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Abstract: We present the first Bragg gratings fabricated in two, three and five rings undoped
PMMA microstructured polymer optical fibres (mPOFs) with relative low cost 266 nm Nd:YAG
laser in the 850 nm region. The fibers were connectorised with commercial ferrules for easy
coupling with silica patch cables. Temperature, humidity and strain sensitivities are measured and
also the impact of ring structure and the diameter of POF on the characterization measurements
are studied for potential applications. We also analyzed the effect of the number of hexagonal
rings structure in gratings fabrication, noticing that larger number of rings lead to more difficulties
to obtain strong gratings, where we consider this performance due to the scattering effects. We
demonstrate Bragg gratings fabrication in 5-rings structure mPOF after 6 min by using 266 nm
Nd:YAG laser whereas no Bragg gratings have been fabricated so far using 325 nm He-Cd laser
system. Up to 30 dB relative reflected power gratings are obtained in two rings mPOF, showing
good time stability and promising results for undoped mPOF applications.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Polymer optical fibers (POFs) show a smaller Young’s modulus and larger thermo-optic coefficient
compared with silica counterparts, which make them suitable for different sensing scenarios.
Bragg grating devices in POFs attracted huge attention driven by a wide range of sensing
applications such as strain [1], temperature [1], humidity [2,3], liquid level [4] and ultrasounds
[5]. The well-known biocompatibility also makes them as a promising sensing technology for
biomedical and bioengineering industry [6–7].
The first poly (methyl methacrylate) (PMMA) polymer optical fiber Bragg grating (POFBG)

was reported in 1999 by Peng’s group [8]. Since then, great progress has been made in the POFBG
fabrication. Different materials such as TOPAS [9–11], ZEONEX [12,13], CYTOP [14–15]
or even polycarbonate [16–17] were introduced for different sensing modalities with unique
advantages. However, until now, PMMA remains the preferred material for POFs composition.
Moreover, different grating structures such as chirped [18–19], tilted [20], phase-shift [21] were
investigated for sensing applications with optimal characteristics.
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Due to the low photosensitivity of PMMA material, different kinds of dopants were used
to improve the photosensitivity of the POF, such as benzyl dimethyl ketal (BDK) [22–23],
or trans-4-stilbenemethanol (TS) [24] with the increase of the transmission loss as the main
drawback. Hu et al. [25] mentioned the fiber loss of BDK doped mPOF is 100 times higher than
the typical transmission loss of 2 dB/m at around 800 nm. Since the length is a critical issue for
real sensing applications based on POFs, undoped PMMA mPOFs are more promising for real
applications due to the low loss compared with doped PMMA mPOFs.

Besides the fiber materials and dopants, the irradiation laser system is also important for grating
fabrication. Indeed, the research in this area has been very active since Peng et al. [8] used
two illumination wavelengths (248 and 325 nm) for grating fabrication. Since then, continuous
wave low power 325 nm light emitted by a He-Cd laser has been the preferred wavelength for
fabrication of grating devices in POFs. Although several laser systems emitting light at different
wavelengths were used for POF grating inscription, the fabrication of Bragg gratings in undoped
POFs was demonstrated as a time-consuming process, i.e., 20 dB relative reflected signal was
obtained in step index PMMA POF after a minimum time around 20 mins [26] whereas similar
results were achieved in 3-rings mPOF around 7 mins [27]. However, Bragg grating devices
were obtained using a 248 nm wavelength KrF system in less than 30 seconds [28] although this
laser is bulky and expensive. Recently, Pereira et al. [29] demonstrated an 8 dB Bragg grating in
BDK doped mPOF by using a single short pulse with low cost Nd:YAG laser at 266 nm. So far,
no results have been achieved in undoped PMMA mPOFs.

In this paper, we present the first experimental results on Bragg gratings fabrication in undoped
PMMA mPOFs with two, three and five hexagonal rings using a low cost Nd:YAG laser system
operating at 266 nm wavelength. The impact of scattering in different hexagonal ring structures
on UV fiber irradiation has been analyzed [30]. The characterization of the strain, temperature
and humidity is also supplied for potential sensing applications.

2. Bragg gratings fabrication

In this work, three different kinds of undoped mPOF are used for gratings fabrication. They
were all manufactured at DTU Fotonik by two steps method: 1) a PMMA rod is drilled with a
predefined hole diameter and pitch, which is then drawn to a cane of smaller diameter; 2) the
canes sleeved with PMMA tubes, resulting in a secondary preform that is drawn to a fiber. Figure
1(a)–1(c) shows the end faces of the two: Fig. 1(a), three: Fig. 1(b) and five: Fig. 1(c) hexagonal
rings PMMA mPOFs. The average hole diameter and pitch of the fibers are 1.70 µm and 3.95
µm (2-rings), 1.90 µm and 4.60 µm (3-rings), 1.70 µm and 3.95 µm (5-rings), respectively. All
samples were pre-annealed for 24 hours at 70 °C to reduce the internal stress in the fiber induced
by the fabrication process. Moreover, due to the fabrication process, the diameter of fibers is
not uniform since± 5 µm diameter fluctuations were measured. More specifically, in this work
the diameters of the employed fibers are 138 µm, 130 µm and 143 µm for the two, three and
five-rings mPOFs, respectively (see Fig. 2). In order to fit each mPOF to the 125 µm diameter
commercial ferrule, 2-3 cm length belong to the piece of mPOF was immersed in a tube full of
acetone around 10 seconds, and we repeated the etching experiment in order to fit the ferrule
correctly due to the uncertainty (± 5 µm diameter fluctuations) about the diameter of each mPOF
used. Note that the diameter of the three employed mPOFs are the same in Fig. 1(a)–1(c) due
to the etching process to fit the 125 µm diameter commercial ferrule to connect into a standard
single mode silica fiber patch cable, although the diameter of the fibers transversal sections is
different for the three mPOFs, as shown in Fig. 2(a)–2(c).
A special room temperature cleaver [31] was used to cleave the samples, although core-shift

could happen due to the one direction cleaver cut [32]; the polishing process was performed with
a sandpaper to enhance the quality of the end face. One extra benefit about polishing is that
avoids index matching gel going inside the holes of mPOF which affects the long-time stability
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Fig. 1. End face of the different mPOF structures: (a) 2-rings, (b) 3-rings and (c) 5-rings.
Insets: cross section of the microstructured region.

Fig. 2. Microscope images of the different mPOFs: (a) 2-rings, (b) 3-rings and (c) 5-rings.

of the gratings response. This gel is used in the connections of silica fiber and mPOF to avoid
the formation of Fabry-Pérot cavities. Therefore, commercial ferrule technology provides easy
connection with normal silica fiber patch cord, as shown in Fig. 3.

Fig. 3. Commercial ferrule connection technology for mPOF.

Figure 4 presents the grating devices inscription setup in undoped mPOFs. A pulsed Q-
switched Nd:YAG laser system (LOTIS TII LS-2137U) emitting the fourth harmonic (266nm)
was employed to produce the POFBGs, using emission power lamp energy of 24.6 J and measured
pulse energy of 120 µJ with repetition rate of 5 Hz. The laser beam profile was circular with
the diameter around 8 mm and divergence less than 1.0 mrad. The laser beam was focused
onto the fiber core using a plano-convex cylindrical lens with effective focal length of 320 mm.
The effective spot size of the beam on the fiber surface was 8 mm wide and 30 µm high. The
experimental setup was aligned and tested before the inscription in order to focus the UV beam
onto the core of the fiber and obtain an effective POFBG inscription. The reflected spectrum was
monitored using an 850 nm circulator, a super luminescent diode (Superlum SLD- 371-HP1) and
an optical spectrum analyzer (OSA Anritsu MS9740A). The phase mask employed was 10 mm
long with a pitch of ΛPM = 567.8 nm, designed for 248 nm irradiation.
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Fig. 4. Experimental setup for POFBG inscription using 266 nm Nd:YAG laser.

The reflected power was monitored during the Bragg gratings inscription in the three mPOFs
described above, and an example of the reflected spectral power is shown in Fig. 5(a)–5(c) for
each fiber. We obtained Bragg grating devices with 3 dB and 1 dB rejection in transmission for 2
and 3-rings mPOFs, respectively, but we could only measure the reflected power (17 dB above
the noise level) for 5-rings mPOF and no transmission measurement was achieved considering
the grating to be weak and, as is known, the scattering increases with the number of rings.

Fig. 5. Reflected spectral power of the Bragg grating in different mPOFs: (a) 2-rings, (b)
3-rings and (c) 5-rings. Insets in (a) and (b): transmission measurements.

During the inscription, the pulse energy and the orientation of the fiber were kept stable
since the energy density in the core depends on the scattering arisen from the rings structure.
Six gratings were fabricated to evaluate the angle effect on each mPOF structure [33]. Figure
6(a)–6(b) shows that the 2-rings mPOF presented the best result with the highest reflected power
and the shortest time and 5-rings mPOF needed much more time for grating irradiation. However,
no Bragg grating device has so far been reported in 5-rings structure mPOF using 325 nm He-Cd
laser system, whereas we fabricated Bragg gratings in this fiber after 6 min by using 266 nm
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Nd:YAG laser. Since a 248 nm KrF pulsed laser system allowed to shorten the irradiation time,
as demonstrated by Min et al. [34] in doped step index POF, we tried 10 Hz frequency as the
highest repetition rate of our Nd:YAG laser system using undoped two rings mPOF, and the
shortest time was around 60 seconds with similar performance.

Fig. 6. Bragg grating devices in different PMMA mPOFs: (a) irradiation time, (b) reflected
power.

In the fabricated POFBGs, the central wavelength blue-shifted after removing the fibers from
the clamps of the inscription setup since the fiber was subjected to small strain during the
inscription [35]. Three samples were monitored during two weeks, as shown in Fig. 7, and the
reflected power of all gratings suffered a significant decrease during the second day, but then they
kept stable over time. After 14 days, the reflected power decreased about 6 dB for 2-rings and
5-rings, and about 7.5 dB for 3-rings mPOF, although gratings in all the fibers exhibited the same
decay characteristic.

Fig. 7. Reflected peak power of grating inscribed into two, three and five rings mPOF over
time.

In order to obtain strong and stable gratings over time, we aimed to fabricate gratings in 2-rings
mPOF with strong reflected signal. As it was referenced before, the position of the mPOF is
important since the energy density of the UV beam in the core position may be affected by the
microstructures located on the beam path [33]. This means that very strong gratings in mPOF
can only be achieved sometimes. Figure 8(a) shows the reflected power evolution of one grating
during the inscription in 2-rings mPOF. The experimental setup was the same as before, using
the pulsed Q-switched Nd:YAG laser system with pump lamp energy of 24.6 J and repetition rate
of 6 Hz. After 15 minutes of laser exposure, when the grating stopped growing, the POFBG
showed 36.5 dB relative reflected power. The POFBG was monitored during 30 days and, as
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Fig. 8(b) shows, the reflected power decreased about 3.6 dB. These results show that strong
gratings can be achieved using this laser system, being also more stable in time, in this case with
a reflected peak above 30 dB after 30 days.

Fig. 8. Reflected power evolution for 2-rings mPOF: (a) during inscription and (b) during 30
days after inscription (Inset: reflected power spectra of the POFBG just after the inscription
and after 30 days).

3. Temperature, strain and humidity performance

In this section, we report the full characterization of the Bragg gratings in different mPOFs in
terms of temperature, strain and humidity. Temperature sensitivity of the gratings was measured
by using a Peltier plate which contains a small v-groove where the temperature is set with
a thermo-electric controller. Silicone grease was placed on the grating position to increase
temperature conduction. The central wavelength of the grating was measured from 22°C to
52°C, in 5°C steps with 10 mins waiting time for thermal stabilization. The obtained thermal
sensitivities were −39.4± 2.0 pm/°C, −44.9± 2.0 pm/°C and −47± 2.0 pm/°C for 2-rings (1.16
nm shift), 3-rings (1.34 nm shift) and 5-rings (1.36 nm shift), respectively, as shown in Fig.
9. The results were slightly higher than those measured in [36], probably due to the different
pre-annealing method. The experimental results show the temperature sensitivity is dependent
on the diameter and the number of rings of the mPOFs.

Fig. 9. POFBG central wavelength under different temperatures.

In order to characterize the strain sensitivity of the fabricated gratings, a 11.61 cm long fiber
containing the grating was fixed between two X-Y-Z moveable stages by using flexure stage
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accessories (Thorlabs HFF001). The fiber was strained step-by-step with 5 min waiting time
between each step at room temperature. As Fig. 10 shows, the computed strain sensitivities from
a linear regression of the raw data were 0.71± 0.05 pm/µε, 0.75± 0.05 pm/µε and 0.74± 0.05
pm/µε for 2, 3 and 5-rings mPOFBGs, respectively. The small differences in strain sensitivities
between different mPOFs are directly related to the fiber diameter since the three rings mPOF
has a smaller diameter (130 µm) and higher sensitivity [37]. Moreover, by comparing the two
and five rings mPOF with 138 µm and 143 µm diameters; the former has the lowest sensitivity
due to the combined effect of large diameter and less holes. Nevertheless, our results are similar
to those previously reported in three rings mPOF Bragg gratings [38]. Also, we can consider that
the values are equal within experimental uncertainty.

Fig. 10. Central wavelength of the gratings under different strain levels.

Finally, all gratings were placed into a climate chamber (Angelantoni Industrie CH340) at a
constant temperature of 22°C and 30% of relative humidity (RH) during 100 min for stabilization.
Then, the RH was increased up to the value of 90% in 20% steps, waiting 100 min between each
step. The reflected spectrum was monitored using an 850 nm circulator, a super luminescent
diode (Superlum SLD-371-HP1) and an optical spectrum analyzer (Yokogawa AQ6373B). Figure
11(a)–11(c) shows the central wavelength shift and the time humidity change. The computed
humidity sensitivities from a linear regression of the raw data were equal to 30.3± 0.005 pm/%,
27.0± 0.005 pm/% RH and 30.2± 0.005 pm/% RH for 2, 3 and 5 rings mPOFBGs, respectively.
Once again, the diameter and the number of the microstructure holes may have influence in
those measurements where the 3-rings mPOF has the lowest sensitivity. Also, Fig. 11(a)–11(c)
indicates that both 2 and 5-rings mPOFs need more time for humidity stabilization when compared
with three rings mPOF, possibly due to the higher fiber diameter. With the same diameter of
mPOF, if we increase the ring structure, it means use less material for mPOF the strain sensitivity
could increase. Increasing the diameter (more material used) the strain sensitivity decreases. The
temperature and humidity sensitivities are more related with the material itself (e.g. diameter,
number of rings, and ring structure).
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Fig. 11. Wavelength and humidity monitoring during time for different mPOFs: a) 2-rings
mPOF, b) 3-rings mPOF and c) 5-rings mPOF (Inset: Wavelength vs Humidity).

4. Conclusion

In this work, to the best of the authorś knowledge, we have presented the first inscription of
Bragg gratings in different rings structure undoped PMMA mPOFs at low loss 850 nm region
with a relative low cost 266 nm wavelength Nd:YAG laser system. The gratings were inscribed
in two, three and five hexagonal rings, showing better results in two rings mPOF, since it has
less microstructure holes in the laser beam path. Although some gratings may lack stability in
time, this laser leads to obtain strong and stable gratings with more than 30 dB relative reflected
power for 30 days. These results represent a significant progress in POFBG technology since our
approach combines cheap and low loss undoped mPOF with low cost and easy operation laser for
grating production. Temperature, strain and humidity sensitivities have been also measured and
discussed referring to the diameter and number of rings of the fibers, indicating that the 2-rings
mPOF with 138 µm diameter showed the lowest sensitivity in temperature as −39.4± 2.0 pm/°C
and strain as 0.71± 0.05 pm/µε. And 3-rings mPOF with 130 µm diameter showed shortest time
for humidity stabilization. Furthermore, the use of this laser has allowed to fabricate gratings in
5-rings mPOF, whereas this has not been demonstrated yet by using 325 nm He-Cd laser system.
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