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Abstract: The effect of humidity on annealing of poly (methyl
methacrylate) (PMMA) based microstructured polymer optical fiber Bragg
gratings (mPOFBGs) and the resulting humidity responsivity are
investigated. Typically annealing of PMMA POFs is done in an oven
without humidity control around 80°C and therefore at low humidity. We
demonstrate that annealing at high humidity and high temperature improves
the performances of mPOFBGs in terms of stability and sensitivity to
humidity. PMMA POFBGs that are not annealed or annealed at low
humidity level will have a low and highly temperature dependent sensitivity
and a high hysteresis in the humidity response, in particular when operated
at high temperature. PMMA mPOFBGs annealed at high humidity show
higher and more linear humidity sensitivity with negligible hysteresis. We
also report how annealing at high humidity can blue-shift the FBG
wavelength more than 230 nm without loss in the grating strength.

©2016 Optical Society of America

OCIS codes: (130.5460) Polymer waveguides, (060.3735) Fiber Bragg gratings, (060.2370)
Fiber optics sensors.
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1. Introduction

The interest in polymer optical fibers (POFs) in sensing is steadily increasing because of their
low processing temperature, high flexibility in bending, high fracture toughness, ease of
handling, and non-brittle nature, which are properties that glass fibers do not have [1,2]. In
addition, POFs are biocompatible and have a high elastic strain limit and low Young’s
modulus, which makes them advantageous for fiber Bragg grating (FBG) based strain and
bio-sensing applications [3—8]. Some polymers, such as PMMA, are humidity sensitive and
strongly absorb water [9—11], while other polymers, such as TOPAS, were shown to be
insensitive to humidity [12,13]. Due to the moisture absorbing capability of PMMA based
POFs, which leads to a change in the refractive index and size of the fiber, both of which
contribute to a change in Bragg wavelength [9], they are used for developing humidity
sensors [10,11]. Papers on PMMA POFBGs humidity sensors have so far reported different
sensitivities to humidity and shown a strong dependence of the humidity sensitivity on the
operating temperature and very low sensitivity at high temperature [14,15].

It is important to develop POFBG humidity sensors with a high sensitivity to humidity, no
hysteresis in the humidity response and no cross-sensitivity to temperature. Likewise it is
important to have a detailed knowledge of the humidity responsivity when designing all other
types of POFBG sensors, in order to eliminate the cross-sensitivity to humidity. Here we
address this issue by thorough characterization of PMMA mPOFBGs in a controlled
environment in a climate chamber. It is well-known that prior annealing at a temperature
close to, but below the glass transition temperature of the polymer, is important for stable and
hysteresis free temperature and strain sensing with PMMA POFBGs [16]. Typically the
recommended annealing temperature for PMMA POFBGs is around 80°C for more than 12
hours. At this temperature in a standard oven the relative humidity is very low, usually less
than 10%. In prior investigations the humidity was thus low and not controlled during
annealing. In this work, we demonstrate that humidity control during the annealing process of
PMMA POFBGs plays a significant role in achieving high-quality humidity sensors that fulfil
the above listed criteria and that in fact the relative humidity (RH) level during annealing
should be high, preferable more than 90%.

2. Experiments and Results

To investigate the effect of humidity on annealing of PMMA mPOFs and the resulting
humidity responsivity we prepared five identical 850 nm mPOFBGs using the phase mask
technique. The fibers used in these experiments are PMMA mPOFs, from the same drawing,
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fabricated at DTU Fotonik. The diameter of the fibers is 150 pm and the hole diameter and
the pitch size are 1.5 pm and 4.2 um, respectively. The hole to pitch ratio is 0.36 ensuring that
the fiber is endlessly single mode [17,18]. A microscope image of the mPOF end facet, which
was cleaved with a custom made cleaver at a temperature of 73°C of both blade and fiber
[19], is shown as in Fig. 1.

We have conducted 5 series of experiments. In all experiments the PMMA mPOFBG was
first connectorized with a single mode silica patch cable [20] and then placed in a climate
chamber (CLIMACELL, MMM Group). A supercontinuum source (SuperK Compact, NKT
Photonics) has been used as a light source and a spectrometer (CCS175 - Compact
Spectrometer, Thorlabs) has been used to continuously track the peak of the grating during
annealing in the climate chamber. Figure 1 shows the experimental setup for the humidity
controlled annealing of PMMA mPOFBGs.

SuperK

Fig. 1. Experimental setup for annealing and humidity response measurement of PMMA
mPOFBGs. Inset: microscope image of the end facet of PMMA mPOF.

For all 5 experiments we first took the climate chamber to the ambient conditions, defined
as 25°C and 50% RH and then carried out three annealing phases: pre-annealing, annealing
and post-annealing. The pre-annealing phase consisted of 2 steps, in which the temperature
and relative humidity were first kept at the ambient condition for two hours, after which the
relative humidity was decreased to 10% at a fixed temperature of 25°C and kept there for
three hours. The annealing phase always involved taking the temperature to 80°C and keeping
it fixed at 80°C it during a pre-determined relative humidity sequence. The post-annealing
phase always consisted of taking the temperature and the relative humidity back to the
ambient condition and keeping them there for 10 hours. Thus, for all 5 experiments, the
annealing process was started and ended at ambient conditions. This precise control of initial
and final state of the mPOFBG is extremely important in order to determine and compare the
amount of blue-shift introduced by the five series of experiments without ambiguity. It is also
very important that the post-annealing phase, after which sensitivity measurements were
performed, always brought the mPOFBG to the same stable ambient condition (therefore the
rather long post-annealing time of 10 hours), in order to be able to compare the relative
humidity sensitivities measured in the five experiments.

For the first experiment the annealing phase was as follows: the temperature of the
chamber was increased to 80°C, keeping the relative humidity at 10%. When the rate of blue-
shift of the mPOFBG became less than 0.3 nm/hour, which we defined as mPOFBG
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equilibrium condition, the RH of the chamber was increased to 30%. When the rate of blue-
shift of the mPOFBG again became less than 0.3 nm/hour the RH of the chamber was
increased to 50%, then to 70%, and 90%, each time when the mPOFBG reached equilibrium
condition. The exact same experiment was then repeated with a new identical mPOFBG, but
stopping the annealing phase at 70%, 50%, 30% and 10% RH, respectively. The results of the
five humidity controlled annealing experiments are reported in Fig. 2.
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Fig. 2. Complete annealing process of PMMA mPOFBGs annealed at 80°C and up to a relative
humidity of 90% (black), 70% (red), 50% (blue), 30% (pink) and 10% (green). The relative
humidity sequence is shown only for the pre-annealing and annealing phases.

As it can be seen from Fig. 2, during the annealing phase the first rapid blue-shift is due to
the temperature being increased from 25°C to 80°C (at fixed RH of 10%). This shows that
initially the fiber was releasing the frozen-in stress induced during the fabrication process
very fast. After 20 hours the blue-shift rate had decreased to 0.3nm/hour for all cases and the
humidity was increased to 30% for the first four cases. It can be seen that as the RH was
increased by 20%, the rate of blue-shift abruptly increased. This abrupt increase became
higher the higher the RH level was and led to very large blue-shifts. Thus, for the higher RH
levels, such as 70% and 90%, not only the rate of the blue-shift was faster but also the amount
of the shift was larger. The total blue-shift for the mPOFBG annealed up to 90% was more
than 230nm.

After each series of annealing experiment the humidity response of the mPOFBG sensor
has been measured at three different temperatures: 25°C, 50°C and 75°C, in the interval of
10-90% RH, where the environmental chamber had greatest stability with a precision less
than 0.3°C and 1% RH. For each temperature level, the humidity measurement has been done
first by increasing the RH from 10% to 90%, with steps of 10% and then decreasing it from
90% to 10% with 10% steps. For both cases, the chamber was programmed to change the RH
gradually over 30 mins and then to maintain the environmental conditions stable for 60 mins.
Hence, the total time allowed before increasing or decreasing the relative humidity by 10%
was 90mins. The response of the PMMA mPOFBG annealed to 90% RH for both increasing
and decreasing relative humidity at 25°C is shown in Fig. 3(a). Figure 3(b) shows the
comparison between humidity measurement at 25°C of the stabilized PMMA mPOFBGs that
have been annealed to 90% and 10% RH.
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Fig. 3. (a) Measured humidity response at 25°C of PMMA mPOFBG annealed up to 90% RH
versus time and humidity. The steps are defined in the text. (b) Corresponding stabilized
response of the PMMA mPOFBGs annealed up to 90% and 10%.

The humidity sensitivity calculated by linear regression for the above humidity
measurements are summarized in Fig. 4 for both increasing (circles) and decreasing (squares)
humidity. The PMMA mPOFBG annealed up to 90% RH demonstrated the largest sensitivity
to humidity, at all three temperature levels, while the one annealed only up to 10% RH had
the lowest sensitivity.
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Fig. 4. Humidity sensitivity at 25°C and 50°C for PMMA mPOFBGs annealed to 90%, 70%,
50%, 30% and 10% RH and at 75°C for PMMA mPOFBG annealed to 90%.

The PMMA mPOFBG annealed up to 90% RH not only had the largest sensitivity, but
also the lowest level of hysteresis, i.e., the smallest difference in sensitivity to humidity
between the forward and reverse experiments. Importantly, the humidity sensitivity of the
90% mPOFBG is also to a good approximation temperature independent over the range of 25-
75°C. From Fig. 4 it is important to notice that the hysteresis is considerably increased for
mPOFBGs that have been annealed at lower levels of humidity. In addition these mPOFBGs
annealed at low humidity also display a non-stable humidity response with a hysteresis that
increases with operation temperature and a sensitivity that decreases with temperature.

At 75°C the PMMA mPOFBG annealed up to 90% measured a sensitivity of 35.19 +2.46
and 35.32 + 2.54 pm/% RH, for increasing and decreasing humidity, respectively. Even at this
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temperature the response thus to a good approximation hysteresis free. In contrast the other
PMMA mPOFBGs annealed at a lower humidity showed a strong nonlinear decrease in the
Bragg wavelength when the RH reached just above the annealing RH level as can be seen in
Fig. 5. This showed that mPOFBGs annealed at low humidity or non-annealed mPOFBGs
cannot be used for humidity sensing above a certain temperature level. Even if they were used
only at low temperatures, their sensitivity to humidity is low, as seen in Fig. 4.
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Fig. 5. Humidity responsivity at 75°C of PMMA POFBGs annealed up to 90%, 70%, 50%,
30%, and 10% RH.

In the above investigation and comparison between the performances of mPOFBGs
annealed at different levels of humidity, we identified the mPOFBG annealed up to 90% RH
as the one having the by far superior performance, i.e., the largest humidity sensitivity, the
highest operation temperature, and the smallest hysteresis. The total annealing phase time of
that mPOFBG was over 150 hours. Of course this can be shortened significantly by just
directly annealing the mPOFBG at 90% RH and 80°C.

To demonstrate this we have done a sixth experiment. A new PMMA mPOFBG was
inscribed at 850 nm in the same fiber type used for the above 5 series of experiments and
annealed at constant 90% RH and 80°C, while tracking the Bragg wavelength. From Fig. 6(a)
we see that the Bragg wavelength blue-shifted rapidly and took only about 24 hours to reach
an equilibrium condition, which we defined earlier as when the rate of blue-shift has
decreased to 0.3 nm/hour. It should be noticed that also in this case, coherently with the first
experiment, the mPOFBG showed a permanent 235 nm blue-shift (in 24hours only), which is
a record tuning of a POFBG without compromising the grating strength [21]. Figure 6(b)
shows the amount of permanent blue-shift and strength of the PMMA mPOFBG recorded at
ambient conditions before and after annealing at 80°C and 90% RH. This method of
annealing at high humidity can therefore also be used to produce stable and strong gratings at
short wavelengths where phase masks become more inefficient and expensive.
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Fig. 6. (a) Annealing history of PMMA mPOFBGs annealed at 80°C and 90% RH. (b) Bragg
reflection of PMMA mPOFBG before and after annealing at 80°C and at 90% RH both
normalized to the non-annealed grating.

To test the responsivity of the annealed sensor humidity measurement has also been
performed for this PMMA mPOFBG with the same procedure as used previously. For this
PMMA mPOFBG the sensitivities returned by linear regression at 25°C, 50°C, and 75°C are
35.45 £2.58,35.31 £ 2.49, and 35.17 + 2.51 pm/%RH for increasing humidity and 35.50 +
2.58, 3543 + 2.50, 35.28 + 2.52 pm/%RH for decreasing humidity, respectively. These
figures show that the humidity responsivities are in agreement with the mPOFBG annealed up
to 90%RH in the early experiment. Therefore, by annealing a POFBG at fixed 90% RH and
80°C for only 24 hours it is possible to develop a stable humidity sensor that is able to operate
between 25 and 75 °C in the range of 10-90% RH. The specific Bragg wavelength change
versus increasing relative humidity at the three temperatures is plotted in Fig. 7.
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Fig. 7. Bragg wavelength change versus increasing in relative humidity at 25°C, 50°C and
75°C.

3. Conclusion

Our controlled annealing experiments have shown that when PMMA POFBGs are annealed at
a given temperature and humidity the FBG wavelength shifts to the blue. The shift rate
continuously decreases and eventually the shift stops. However, we have shown that when the
humidity is again increased the blue-shift starts again at a higher rate than before and giving a
larger total blue-shift. The rate increase and the total shift become larger with increasing
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humidity. This shows that a high humidity level is very important in facilitating the annealing
process.

PMMA POFBGs that are not annealed or annealed at a low humidity level have been
shown to have low sensitivity to humidity and high hysteresis, particularly when operated at
high temperature. PMMA POFBGs annealed at low humidity or not annealed therefore
cannot be used for humidity sensing above a certain temperature level. Even if they are used
at low temperature, they have a small sensitivity to humidity and high hysteresis. On the other
hand, PMMA POFBGs annealed at high humidity (90% RH) have been demonstrated to have
a superior response with a very low hysteresis, an improved sensitivity, and an increased
stable operation temperature. PMMA POFBGs annealed at 80°C and 90% RH gave the same
sensitivity, 35 pm/%RH, at 25, 50 and 75°C.

Finally, we have demonstrated that by annealing PMMA POFBGs for 24 hours at 80°C
and 90% RH it is possible to tune the FBG wavelength, without loss in the grating strength,
by a huge amount. This allows production of gratings at short wavelengths where POFs show
lower loss but where the phase mask technique poses limitations in terms of efficiency and
costs.
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