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Abstract: During the past few years, a strong progress has been made in 
the photo-writing of fiber Bragg gratings (FBGs) in polymer optical fibers 
(POFs), animated by the constant wish to enhance the grating reflectivity 
and improve the sensing performances. In this paper, we report the photo-
inscription of highly reflective gratings in step-index POFs, obtained thanks 
to a slight etching of the cladding. We demonstrate that a cladding diameter 
decrease of ~12% is an ideal trade-off to produce highly reflective gratings 
with enhanced axial strain sensitivity, while keeping almost intact their 
mechanical resistance. For this, we make use of Trans-4-stilbenemethanol-
doped photosensitive step-index poly(methyl methacrylate) (PMMA) POFs. 
FBGs are inscribed at ~1550 nm by the scanning phase mask technique in 
POFs of different external diameters. Reflectivity reaching 97% is achieved 
for 6 mm long FBGs, compared to 25% for non-etched POFs. We also 
report that a cladding decrease enhances the FBG axial tension while 
keeping unchanged temperature and surrounding refractive index 
sensitivities. Finally and for the first time, a measurement is conducted in 
transmission with polarized light, showing that a photo-induced 
birefringence of 7 × 10−6 is generated (one order of magnitude higher than 
the intrinsic fiber birefringence), which is similar to the one generated in 
silica fiber using ultra-violet laser. 
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1. Introduction 

Fiber Bragg gratings (FBGs) were first fabricated in polymer optical fibers (POFs) in 1999 
[1]. Since then, through the use of different fiber types and inscription processes, a strong 
progress has been realized towards the realization of high quality gratings. Polymer optical 
FBGs have been photo-inscribed point-by-point (fourth order gratings) [2] and with the phase 
mask technique, either under static exposition [3–5] or laser beam scanning along the phase 
mask [6,7]. FBGs inscribed in POFs present several attractive features for sensing purposes. 
Compared to their counterparts produced in silica fibers, they are more sensitive to 
temperature, strain and acceleration, because of the larger thermo-optic coefficient and 
smaller Young’s modulus of polymer materials [8–14]. Although different polymer materials 
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can be used to manufacture POFs [15–17], the most often encountered one is poly(methyl 
methacrylate) (PMMA). Unlike silica, PMMA demonstrates absorption of moisture up to 2 
w.t. %, so that PMMA FBGs can be used as humidity sensors [18], biochemical concentration 
sensors [19] or water detection sensors [20]. 

The etching technique for PMMA POFs has been recently developed by Peng’s group. 
POFs were strongly etched and then tapered to reduce the diameter from 253 µm to 16 µm 
(up to more than 90% of the initial value), which decreases the inscription time with static 
laser beam because of more effective power absorption in the core of the fiber. At the same 
time the reflectivity decreases by 90% because of the etching and tapering process [21]. It 
was then demonstrated that gratings produced in etched POFs present enhanced humidity and 
tension sensitivities compared to pristine fibers [22,23]. However, the remaining diameter is 
so thin that such etched POFs are not convenient to handle and are very fragile. In this work, 
we demonstrate that slightly etched POF to a diameter decrease of 12% constitutes an ideal 
compromise to produce strongly reflective gratings (> 95%) with enhanced axial tension 
sensitivity while keeping almost unchanged the initial mechanical resilience. 

The fibers used in this work were manufactured at the Hong Kong Polytechnic University. 
They are characterized by a core diameter of 8.2 µm and a cladding diameter of ~150 µm. 
The cladding is in pure PMMA while the core is composed of PMMA doped with Diphenyl 
sulfide (5% mole) and Trans-4-stilbenemethanol (1% w.t.). Highly-reflective uniform FBGs 
were photo-inscribed in a POF using a Helium-Cadmium laser emitting at 325 nm with the 
scanning phase mask technique [24–26]. During the inscription process, we have monitored 
the evolution of FBGs amplitude reflected spectra, allowing us to evaluate the dynamics of 
bandwidth modification and central wavelength shift. Then, FBGs inscribed in POFs of 
different diameters were subjected to temperature changes in the range [20-50 °C], axial 
strain changes in the range [0-0.06 N] and surrounding refractive index changes in the range 
[1.33-1.37]. These characterizations confirm that a cladding decrease enhances the axial strain 
sensitivity, while maintaining the temperature and surrounding refractive index change 
sensitivities. In our work, the splicing between POF and silica fibers was optimized through 
the use of acrylic sealant in addition to the UV-curing adhesive. This allows us to obtain a 
waterproof connection with an enhanced strength. Finally, measurements with polarized light 
have been conducted in transmission on a uniform FBG characterized by a 16 dB rejection 
band. The polarization dependent loss (PDL) spectrum depicts a maximum at 1.7 dB, 
allowing to estimate that the photo-induced birefringence resulting from the side inscription 
process is 7 × 10−6, which is one order of magnitude higher than the intrinsic fiber 
birefringence. This value was computed thanks to a numerical fit of the experimental data 
using an in-house developed inverse scattering program based on the Nelder-Mead simplex 
algorithm, as reported in [27]. 

In the remaining of the paper, we first detail all the processes to handle POFs for FBGs 
writing, comprising the etching process, the splicing method and the photo-writing technique. 
We then focus on experimental evolutions recorded during the writing process and in 
response to different external solicitations. 

2. Experiments 

2.1 Etching process of POFs 

POFs were etched by immersion in a mixture of acetone and methanol (ratio 2:1). A 
calibration process revealed that the etching rate is equal to 3.44 µm/minute. Figure 1(a) 
shows the evolution of POF diameter when being etched. The diameter was evaluated from 
pictures taken by a microscope Nikon 100s. Figure 1(b) shows optical microscope pictures of 
the POF after 5 minutes and 30 minutes of the etching process. The corresponding remaining 
diameters are 133 µm and 49 µm, respectively. More importantly, the cylindrical shape of the 
fiber is maintained, whatever the diameter values. 
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Fig. 1. Evolution of the cladding diameter during the etching process (a) and microscope 
pictures at two times during the etching process (b). 

2.2 Photo-inscription process of the FBGs 

The laser used in this work is a He-Cd laser (Kimmon IK5751I-G) with an output power of 
30 mW at 325 nm. The output beam width of the laser is 1.2 mm. Figure 2(a) depicts the 
experimental set-up. 

 

Fig. 2. Experimental set-up for FBG photo-inscription in POFs (a) and sketch of the scanning 
laser beam technique along the fiber axis (b). 

The inox tube positioned above the laser allows evacuating the air turbulences caused by 
the cooling system, avoiding them to perturb the photo-writing process. The UV beam 
emitted by the laser was reflected by four mirrors (even number of reflections to preserve the 
output state of polarization) towards the POF, which was hold in a V-groove plate. A uniform 
phase mask (Coherent) with a period of 1044 nm was placed above the fiber as closely as 
possible. A cylindrical lens with 10 cm focal length was used in front of the phase mask to 
focus the UV beam on the fiber core. The movement of the third mirror was controlled by a 
motor-driven translation stage, which was used to scan the laser along the fiber over a 
maximum length of 20 mm. To ensure a uniform refractive index modulation profile, a cache 
whose aperture is equal to the desired grating length was placed above the fiber and the laser 
beam scan was started and stopped over the cache, as illustrated in Fig. 2(b). Amplitude 
reflected spectrum measurements were obtained with an FBG interrogator (FS2200SA from 
FiberSensing), which presents a wavelength resolution of 1 pm and a scanning rate of 1 Hz. 

2.3 Splicing of the POF sections with silica fibers 

The loss of this step-index POF is quite high. With the cut-back technique, it has been 
measured equal to ~3 dB/cm at 1550nm [28]. So in our experiments, only a few centimeters 

#210487 - $15.00 USD Received 21 Apr 2014; revised 9 Jul 2014; accepted 13 Jul 2014; published 25 Jul 2014
(C) 2014 OSA 28 July 2014 | Vol. 22,  No. 15 | DOI:10.1364/OE.22.018807 | OPTICS EXPRESS  18810



of POFs were used. For quality evaluation during the inscription process, POF sections were 
connected to standard silica single-mode optical fiber pigtails with index matching gel. Then, 
to carry out experiments after the inscription process, POF sections containing FBGs were 
UV-glued (Norland 78) to two 8° angled silica fiber pigtails on both sides of POF. The index 
matching UV-glue used between fibers could avoid Fabry–Perot cavity effects and the angled 
silica fiber could reduce the Fresnel reflections generated in the interface between silica fiber 
and UV-glue because of large refractive index difference between cured UV-glue (refractive 
index 1.48) and silica fiber. Figure 3(a) displays a picture of the splice obtained in these 
conditions. 

As provided by the manufacturer, the tensile strength of the UV-glue is 649 psi after 
curing. Because the splice is the weakest part in polymer optical FBG applications, we have 
further optimized the strength of the splicing part, similar to [14]. For this, acrylic sealant was 
dip-coated on the UV-glue splice, as shown in Fig. 3(b), which made the splice waterproof 
and much more resistant (although the exact tensile strength has not been computed). 

 

Fig. 3. UV cured splice without acrylic sealant coating (a) and UV cured splice with acrylic 
sealant coating (b) between POF and angled silica fiber. 

3. Experimental results 

3.1 Dynamic recording of the reflected spectra during the inscription process 

Figure 4 depicts the kinetic growth of a non-etched FBG manufactured by the scanning phase 
mask technique. The scanning velocity was chosen equal to 3 µm/s, yielding a 6 mm long 
grating after 40 minutes of writing according to the laser beam width and the use of a cache at 
both sides of the grating region, as depicted in Fig. 2(b). At the end of the writing process, the 
maximum amplitude of the reflection band is > 20 dB above the mean noise level. During the 
growth, the full width at half maximum (FWHM) decreases from 810 pm down to 130 pm, 
due to the increase of the FBG physical length. A red shift of 623 pm was also observed from 
the start to the end of the writing process, itself related to an increase of the effective 
refractive index. 

 

Fig. 4. Reflection band growth (a), wavelength and bandwidth (b) as a function of time during 
the writing process for a non-etched step-index 150 µm POF. 
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Figure 5 shows a comparison between the peak intensity evolutions for three POF 
diameter values, 150 µm (non-etched), 133 µm (5 minutes etched) and 108 µm (10 minutes 
etched), respectively. From this first experiment, we have empirically found that the highest 
peak intensity can be achieved in 133 µm diameter POF, with a ~6 dB enhancement 
compared to non-etched POFs. In terms of reflectivity, we get 97% for the 133 µm POF and 
only 25% for the 150 µm POF. These values were computed from the transmitted amplitude 
spectrum, after the photo-writing process. It is worth mentioning that these observations are 
only valid at the end of the writing process. For short gratings (1 mm), the reduced diameter 
could be the more efficient in terms of reflectivity. POFs with a smaller diameter are not 
stable during the writing process and the grating reflectivity does not grow continuously until 
saturation is reached. This is attributed to a too intense effective power in the fiber core, as 
the reduced PMMA thickness yields less attenuation. We believe that this limitation could be 
overcome by attenuating the laser output power. To decrease the fluence received by the 
fiber, we have tried inscriptions with faster scanning rates and have obtained the results 
depicted in Fig. 6. 

 

Fig. 5. Peak intensity evolution as a function of time during the writing process for three 
different POF diameters. 

Figure 6 shows the reflective peak power of 6 mm long gratings (nearly 50 items) of 
different fiber diameters ranging between 107 and 156 µm right after the photo-inscription 
process with different laser scanning velocities (10 µm/s, 40 µm/s and 160µm/s). Taking into 
account the fiber diameter errors from fiber drawing and etching process, the diameter of each 
fiber section was measured precisely. Dispersion clearly appears on the raw data, resulting 
from uncontrolled coupling loss at the butt-connection between the POF section and the silica 
fiber pigtail. To evaluate this, we have tested different splices on a single FBG and have 
found that the different splicing conditions can affect the peak power by a maximum error of 
0.6 dB. Nevertheless, general trends can be evaluated from this experiment, especially when 
making a linear fit of the raw data, as done in Fig. 6. Hence, it complements quite well the 
observations made in Fig. 5 in the sense that for the scanning speed at 10 µm/s, the gratings 
of maximum reflectivity were obtained for a cladding diameter close to 130 µm. And the 
grating reflectivity tends to decrease with the cladding diameter decreasing for a scan at 10 
µm/s, again attributed to the too high fluence on the optical fiber. Increasing the scanning 
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speed can alleviate this effect. At 160 µm/s, the trend is opposite, with the grating reflectivity 
that tends to increase with a decrease of the fiber diameter. But in every case, the reflectivity 
remains smaller than for a slower scanning rate. 

 

Fig. 6. Reflective peak power of 6 mm long gratings as a function of the fiber diameter for 
different scanning velocities (10 µm/s, 40 µm/s and 160µm/s). 

Our observations clearly reveal that there is a trade-off between the fiber diameter and the 
scanning velocity (more generally related to the fluence) to produce highly reflective gratings. 
A deep investigation with some supporting theoretical analysis should be required to further 
support our experimental observations but it falls outside the scope of the present paper. 
Anyway, taking into account the huge number of photo-inscriptions reported in Fig. 5 and 6, 
we remain confident with respect to our claim that a cladding diameter decrease of ~12% 
remains the best to produce highly reflective gratings. 

The three different diameter FBGs presented in Fig. 5 were then characterized in response 
to external stimuli to evaluate their differential sensitivities. The obtained results are reported 
and commented in the next sections. 

3.2 Temperature sensing 

Temperature characterization was conducted in an oven accurate to 0.1 °C inside a clean 
room of class 10,000 with the relative humidity controlled and kept constant to 30%. In order 
to preserve the POFs integrity, the maximum temperature investigated in this work was 47.3 
°C. Temperature was adjusted by steps of ~4 °C. Figure 7 shows the evolution of the Bragg 
wavelength shift as a function of temperature for the three different FBG diameters 
mentioned above. Figure 7(a) shows nonlinear regressions (2nd order polynomial fit) on the 
raw data. Figure 7(b-d) show linear regressions on the same data, exhibiting more important 
standard deviations. The computed temperature sensitivities were equal to – 49.4 pm/°C ± 3.1 
pm/°C, – 51.2 pm/°C ± 3.8 pm/°C and – 46.4 pm/°C ± 3.1 pm/°C for 150 µm, 133 µm and 
108 µm FBGs, respectively. Hence, all three gratings behave similarly, taking into account 
the uncertainties on the temperature sensitivity computations. 
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Fig. 7. Nonlinear fits of wavelength shifts with temperature for three different diameter FBGs 
(a); linear fits of wavelength shifts with temperature for diameter 150 µm (b), 133 µm (c) and 
108 µm (d) POFs. 

3.3 Axial tension sensing 

Tension characterizations of FBGs were performed by hanging increasing weights at the end 
of the optical fibers. The computed tension sensitivities from a linear regression of the raw 
data were equal to 25.55 nm/N ± 0.12 nm/N, 29.89 nm/N ± 0.04 nm/N and 36.33 nm/N ± 
0.13 nm/N for 150 µm, 133 µm and 108 µm FBGs, respectively, as depicted in Fig. 8. Hence, 
a cladding diameter reduction of ~12% (~30%) brings an enhanced axial tension sensitivity of 
17% (42%), which can provide high resolution tension sensing. The maximum axial force 
that the 108 µm POF can sustain is ~0.15 N, very close to the one of the non-etched fiber. 

 

Fig. 8. Wavelength shift as a function of axial tension for three different diameters FBGs. 
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3.4 Refractive index sensing in saline solutions 

Following the same procedure as the one described in [19], FBGs of different thicknesses 
were first inserted into a test tube of deionized water and in the meantime wavelength shifts 
were monitored. Within around four hours, FBGs were fully swelled by water and central 
wavelengths were stabilized after a red shift of ~5 nm. FBGs were then pulled out and 
inserted into another test tube of saline solution for one hour. Four samples of saline solution 
(1.3417, 1.3513, 1.3620 and 1.3716) were tested in the same conditions. Figure 9 shows the 
wavelength evolutions as a function of the refractive index of the saline solutions that were 
measured with an Abbe refractometer accurate to 10−4 RIU (refractive index unit). All three 
evolutions overlap and are nonlinear (2nd order polynomial fit), as already observed in [19]. 
To obtain a rough estimation of the sensitivity, a linear regression of the experimental data 
was made. It yields a sensitivity equal to – 44 nm/RIU ± 3 nm/RIU. 

 

Fig. 9. Wavelength shift as a function of surrounding refractive index for three cladding 
diameters. 

3.5 Estimation of photo-induced birefringence 

The highest reflective FBGs obtained in 133 µm POFs were measured in transmission with 
polarized light. We have used an optical vector analyzer (OVA CTe from Luna Technologies) 
that was chosen for both its high wavelength resolution (1.25 pm) and its fast scanning rate 
(less than 1 s to analyze a range of a few tens of nm). Figure 10 depicts the insertion loss and 
polarization dependent loss (PDL) spectra measured by the OVA. As for uniform FBGs 
written in silica fiber [29], the PDL spectra exhibit two main peaks of nearly equal amplitude. 
They appear at wavelengths corresponding to the edges of the rejection band. Indeed, it has 
been shown that for FBGs, the PDL reduces to the ratio between the two orthogonal 
polarization modes (so-called x and y modes generated by birefringence effects) [30]. Hence, 
the PDL is minimum at the Bragg wavelength (where both x and y spectra are equal) and 
maximum at the edges (where the difference in amplitude between the x and y spectra is the 
maximum). 
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Fig. 10. Transmitted spectrum (black line) and polarization dependent loss (red line) for a 6 
mm long FBG in 133 µm step-index POF. 

 

Fig. 11. Experimentally and numerically reconstructed transmitted amplitude and PDL curves 
for a 6 mm long FBG photo-inscribed in 133 µm step-index POF. 

The photo-induced birefringence value has been estimated through a numerical fit of the 
experimental evolutions, using an inverse scattering program based on the Nelder-Mead 
simplex algorithm [27]. The transmitted amplitude spectrum was first adjusted to get the FBG 
physical parameters (length = 6 mm, refractive index modulation = 2.5 × 10−4 and grating 
period = 522 nm). With these parameters, the PDL curve was reconstructed and the 
birefringence value was optimized to minimize the difference between the experimental and 
simulated evolutions. Out of the rejection band, the PDL should lie around 0 dB, but here it is 
close to 0.8 dB, essentially due to the splices in addition to the intrinsic fiber birefringence. 
This value has been taken into account in the reconstruction process as an extra PDL value, 
which is not attributed to the photo-writing process. Figure 11 shows the experimental and 
numerically reconstructed evolutions and confirms the relatively good agreement between 
both evolutions. A discrepancy between experimental and simulated evolutions is noticed at 
the right-hand PDL peak, which is attributed to the spectral deformation of the rejection band 
on that side. In doing so, the photo-induced birefringence has been estimated to 7 × 10−6. 
Thus, this measurement confirms that the side inscription process induces non-negligible 
photo-induced birefringence, as in the case of silica fibers [29,30]. This feature could be 
advantageously used for transverse force sensing. 
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4. Conclusion 

In this work, we exploited Trans-4-stilbenemethanol-doped photosensitive step-index PMMA 
POFs. FBGs were inscribed at ~1550 nm by the scanning phase mask technique in POFs of 
different external diameters. We have demonstrated that a slight etching of step-index POFs 
(diameter decrease of ~12% of its initial value) makes possible the photo-inscription of highly 
reflective gratings (> 95%). Otherwise, the reflectivity is limited to 25% in pristine step-index 
POFs due to a strong absorption of the UV laser beam by PMMA. An enhancement of the 
axial tension was also reported for FBGs in reduced cladding POFs, while the temperature 
and surrounding refractive index sensitivities were kept constant compared comparing to non-
etched POFs. Finally, through a measurement in transmission with polarized light, the photo-
induced birefringence resulting from the lateral inscription process has been computed equal 
to 7 × 10−6, which is comparable to the one generated in photosensitive silica fibers. This 
measurement paves the way to the further use of FBGs in POFs for transverse strain sensing. 
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