a similar sensitivity of ~0.11 pm/ e in
the range of 0 to 1.037%. At the strain of 1.037%, the largest birefringence values were
1.40 x 1073,1.53 x 1073,1.17 x 1073, 1.51 x 103, and 1.66 x 103, respectively. This Hi-Bi
FBG sensor could be potentially used to measure strain and temperature simultaneously.
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