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Abstract— In this paper, two configurations are presented 

for simultaneous measurement of strain and temperature 

by reducing the cross-section area in small regions of the 

fiber where the Bragg gratings were inscribed, to achieve 

dual sensitivity to strain and handle the cross-sensitivity to 

temperature of a single grating. Each configuration used a 

single Bragg grating inscribed in a 2-ring undoped poly 

(methyl methacrylate) microstructured polymer optical 

fiber (mPOF) with a pulsed Q-switched Nd:YAG laser 

system. To reduce the cross-section area, a femtosecond 

laser system was used to remove portions of the mPOF, 

creating micromachined slots in the fiber, with different 

lengths for each configuration. The result was the 

appearance of a second peak when strain is applied, with a 

higher strain sensitivity. The thermal, humidity and 

refractive index response of these gratings were analyzed, 

revealing a thermal sensitivity almost twice the value of a 

common Bragg grating inscribed in the same mPOF. The 

maximum root mean square errors obtained when both 

strain and temperature are applied in these grating devices 

were 52 µε and 0.6 ºC, respectively. These results show that 

the method used to produce these devices could be a suitable 

and reliable option to fabricate very compact sensors to 

simultaneously measure strain and other parameters, such 

as temperature. Moreover, these devices may be used as 

phase-shift gratings since the position of the reflective peaks 

and their relative spectral separation may be modulated by 

applying strain to the optical fiber. 

 
Index Terms—Fiber gratings, Optical fiber sensors, Plastic 

optical fiber, Dual sensitivity. 
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I. INTRODUCTION 

OLYMER optical fibers (POFs) present unique and 

interesting properties which allow its use in different 

applications in the sensing field. The lower Young´s 

modulus and higher elastic strain limits [1]-[3] comparing with 

silica fibers, enable POFs to be applied as strain [4],[5], stress 

[6], bending [7], acceleration [8] or pressure sensors [9]. 

Among other advantageous properties, POFs have a negative 

thermo-optic coefficient and high sensitivity to temperature 

[10], exhibit excellent compatibility with organic materials 

which confers great potential for biomedical applications [11], 

and some materials, such as the poly(methyl methacrylate) 

(PMMA), have affinity to water [12], allowing to monitor 

humidity based parameters.  

The first fiber Bragg gratings (FBGs) in POF were inscribed 

in 1999 by Peng et al [13], using two illumination wavelengths, 

248 nm and 325 nm, to create different gratings. Since then, 

both wavelengths have been heavily used to manufacture 

polymer optical fiber Bragg gratings (POFBGs). The HeCd 

laser operating at 325 nm is an affordable and accessible 

equipment, being the preferred option to avoid any ablation 

issues due to high pulse energy [14], and to obtain deeper 

penetration of the radiation on the material [15]. On the other 

hand, the KrF laser operating at 248 nm allows to decrease the 

POFBG inscription time [16]-[18] due to the higher absorption 

of the polymer materials (such as PMMA) for shorter 

wavelengths. POFBGs inscription in different materials such as 

PMMA [12],[19], Topas [20],[21], Zeonex [22],[23], 

polycarbonate [24]-[26] and CYTOP [27],[28] have been 

reported, allowing to take advantage of their unique 

characteristics for sensing purposes. As most polymers are 

intrinsically photosensitive to UV light, FBG inscription in 

different polymers is possible without doping [23]. However, 

the fabrication of Bragg gratings in undoped POFs can be a time 

consuming process, and that time can easily increase for 
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microstructured POFs (mPOFs) [29]. Using a high average 

power UV continuous (CW) beam from a HeCd laser system it 

is possible to obtain POFBGs in PMMA mPOFs in less than 7 

minutes [29], and using a KrF laser system, that time can be less 

than 30 seconds [16],[26]. Also, point-by-point laser writing of 

gratings in mPOFs through femtosecond lasers has been 

achieved, with an inscription time around 2.5 seconds [30]. 

Regarding the Nd:YAG laser system at 266 nm radiation, 

POFBGs inscription in undoped PMMA-mPOF with different 

number of microstructured rings was achieved, with an 

inscription time of several minutes [31]. Doping the PMMA 

material with benzildimethylketal (BDK) to enhance the 

photosensitivity of the core can reduce the inscription time to 

few minutes in step index POFs and mPOFs, using 355 nm [32] 

and 325 nm [33] wavelength radiation, respectively. The 

inscription time can be reduced even further, to less than a 

second in mPOFs, using just a single pulse from both 248 nm 

[18],[34] and 266 nm wavelength radiation [35]. Nevertheless, 

the addition of dopants can introduce some drawbacks such as 

the significantly higher fiber price and transmission losses 

around 800 nm [36]. These disadvantages can be a critical issue 

for some real applications based on POF, making the undoped 

mPOF more suitable for low transmission loss applications.  

Although FBGs are one of the most used and well-known 

structure in optical sensing, they have a major drawback 

regarding its inability to eliminate cross-sensitivity effects. 

Strain and temperature are usually the parameters where this 

effect must be addressed, but depending on the sensing 

application and fiber materials, other parameters (such as 

humidity and refractive index) may also take part on the cross-

sensitivity effect. Several techniques have already been 

developed for simultaneous measurements in silica optical 

fibers, POFs and in configurations using both silica and 

polymer fibers. Most of these configurations rely on the use of 

2 gratings with different sensitivity capabilities, which include 

the use of specific materials as coating in one grating or more 

[37]-[39], the use of a reference FBG to calibrate the response 

of the other FBG to a certain parameter [40],[41], splicing two 

fibers with different diameters where the gratings show 

different sensitivity to strain [42], producing 2 gratings in both 

etched and unetched areas in silica fiber [43] and POF [44],[45], 

using dual-grating in a fiber made of two different materials 

[23], and the combination of a POFBG and a single grating in 

silica fiber [46]. Regarding the use of a single FBG, some 

techniques have been demonstrated based on the application of 

coating materials covering just a section [47] or the entire 

grating [48]. Also, the use of chirped tapered FBGs may 

provide different sensitivities for strain and temperature 

[49],[50], together with other parameters (such as refractive 

index [51]) when variations in the spectral bandwidth are 

considered.  

In order to overcome the cross-sensitivity effect on POFBGs, 

we report on a new technique based on a single POFBG. Two 

configurations are proposed, both showing dual-sensitive to 

strain by decreasing the optical fiber diameter of small sections 

where the POFBGs were inscribed. The results show great 

potential for the use of a single POFBG in simultaneous 

measurement applications. The fact that just one FBG can be 

used to monitor more than one parameter, without the 

application of other materials as coating or capsules, improves 

the possibility to create very small multiparameter sensors for 

in-situ applications in real scenarios.  

II. PRINCIPLE OF OPERATION AND SENSOR FABRICATION 

A. Principle of Operation 

The configuration of the proposed sensor is based on the use 

of a single POFBG, in which a section of the POF diameter is 

removed in the area where the grating was inscribed. The main 

objective is to reduce the cross-section area of the fiber (A) in 

that region by reducing the fiber diameter, in order to obtain 

dual sensitivity to strain by the same grating. The relationship 

between the strain sensitivity of the FBG and the Hooke´s Law 

is given by the following equation:  
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where λB and ΔλB are the Bragg wavelength and the Bragg 

wavelength variation, respectively, ρe and E are the effective 

photoelastic constant and the Young´s modulus of the fiber, 

respectively, and Fz is the longitudinal applied force. For a 

certain λB, and considering that ρe and E are constant for a 

specific fiber, the ΔλB depends on Fz and A. If Fz is constant 

along the fiber length, as A decreases, the ΔλB to strain will 

increase according to (1). Using this principle, the objective is 

to obtain for a single POFBG, different values of ΔλB with a 

single value of external force applied, resulting in different 

values of strain sensitivities. Then, strain and temperature 

changes (Δε and ΔT, respectively) can be simultaneously 

measured by using the following characterization matrix: 
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where K1T, K2T are the thermal sensitivities and K1ε, K2ε are the 

strain sensitivities of a single POFBG. 

B. POFBG Inscription and Experimental Setup 

The optical fiber used to inscribe the POFBGs was a 2-ring 

undoped PMMA mPOF with a hexagonal hole structure (see 

Fig 1), manufactured at DTU Fotonik (Denmark). The average 

hole diameter and pitch in the fiber are 1.70 µm and 3.95 µm, 

respectively. The fiber has an outside diameter of 138 µm and 

an average core diameter of 6.2 µm, approximately. The low 

number of hexagonal rings in this mPOF facilitates the 

inscription of strong and stable gratings by UV radiation [31], 

and to simplify the POFBG interrogation, the mPOFs samples 

with a length of about 20 cm were glued to FC/PC connectors 

and cleaved with a special room temperature cleaver [52]. Then, 

the end face of the mPOF went through a polishing process to 

enhance the transmission quality, by removing the inherent 

defects associated with the cleaving process. Before the 

inscription, the mPOFs were pre-annealed during 24 hours at 

70 ºC to reduce the internal stress in the fiber originated during 

the fabrication process, and to improve the POFBGs´ sensing 

performance [53],[54].  

The inscription setup, based on the phase mask technique, is 

shown in Fig. 1. A pulsed Q-switched Nd:YAG laser system 
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(LOTIS TII LS-2137U Laser) lasing at the fourth harmonic 

(266 nm) was employed to produce the POFBGs. The laser 

beam profile is circular, the diameter is about 8 mm and the 

divergence ≤1.0 mrad. Before reaching the optical fiber, the 

laser beam is focused onto the fiber core by a plano-convex 

cylindrical lens with an effective focal length of 320 mm, 

originating an effective spot size on the fiber surface with about 

8 mm in width and about 30 µm in height. The laser parameters 

employed were 24.6 J of pump energy with an 8 ns pulse 

repetition rate of 5 Hz. The phase mask has 10 mm in length 

surface relief structure, a period of ΛPM = 567.8 nm, is designed 

to operate at 248 nm irradiation and produce gratings in PMMA 

mPOFs with a final λB around 844 nm. The grating spectrum 

was monitored in reflection, using a super luminescent diode 

(SUPERLUM SLD-mCS-371 Miniature Broadband Light 

Source Module), an optical spectrum analyzer (Anritsu, model 

MS9740A) and a 50:50 ratio SM-silica optical coupler. 

Two gratings, with approximately 8 mm of physical length, 

were produced in different 2-ring undoped PMMA mPOF 

samples. The reflection spectrums of each POFBG after 

inscription are shown in Fig. 2. When placing the mPOFs at the 

inscription setup, a random pre-tension was applied manually 

to guarantee that they were fixed and positioned in parallel with 

the phase mask, which influenced the final value of λB for each 

POFBG. For POFBG 1, instead of getting a value of 844 nm for 

the λB, a value of 841.50 nm was achieved (see Fig. 2 (a)). The 

reflective signal of this grating has about 16 dB of peak power 

and the 3-dB bandwidth is approximately 870 pm. Regarding 

POFBG 2, the obtained value of λB was 844.06 nm, mainly due 

to the lack of mechanical tension applied when the POF was 

placed on the inscription setup. This grating has about 27 dB of 

reflective peak power and the 3-dB bandwidth is approximately 

560 pm. 

The growth rate of POFBG 1 during inscription was lower 

than POFBG 2, ceasing after 8 minutes of irradiation exposure, 

while POFBG 2 had an inscription time of 12 minutes. This 

grating inscription time difference can be explained by 

variations of the microstructure holes position regarding the 

laser path, which could generate laser scattering, thus affecting 

the energy density of the UV laser beam in the fiber core [55]. 

C. Cross-section Area Reduction by Femtosecond Laser 

After the POFBGs production, they went through a 

femtosecond laser treatment in order to reduce the cross-section 

area in some specific sections of the gratings. Using high energy 

femtosecond laser pulses, portions of PMMA material were 

removed from the outermost region of the mPOFs. The 

experimental setup employed in this process is presented in Fig. 

3, which is based on a femtosecond laser from Quantronix 

(λ=795 nm, pulse width ~ 130 fs and repetition rate of 1 kHz). 

The micromachined slots were produced by using a 3-axis 

motorized translation platform, where a x50 NIR microscope 

objective lens (with a NA value of 0.67 and a focal distance of 

10 mm, from Optosigma) focused the laser beam on the POFs´ 

surface. To assist and visualize at real time the structures´ 

micromachining, a CCD camera was mounted on top of the 

setup, perpendicularly to the optical fiber and aligned with the 

laser beam. Each POF was mounted onto two holders and 

 
Fig. 1.  Sketch of the experimental setup based on phase mask technique. 
  

 

 
(a) 

 
(b) 

Fig. 2.  Reflection spectrum after inscription: (a) POFBG 1. (b) POFBG 2. 
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aligned with the laser beam by the camera and the 3-axis 

motorized platform. The laser beam power used was 3.3 mW 

(measured before the microscope objective lens), and the POF 

was moved perpendicularly to the laser beam at a constant 

velocity of 0.3 mm/s.  

The laser beam after passing through the microscope 

objective is focused on a spot with, approximately, 2 µm of 

diameter. This spot was positioned at 5 µm from the POF 

surface, and moved along two pre-selected fiber lengths,  

removing about 5 µm height of material from the POFs. Each 

POFBG went through 4 sweeps in opposite sides of the fiber, 

removing about 20 µm of polymer material in depth in each 

side, as showed in Fig. 4. The cross-section area was reduced 

by approximately 18% in both POFBGs. In POFBG 1, the 

length of the micromachined slot is approximately 250 µm (see 

Fig. 4 (a)) and its location is close to the center of the grating, 

while in POFBG 2 the length is approximately 4 mm (see Fig. 

4 (b)) and covers, approximately, half the grating length. 

After fabricating the micromachined slots, the POFBGs 

spectra were monitored to analyze any changes caused by the 

slots production and femtosecond laser irradiation. Fig. 5 shows 

the spectra from both POFBGs before and after the 

micromachined slots production. The spectra from POFBG 1, 

depicted in Fig 5 (a), show a phase-shift effect after the slots 

production. This phase-shift could be related to a residual 

applied strain on the POF during the micromachining process, 

which after this process is concluded results in a drift of the 

original POFs elastic structure without any applied strain, 

creating a phase offset between the two halves of the POFBG. 

However, 1 day after the slot production, the POFBG 1 

spectrum returned to the same spectral characteristics as it had 

before the slot fabrication, showing the inexistence of a 

permanent elastic deformation on the POFBG. Regarding 

POFBG 2, the spectra, before and right after the slots 

production, are very similar, revealing the inexistence of elastic 

deformation in the treated section of the fiber (see Fig 5 (b)). 

III. SENSING PERFORMANCE 

A. Strain Response 

The individual strain response of the POFBGs was studied to 

analyze the grating stability and sensing properties. As 

mentioned before, two portions of a POFBG with different 

cross-section areas cause a dual-response of the grating when 

 
Fig. 3.  Sketch of the experimental setup used to produce the micromachined 
slots. 

  

 

 
(a) 

 

 
(b) 

Fig. 4.  Schematic representations and microscopic images of the 

micromachined slots: (a) POFBG 1. (b) POFBG 2.  

 

 
(a) 

 
(b) 

Fig. 5.  Reflection spectra before and after the micromachined slots 

production: (a) POFBG 1. (b) POFBG 2.  
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strain is applied to it, since the ΔλB is different for each section. 

The strain characterization was performed by fixing the fibers 

between a fixed and a manual 3-axis translation stage, with 1 

µm resolution. Both POFBGs went through 3 testing cycles of 

strain response analysis, where increasing and decreasing strain 

regimes were applied. In order to analyze the hysteresis effect, 

the fiber was stretched up to different relative strain values in 

each cycle (up to 3430 µε, 5480 µε and 6850 µε in cycle 1, cycle 

2 and cycle 3, respectively), with steps around 690 µε and a 

stabilization time of 5 minutes.  

The reflection spectra and the corresponding response of the 

POFBGs 1 and 2 during the cycle 2 for different percentages of 

applied strain are shown in Fig. 6. During the increasing strain 

regime, a second reflected peak (peak 2) with different response 

from the original Bragg wavelength peak (peak 1), appears 

above a relative applied strain of 690 µε and 960 µε in POFBG 

1 (see Fig. 6 (a)) and POFBG 2 (see Fig. 6 (c)), respectively. In 

POFBG 1, the wavelength shift of both peaks for cycle 2 is 

presented in Fig. 6 (b), and the obtained strain sensitivities for 

peak 1 were 0.78 ± 0.01 pm/µε (increasing strain) and 0.77 ± 

0.02 pm/µε (decreasing strain). Regarding peak 2, the obtained 

sensitivities were 1.47 ± 0.03 pm/µε and 1.44 ± 0.03 pm/µε for 

increasing and decreasing strain, respectively, which is almost 

twice the sensitivity values of peak 1. The POFBG 2 showed a 

behavior similar to POFBG 1 when strain was applied. The 

displacement of both peaks with increasing and decreasing 

strain during cycle 2 is presented in Fig. 6 (d). The obtained 

sensitivities for peak 1 were 0.72 ± 0.01 pm/µε (increasing 

strain) and 0.70 ± 0.01 pm/µε (decreasing strain), and for peak 

2 were 1.30 ± 0.03 pm/µε (increasing strain) and 1.23 ± 0.04 

pm/µε (decreasing strain).  

To analyze hysteresis effect, two more testing cycles were 

performed to maximum relative strain values of 3430 µε and 

6850 µε. Table I shows the strain sensitivities of peak 1 and 

peak 2 during the 3 cycles for increasing/decreasing strain and 

the respective maximum hysteresis level. The lowest 

coefficient of determination (R2) obtained in the strain response 

of both grating devices was 0.9949. Cycle 1, where the strain 

was increased up to 3430 µε, shows the lowest hysteresis level 

for peak 2 in both POFBGs, getting higher as the strain 

increases to 5480 µε (cycle 2) and 6850 µε (cycle 3). As the 

maximum applied strain increases, the relation stress-strain gets 

closer to the yield point (limit of the elastic behavior), which 

can explain the increasing hysteresis. Since there is a section of 

the POFBGs with lower diameter and higher stress, for the same 

applied force, the amount of strain is higher in that region and 

consequently is closer to the yield point when compared with 

the rest of the fiber. These results show that these POFBGs are 

more suitable to monitor low values of strain where both peaks 

present good responses with low hysteresis level.   

B. Temperature Response 

The temperature response of both devices was measured by 

using a custom tubular furnace, with 1 °C resolution. The 

temperature was initially increased from 25 ºC to 45 ºC, and 

later decreased back to 25 ºC, by steps of 5 ºC. In each step, the 

temperature was kept constant over 30 minutes to ensure 

thermal stabilization. Fig. 7 (a) and 7 (c) show the reflection 

spectra of POFBG 1 and POFBG 2 under 2 different 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6.  (a) Reflection spectra of the POFBG 1 at different strain levels. (b) 

POFBG 1 wavelengths tuning with increasing/decreasing strain. (c) Reflection 

spectra of the POFBG 2 at different strains. (d) POFBG 2 wavelengths tuning 

with increasing/decreasing strain. 
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temperatures (25 ºC and 45 ºC), respectively, and Fig. 7 (b) and 

7 (d) the central resonant wavelength of POFBG 1 and POFBG 

2 shift with temperature, respectively. The obtained thermal 

sensitivities after applying a linear fit to the data of POFBG 1 

were -79 ± 2 pm/ºC (increasing temperature) and -76 ± 2 pm/ºC 

(decreasing temperature), and for POFBG 2 were -81 ± 4 pm/ºC 

(increasing temperature) and -78 ± 4 pm/ºC (decreasing 

temperature). The hysteresis level during the thermal tests was 

60 pm for both POFBG devices. During the temperature tests, 

reflection spectra showed just one peak for both gratings (see 

Fig. 7). Nevertheless, the sensitivities values obtained are 

approximately twice the thermal sensitivity value obtained for 

a POFBG in the same undoped mPOF without the 

micromachined slots (-39 ± 2 pm/ºC) [31]. These higher 

thermal sensitivity values can be in part explained by the 

absence of humidity control during the temperature tests. In 

addition, it can be assumed that the modulus of the sum between 

the thermal expansion coefficient and the thermo-optic 

coefficient increased in the grating region (due to the thermal 

expansion coefficient decrease and/or thermo-optic coefficient 

increase), leading to a higher negative thermal sensitivity of the 

POFBGs.  

C. Humidity Response 

The Relative Humidity (RH) characterization of the POFBGs 

was performed using a climate chamber (Angelantoni 

CHALLENGE 340), with 0.1 %RH resolution, at a constant 

temperature of 25 ºC. The POFBGs response were 

characterized by increasing the RH from 20 % to 80 %, and then 

decreased back to 20 %, using steps of 15 %. In each step, the 

environmental conditions inside the chamber were kept stable 

for 60 minutes. Fig. 8 (a) and 8 (c) show the central wavelength 

shift with the RH during the humidity test for POFBG 1 and 

POFBG 2, respectively. The central wavelength shift with the 

increasing/decreasing RH for POFBG 1 is shown in Fig. 8 (b), 

and the obtained sensitivities were 30.4 ± 0.5 pm/%RH and 29.6 

± 0.3 pm/%RH, respectively, with a hysteresis level of 80 pm. 

Fig. 8 (d) shows the response of the central wavelength from 

POFBG 2 to the increase/decrease of RH, and the obtained 

sensitivities were 30.7 ± 0.6 pm/%RH and 30.7 ± 0.5 pm/%RH, 

respectively, with a hysteresis level of 20 pm. These sensitivity 

values are similar to the ones obtained for a POFBG in the same 

TABLE I 
STRAIN SENSITIVITIES AND MAXIMUM HYSTERESIS DURING DIFFERENT 

STRAIN CYCLES FOR POFBG 1 AND POFBG 2. 

Strain 

sensitivities 

Peak 1 

(pm/µε) 

Peak 2 

(pm/µε) 

Maximum 

hysteresis (pm) 

 Increase/Decrease Peak 1/Peak 2 

P

O

F

B

G 

1 

Cycle 1 

≤ 3430 µε 
0.73/0.73 1.43/1.43 60/45 

Cycle 2 
≤ 5480 µε 

0.78/0.77 1.47/1.44 60/195 

Cycle 3 

≤ 6850 µε 
0.78/0.78 1.51/1.47 120/680 

P

O

F

B

G 

2 

Cycle 1 
≤ 3430 µε 

0.76/0.75 1.31/1.32 45/25 

Cycle 2 

≤ 5480 µε 
0.72/0.70 1.30/1.23 120/315 

Cycle 3 
≤ 6850 µε 

0.78/0.77 1.32/1.31 90/450 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7.  (a) Reflection spectra of the POFBG 1 at different temperature levels. 

(b) POFBG 1 wavelength shift with increasing/decreasing temperature. (c) 

Reflection spectra of the POFBG 2 at different temperatures. (d) POFBG 2 

wavelength shift with increasing/decreasing temperatures. 
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mPOF without the micromachined slots (30 ± 5 pm/%RH) [31], 

showing that these structures in the POFBG do not affect the 

RH sensitivity, but are able to significantly reduce the response 

time. The humidity test showed again that the POFBGs 

spectrum profiles are identical to an uniform grating, showing 

just one peak during the entire experiment. 

D. Refractive Index Response 

A Refractive Index (RI) test was also performed to analyze 

the POFBGs response to this parameter. In this test, both 

POFBG devices were dipped into liquid containers filled with 

different RI solutions at room temperature (≈25 ºC). Three 

different solutions of water/ethanol (with different ethanol 

percentages) were used and the gratings were completely 

immersed in each one. In the beginning, both devices were 

immersed for 90 minutes in the first solution, with a measured 

RI of 1.3457, to ensure humidity and RI stabilization. The 

stabilization time for the other two solutions was 30 minutes, 

and during the RI test the POFBGs were kept unstrained. Fig. 9 

shows the central wavelength shift with the increasing RI (up to 

1.3605) for POFBG 1 and POFBG 2, and the obtained 

sensitivities were -8 ± 1 nm/RIU and -9.0 ± 0.3 nm/RIU, 

respectively. These results indicate that POFBG 2 has a better 

performance for RI monitoring, possibly due to the higher 

length of the micromachined slot (which covers approximately 

half the grating length), indicating that these microstructures 

increase the sensitivity and linearity to RI measurement (see 

Fig. 9).  

IV. STRAIN AND TEMPERATURE SIMULTANEOUS 

MEASUREMENT 

Due to the dual-strain sensitivity of both POFBGs, with a 

single grating it was possible to simultaneously monitor strain 

and temperature variations. Since both POFBGs have two 

different strain responses and only one response to temperature 

changes, by using the mean value of the sensitivity coefficients 

for thermal variations and the mean values of the strain 

sensitivity coefficients, obtained during the 3 testing cycles for 

peaks 1 and 2, (2) can be rewritten as:  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 8.  (a) Bragg wavelength shift of the POFBG 1 and RH monitoring during 

the humidity test. (b) POFBG 1 wavelength shift with increasing/decreasing 

RH. (c) Bragg wavelength shift of the POFBG 2 and RH monitoring during 

the humidity test. (d) POFBG 2 wavelength shift with increasing/decreasing 

RH. 

 

 
Fig. 9.  Wavelength shift of the POFBG 1 (red) and POFBG 2 (blue) with 

increasing external refractive index. 
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for POFBG 2. To demonstrate the sensing performance of the 

POFBGs, these devices underwent through relative strain 

variations from 700 µε to 2100 µε for POFBG 1 and from 980 

µε to 2380 µε for POFBG 2, with steps about 280 µε, at a 

constant temperature of 36 ºC. The reason to use relative strain 

values above 700 µε and 980 µε was to enable performance 

assessment of both peaks for each POFBG. The initial 

conditions were Δλ1=0 and Δλ2=0 for a temperature of 25 ºC 

and 0 % of applied strain. This test started by increasing the 

temperature from 25 ºC to 36 ºC (stabilization time of 30 

minutes), followed by increasing the strain up to 2100 µε and 

2380 µε for POFBG 1 and POFBG 2, respectively. A 

complementary test using the same initial conditions was 

performed, where the applied strain was kept constant at 

1370 µε and the temperature varied from 25 ºC up to 36 ºC, 

using 2 ºC steps (note that initially the temperature increased 

from 25 ºC to 26 ºC, first measured point). During all these 

measurements, the stabilization time for strain and temperature 

changes was 1 minute and 5 minutes, respectively. 

Fig. 10 (a) and 10 (b) show the behave of the POFBG 1 and 

the POFBG 2 devices, respectively, during these two tests, at a 

constant relative strain of 1370 µε (red) and at constant 

temperature of 36 ºC (blue). The Root Mean Square Errors 

(RMSEs) and the maximum deviation values for strain and 

temperature during these tests are summarized in Table II. The 

results are acceptable in order to create a well-conditioned 

system and the highest error values for strain and temperature 

obtained during constant strain and 11 ºC range temperature 

variation are ±23 µε and ±0.5 ºC, respectively, while for 

constant temperature and strain variation of 2380 µε (POFBG 

2) are ±46 µε and ±0.3 ºC, respectively. Nevertheless, it should 

be noted that these values are meant to provide an analysis 

between the real values and the ones obtain by the POFBG 

devices to study the simultaneous response to strain and 

temperature. RMSEs are highly dependent on the sensitivity 

coefficients obtained for both POFBGs and, consequently, on 

the calculated values of the matrixes (3) and (4). The accuracy 

of the obtained sensitivities will determine the magnitude of the 

errors during the simultaneous measurement. Besides this, other 

factors may have influenced the error values, such as the 

absence of humidity control and the use of a custom tubular 

furnace, with 1 °C resolution, for temperature variations during 

simultaneous measurements, resulting in low thermal stability 

during the tests.   

To test further the simultaneous measurement capabilities of 

the POFBG devices, another test was performed where both 

strain and temperature changes were applied. In this 

experiment, the initial conditions were Δλ1=0 and Δλ2=0 for a 

temperature of 25 ºC and 1000 µε of applied relative strain, for 

both POFBGs, which allowed to monitor both peaks since the 

beginning of the test. The results are shown in Fig. 11, showing 

the performance of the POFBG devices to strain variations 

above 1000 µε at temperatures between 25 ºC and 35 ºC. The 

RMSEs values for temperature and strain for POFBG 1 are 0.6 

ºC and 52 µε, respectively, and for POFBG 2 are 0.4 ºC and 32 

µε, respectively. The error values are on the same magnitude as 

the previous tests, showing that they are conditioned by the 

sensitivity accuracy and the testing conditions. Therefore, it is 

 
(a) 

 
(b) 

Fig. 10.  Response to strain at a constant temperature (36 ºC) and to 

temperature at a constant strain (1370 µε): (a) POFBG 1. (b) POFBG 2. 

  
 

TABLE II 

RMSE AND MAXIMUM DEVIATION VALUES FOR POFBG 1 AND POFBG 2 

DURING STRAIN VARIATIONS AT 36 ºC AND TEMPERATURE VARIATIONS AT 

1370 µƐ   

 

RMSE Maximum deviation 

Strain 
(µε) 

Temperature 
(ºC) 

Strain 
(µε) 

Temperature 
(ºC) 

P

O

F

B

G 

1 

At 
36 ºC 

37 0.3 54 0.4 

At 

1370 µε 
21 0.3 44 0.5 

P

O

F

B

G 

2 

At 

36 ºC 
46 0.3 94 0.5 

At 
1370 µε 

23 0.5 39 0.7 
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possible to lower the RMSEs by performing more sensing tests 

with higher resolution equipment. The results show that these 

sensors are a viable solution for applications where the 

simultaneous measurement of strain and temperature is 

required, and the obtained errors are acceptable. Besides the 

dual-sensitivity to strain, the main advantages of these POFBG 

devices when compared to other multiparameter sensors 

available are the use of a single grating and the non-addition of 

other materials on the fiber. These characteristics are of great 

importance to produce very compact size sensors for 

simultaneous measurements, with width and length values 

dependent on the fiber specification (usually micrometer scale) 

and grating characteristics (usually millimeter scale), 

respectively. Although the micromachined slots were produced 

by a femtosecond laser system in this work, the use of other 

laser systems or other diameter reduction techniques with lower 

costs, such as etching [56], may be possible, provided that the 

slots/diameter reduction precision is not compromised.   

V. CONCLUSION 

In conclusion, we demonstrate a novel technique for 

simultaneous measurement of strain and temperature, using just 

one FBG inscribed in a 2-rings undoped PMMA mPOF. Two 

different micromachined POFBG devices were produced by 

inscribing one FBG in each fiber with a UV laser, and then 

reducing the cross-section area in the grating region using a 

femtosecond laser system, achieving dual sensitivity to strain 

above a certain threshold. The mean values of the dual strain 

sensitivities obtained were 0.76 pm/µε (peak 1, 0 µε ≤ ε ≤ 6850 

µε) and 1.46 pm/µε (peak 2, 690 µε ≤ ε ≤ 6850 µε) for 

POFBG 1, and for POFBG 2 the sensitivities were 0.75 pm/µε 

(peak 1, 0 µε ≤ ε ≤ 6850 µε) and 1.30 pm/µε (peak 2, 960 µε ≤ 

ε ≤ 6850 µε). On the other hand, during the thermal, humidity 

and refractive index tests, the POFBG devices behave like a 

uniform grating showing only one peak, with the mean 

sensitivity values of -77 pm/ºC and -80 pm/ºC for POFBG 1 and 

POFBG 2, respectively, which consists on a magnification by a 

factor of 2 when compared to a uniform POFBG in the same 

mPOF without the cross-section area reduction. Regarding the 

relative humidity sensitivity, the mean values obtained were 

30.0 pm/%RH and 30.7 pm/%RH for POFBG 1 and POFBG 2, 

respectively, and for the refractive index characterization were 

obtained values of -8 ± 1 nm/RIU and -9.0 ± 0.3 nm/RIU for 

POFBG 1 and POFBG 2, respectively. To analyze the 

simultaneous measurement of both devices, two experiments 

were performed, one at constant temperature and another one at 

constant strain, resulting in a maximum RMSEs values of 0.3 

ºC and 0.5 ºC (temperature) for POFBG 1 and POFBG 2, 

respectively, and 37 µε and 46 µε (strain) for POFBG 1 and 

POFBG 2, respectively. When changing both temperature and 

strain, the obtained RMSEs values were 0.6 ºC and 0.4 ºC 

(temperature) for POFBG 1 and POFBG 2, respectively, and 52 

µε and 32 µε (strain) for POFBG 1 and POFBG 2, respectively. 

These results support that these devices are suitable for 

simultaneous measurement of temperature and strain, which 

could be a promising solution for sensing applications where 

simultaneous monitoring of strain and other parameters are 

crucial for a well-conditioned system. The use of just one 

grating for simultaneous measurements, without the need of 

adding other materials, is very promising to produce compact 

sensors (micrometer/millimeter scale) for in situ and operando 

applications. Furthermore, these devices may be used for other 

applications where phase-shift gratings are needed, using strain 

to tune the peaks spectral position and separation, according to 

the desired parameters. However, further tests must be 

conducted to analyze the impact of the fiber diameter reduction 

in the spectral characteristics of the gratings, when a high-

power femtosecond laser is employed, since a refractive index 

modulation can occur at the focus spot and right after by 

filamentation [57]. 
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