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Abstract

An investigation of the thermal annealing effects on the strain, stress, and
force sensitivities of polymer optical fiber Bragg grating sensors is performed.
We demonstrate for the first time that the fiber annealing can enhance both
stress and force sensitivities of Bragg grating sensors, with the possible cause
being the molecular relaxation of the polymer when fiber is raised above
the B-transition temperature. A simple, cost-effective, but well controlled
method for fiber annealing is also presented in this work. In addition, the
effects of chemical etching on the strain, stress, and force sensitivities have
been investigated. Results show that fiber etching too can increase the force
sensitivity, and it can also affect the strain and stress sensitivities of the
Bragg grating sensors.
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1. Introduction

Polymer optical fiber (POF) sensors have received high attention recently
due to their unique properties compared to the conventional silica optical
fiber sensors [1].Advantages such as higher flexibility in bending, biocompat-
ibility [2], higher failure strain [3], and higher fracture toughness are signif-
icant for many sensing applications. The lower Youngs modulus of POF [4]
provides enhanced sensitivity when POF sensors are used for stress [5], pres-
sure [6], and acoustic wave detection [7]. There are also some hydrophilic
polymeric materials such as poly(methyl methacrylate) (PMMA) that can
absorb water, enabling them to be applied for humidity detection applica-
tions [8]. Furthermore, the material properties of polymers can be chemically
modified using organic techniques to achieve specific desirable characteristics.
An example is the perfluorinated POF, commercially known as CYTOP, in
which the carbon-hydrogen bonds have been replaced with carbon-fluorine
bonds to reduce the fiber attenuation [9]. One of the drawbacks of POF is its
viscoelastic nature. When cyclic loading is applied to the POF sensor, creep
and hysteresis effects may be introduced due to the strain and stress phase
mismatch [3], which can degrade the accuracy of the sensor reading. It has
been demonstrated that these effects can be reduced by applying thermal
treatment to POF sensors [10].

Thermal annealing was initially used for POF Bragg grating sensor mul-
tiplexing [11], due to the tendence of the anisotropically drawn polymer fiber
to physically shrink in length when heated above the B-transition temper-
ature. The fiber shrinkage can induce a permanent blue shift of the Bragg
wavelength, and device multiplexing is feasible by using only one phase mask
to record multiple Bragg gratings, with different annealing times. At a later
stage, it was demonstrated that fiber annealing can also offer other benefits
to POF sensors such as strain [12] and humidity [13] sensitivity enhancement,
and a higher operational range for temperature monitoring [14]. Chemical
etching has also been utilized to improve the performance of POF Bragg
grating sensors. Etching the fiber sensor to reduce its diameter can offer en-
hanced force sensitivity when force is applied along the fiber axis [15]. This
is because for a constant force, the reduction of the area over which force is
applied leads to a higher fiber stress. The reduction of the fiber diameter
can also improve the response time to humidity changes [16] in POF sensors.
This is because the distance between the fiber surface exposed to the external
environment and the fiber core is less, which can reduce the time that water



requires to reach the Bragg gratings location and be detected. However, re-
cently it was shown that etching PMMA with acetone can change not only
the physical dimensions of the POF, but also its material properties, such as
its Youngs modulus [17].

In this study, both thermal treatment and chemical etching have been ap-
plied to POF Bragg grating sensors in order to investigate their influence on
strain, stress, and force sensitivity. First, various Bragg grating sensors were
photo-inscribed in a single mode PMMA optical fiber using the phase mask
technique. Then, each device was characterized with respect to its strain,
stress, and force sensitivity. In the next step, some sensors were thermally
annealed and some were chemically etched. At this point, the sensitivities
of the sensors were characterized again and were compared with the pre-
treatment sensitivities. Finally, a combination of both treatments was also
conducted in order to investigate any possibility for further improvement in
performance. Results show that the thermal treatment can enhance not only
the strain sensitivity of POF Bragg grating sensors as already reported in
the literature, but also the stress and force sensitivities. We also report a
simple, cost-effective and well-controlled thermal treatment that has been
used to enhance the performance of the POF sensors in this way. In the
case where POF etching is used to reduce the fiber diameter for force sensi-
tivity enhancement, changes also occur in the strain and stress sensitivities.
However, the changes are not consistent and the possible reasons for this are
discussed.

2. Experimental Details

2.1. Fabrication of sensors

A single mode PMMA based micro-structured optical fiber was used,
in which the Bragg grating sensors were photo-inscribed. The fiber core
was doped with benzyl dimethyl ketal to enhance the photo-sensitivity of
the material in the ultraviolet spectrum region. Details of the fiber and its
production are reported in reference [18]. The phase mask technique and
a continuous wave He-Cd laser (Kimmon IK3301R-~G) operating at 325 nm
were used for the grating inscription as shown in Figure 1. Two phase masks
with periods Apy,=557.5 nm and A py;=580.0 nm were used to photo-inscribe
gratings with Bragg wavelengths Ap=829 nm and Ap=862 nm respectively,
indicating that the POF in this wavelength region has an effective refractive
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Figure 1: Fabrication setup of POF Bragg grating sensors

index of n=1.49 since
)\B =N APM- (1)

An optical spectrum analyzer (HP 86142A) and a super luminescent diode
(Superlum SLD-371) were used to monitor the Bragg grating spectrum in re-
flection by connecting all together with a 50:50 single mode coupler as shown
in Figure 1. The physical length of the inscribed gratings varies between 1.2
and 10 mm, and their total inscription time between 1 and 13 minutes. How-
ever, it is believed that these values define only the strength of the Bragg
gratings reflectivity and they do not have any impact in the experimental
results described in this work. For practical reasons, POF sensors were glued
into demountable FC/PC connectors after the photo-inscription process, in
order to make possible easier interrogation of the Bragg spectrum in contrast
with the butt-coupling method.



2.2. Characterization of sensors

The strain, stress, and force sensitivity of each POF Bragg grating sensor
was characterized before and after any thermal or chemical treatment was
applied. The strain sensitivity can be expressed as A\g /e, where A)\g is the
Bragg wavelength shift under the applied fiber strain . In order to strain
the POF, fiber clamps (Thorlabs HFFO01) with V-grooves of 125 m were used
to hold the fiber as shown in Figure 2. However, these fiber clamps were
designed for silica optical fibers and as a result the POF was able to slip
through the clamp, especially in the case in which it had reduced diameter
after etching. As a solution, a polycaprolactone (PCL) material, which has
a melting point of 42 °C [19], was used as a glue to hold the POF in the
fiber clamp. First, a small amount of PCL material was melted using a hot
plate at 50 °C. Then, the POF was placed in the V-groove along with some
melted PCL material. Finally, the fiber clamping arm was closed with the
adjustable knob providing a holding force of 2.0 N. We waited at least 5
minutes before applying any strain to the fiber to allow the PCL material to
become solid again and bond with the POF. Using the PCL, we were able
to increase the area over which force from the clamp was applied to the fiber
and thereby the POF slippage was avoided. After attaching the POF, the
translation stage with an accuracy of 1 m was used to strain the fiber up to
0.5% along the fiber axis, where POF remains in its elastic limit [20]. After
the fiber straining, the POF part that is bonded with the PCL material, was
placed on the hot plate at 50 °C. After few seconds the PCL became liquid
again and could be removed from the POF.

In order to characterize the stress and force sensitivity, each POF was
held perpendicular to the ground and by successively adding masses with a
known value, the gravitational force was used to stress the fiber as depicted
in Figure 3. The stress equals

agﬁ (2)
2

where F' is the gravitational force applied to the cross-sectional area A of
the POF. The applied force is equal to the added mass m multiplied by the
gravitational acceleration of the Earth g=9.8 m/s®. The cross-sectional area
can be calculated when the fiber diameter d is measured with a microscope at
the location of the Bragg grating sensor. The fiber diameter increases slightly



Straining along Monitoring
the fiber axis in reflection

Translatlon stage Fixed support

Figure 2: Setup for POF straining

/) Monitoring in reflection

v
@ Fixed support

Perpendicular

POF E}Fiber Bragg grating to the ground

@ Mass

G o e e e e e

Figure 3: Setup for POF stressing

during the annealing process due to the fiber shrinkage, but it decreases
dramatically during the etching process. Therefore, it needs to be measured
before and after any treatment process. The stress sensitivity equals A\g/o
and the force sensitivity is defined as AAg/F. Note that the stress sensitivity
is independent of the fiber diameter. We should mention that each time
the POF was strained or stressed, a sufficient time (1-3 minutes) was spent



waiting for the Bragg wavelength to stop shifting due to hysteresis or creep
effects, minimizing as much as possible the readout error.

2.8. Thermal treatment

In its bulk form, PMMA is mostly amorphous, which means the polymer
chains are randomly oriented and entangled with each other. The pulling
force used to draw the POF from the preform can stretch the molecule chains
along the fiber axis. When the POF is rapidly cooled down to room tem-
perature and solidifies after it is drawn from the oven, the molecular chains
become immobilized, preserving a degree of alignment with the fiber axis
[21]. The molecular alignment can introduce van der Waals forces between
the molecular chains, which are strongly dependent on the molecular orien-
tation and they can influence the thermal and mechanical properties of the
polymer [22]. Therefore, the drawing conditions are able to affect the me-
chanical properties of the POF, such as the Youngs modulus [23, 24]. By
introducing enough thermal energy into the polymeric material, the molec-
ular chains become mobilized again [25]. Heating the polymer above the
[3-transition temperature in the absence of any external force acting on the
polymer material allows each molecule chain to relax towards its equilibrium
state, becoming highly amorphous again by reorganizing its conformation
26, 27]. This molecular rearrangement removes the residual internal stress
and as a result the elasticity of the material increases. When annealing the
polymer material to achieve molecular stress relaxation, the glass transition
temperature should not be exceeded because the molecular movements are
not localized anymore and large polymer sections start to move [28, 29],
which can erase any gratings recorded in the material. We should also em-
phasize that the annealing effects or the degree of molecular relaxation of
each polymeric material can be different, depending not only on the anneal-
ing conditions (annealing duration, temperature, humidity, etc.), but also
on their chemical composition, polymerization, degree of cross-linking, and
prior thermal history including the fiber drawing conditions [13, 30, 31].

In this study, a thermal treatment is used to relax the stretched molecules
of PMMA fiber and investigate the effects of this process on the strain, stress,
and force sensitivities of PMMA based Bragg grating sensors. PMMA typ-
ically has a B-transition temperature at 50 °C [32] and a glass transition
temperature at 105 °C [33]. Previously in the literature when the strain
sensitivity was investigated, a comparison was made between different sen-
sors fabricated in annealed and non-annealed fibers [12]. In contrast, in the
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work reported here, the thermal treatment was applied to a sensor after its
fabrication and characterization. The reason for choosing this methodology
is because of the fluctuation in the drawing conditions, especially in a cus-
tom made POF. As is already mentioned above, the drawing conditions can
strongly influence the mechanical properties of POF, such as its Youngs mod-
ulus [23, 24] and any fluctuation of these conditions can lead to non-uniform
material properties along the fiber length. This means that the sensors could
exhibit different mechanical sensitivity when fabricated at different locations
in the same fiber. Characterizing the same sensor before and after any ther-
mal treatment can remove the influence of this factor on the results.

Until now, POF thermal treatment has been only performed by placing
the fibers in a climate controlled chamber for extended periods of time from
several hours up to several days [10-14, 14, 34]. In this work, a simple, cost-
effective, but well-controlled thermal annealing was conducted as illustrated
in Figure 4. It has already been demonstrated that annealing POF in a high
humidity environment can accelerate the annealing process of the material
[31]. For this reason, each POF was placed in a container filled with hot
water for a short period of time (2 to 30 minutes). The hot water provides
a constant 100% equilibrium relative humidity during the POF annealing,
assuring the same thermal and humidity treatment conditions for all sensors.
The container is cylindrical with diameter 127 mm and height 22 mm and
metallic in order to conduct heat from the hot plate as shown in Figure 4. The
water temperature was monitored by a mercury thermometer (FISONS THL-
290-050J) and two annealing temperatures (5542 °C or 60+2 °C) were used
for the fiber treatment. After the treatment, each POF sensor was exposed
to the ambient room conditions with 40-50 % humidity and 20-25 °C for at
least one hour before its characterization. This is to allow any water that is
absorbed during the annealing process to be released out of the POF.

2.4. Chemical etching

A Youngs modulus reduction has been reported when a PMMA optical
fiber was chemically etched with acetone [17]. The authors claimed that
one possible reason for the material property changes could be the molecular
chain relaxation due to solvent absorption. It is also highly possible that
fiber cladding removal could change the non-uniform stress distribution over
the cross-sectional area of the fiber [35]. As is described above, the resid-
ual internal stress is created due to the cooling of the stretched molecules
during the fiber drawing process. The internal stress distribution could be
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Figure 4: Setup for POF stressing

non-uniform for various reasons, such as fiber designed structure, drawing
conditions [36-38], thermal history and cooling rate [39], etc. For exam-
ple, let us assume a homogeneous fiber drawing, where all the molecules are
stretched when they are heated up well above their glass transition temper-
ature. While continuing the drawing process, eventually the fiber starts to
cool down and the molecules located on the outer layer of POF are cooled
faster than the molecules located closer to the fiber core. At this stage, there
is a possibility for the inner molecules to relax to a greater degree before they
become immobile, as a result the residual stress may be higher towards the
side of the fibre [37]. Therefore, by etching the fiber that has a non-uniform
stress distribution along its cross-section, the average internal stress could be
changed.

In this study, POF etching is used to investigate if there are any changes
on the strain and stress sensitivities of POF Bragg grating sensors. The force
sensitivity is naturally expected to increase with etching due to the reduction
of the cross-sectional area of the fiber. In order to etch the PMMA optical
fibers, they have been placed in a container filled with pure acetone for 4-7
minutes and the fiber diameters were reduced by 14-48%. Then, the sensors
have been characterized again with the same method described above.



3. Results

Table 1 lists the annealing duration and annealing temperature applied to
9 different sensors and Table 2 lists their strain, stress, and force sensitivities
before and after the annealing. The results show that in all cases the thermal
treatment enhanced not only the strain, but also the stress and force sensitiv-
ities of the POF Bragg grating sensors. The difference in annealing duration
and annealing temperature do not clearly lead to any consistent difference in
these results and further investigation of the influence of those parameters
is out of the scope of this study. The only noticeable difference is on the

Table 1: Annealing duration and temperature for sensors 1-9
Annealing  Annealing
Sensor Duration Temperature

(min) (°C) + 2
1 2 60
2 4 60
3 4 60
4 30 25
5 30 55
6 30 55
7 30 95
8 30 60
9 30 60

fiber shrinkage and the Bragg wavelength shift. Figure 5 shows the Bragg
wavelength shift due to the POF thermal treatment in water at 55£2 °C
and 6042 °C. The results do not show the initial temperature related blue
wavelength shift that occurs as the sensor is submerged in the hot water.
The fitting equations show the complex heterogeneous nature of molecular
relaxation and fiber shrinkage. It is demonstrated that the POF shrinkage
follows a dynamic exponential decay [31], which depends on the annealing
conditions and the POF history. In general, as the annealing temperature
and humidity increases, the rate of fiber annealing is higher. This is the
reason for having second order exponential decay when annealing the fiber
at 60+2 °C (Figure 5). Using even higher annealing temperatures, the Bragg
wavelength shift is expected to follow more stretched exponential decay, as
has already been reported in reference [31].
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Table 2: Strain, stress, and force sensitivities before and after the thermal treatment

Strain Stress Force
Sensitivity Sensitivity Sensitivity
Sensor
(pm/pe) (pm/kPa) (pm/mN)
Before After Before After Before After
1 0.681 0.739 0.141 0.217 10.92 13.65
+0.009 =£0.019 +0.018 =£0.022 +1.37 +1.37
9 0.708 0.902 0.180 0.260 10.92 14.33
+0.007 =£0.016  +0.023 £0.025 +1.37 +1.37
5 0.541 0.694 0.147 0.201 10.92 13.65
+0.019 £0.012 +0.019 =£0.021 +1.37 +1.37
4 0.711 0.879 0.163 0.191 12.24 14.37
+0.007 =£0.020 +0.026 £0.018 +1.96 +1.34
5 0.726 0.875 0.176 0.208 11.44 13.26
+0.007 £0.020  +0.009 40.011 +0.59 +0.62
6 0.728 0.889 0.182 0.220 11.87 14.10
+0.004 £0.033  +0.006 +0.011 +0.39 +0.62
7 0.690 0.883 0.191 0.221 12.00 13.87
+0.011 #£0.011  +0.016 =£0.020 +0.98 +1.23
g 0.727 0.849 0.197 0.258 13.56 17.88
4+0.011 £0.011  40.023 40.023 +1.54 +1.54
9 0.771 0.943 0.173 0.202 13.41 14.64
4+0.011 £0.011  40.024 40.026 +1.85 +1.85

After the thermal treatment, sensors 7-9 were placed in pure acetone sol-
vent for 7 minutes to investigate the etching effects on strain, stress, and
force sensitivities. Table 3 shows the diameter reduction due to etching.
The diameter reduction depends mostly on the duration of etching, though
there is some variation, possibly due to contamination of the acetone solvent,
which was used for several sensors. Table 4 lists the strain, stress, and force
sensitivities of the annealed sensors 7-9 before and after the chemical etch-
ing. Strain sensitivity seems to be slightly reduced and the stress sensitivity
increases. Understandably, the force sensitivities have been dramatically in-
creased mostly due to the diameter reduction of the fibers. In order to
further investigate the chemical etching effects on POF sensors, an addi-
tional 9 sensors were characterized before and after etching without applying
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Figure 5: POF annealing at 55+2 °C and 60£2 °C

Table 3: Etching duration and diameter reduction of sensors 7-9

Etching Diameter Diameter Diameter
Sensor Duration before after reduction
(min)  etching (um) etching (um) %
7 7 143 98 31
8 7 136 92 32
9 7 133 69 48

any thermal treatment process (annealing). Table 5 shows the diameter re-
duction of the sensors for various etching durations. The effects of chemical
etching on these POF sensors are listed in Table 6. The results from this
more comprehensive study show inconsistent data regarding the strain and
stress sensitivity changes after etching, and therefore a further analysis has
been conducted. Figure 6 shows the percentage growth of strain sensitivity
of each sensor after etching and the average mean value is only 3.4%=+4.7%,
comparable to the error associated with the measurements. The average per-
centage growth of stress sensitivity after etching is 11.6%+7.6% as depicted
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Table 4: Strain, stress, and force sensitivities before and after etching the annealed sensors

Strain Stress Force
Sensitivity Sensitivity Sensitivity
Sensor

(pm/pe) (pm/kPa) (pm/mN)
Before After Before After Before After
7 0.883 0.854 0.221 0.259 13.87 34.05
+0.011 4+0.022 +0.020 40.020 +1.23 +2.63
8 0.849 0.755 0.258 0.260 17.88 39.53
+0.011 4+0.012 +0.023 +0.011 +1.54 +1.60
9 0.943 0.848 0.202 0.241 14.64 64.97
+0.011 40.012 +0.026 +0.006 +1.85 +1.75

Table 5: Etching duration and diameter reduction of sensors 10-18

Etching Diameter Diameter Diameter

Sensor Duration before after reduction
(min)  etching (um) etching (pm) %
10 4 144 123 14
11 4.5 156 116 26
12 5 152 97 37
13 5 139 92 34
14 5.5 129 81 37
15 7 130 72 44
16 7 152 91 41
17 7 142 84 41
18 7 131 84 36

in Figure 7. This means that we cannot conclusively state whether etching
can improve the strain or stress sensitivity, but in any case any such improve-
ment will be very small. The force sensitivity is increased dramatically in all
cases, due to the reduction in cross-sectional area. The etched sensors 16-18
were then annealed at 55+2 °C for 30 minutes. Table 7 shows that by etch-
ing and then annealing the sensors, their strain, stress, and force sensitivities
can be all dramatically enhanced. In this case, most of the improvement
in strain and stress sensitivity comes from the annealing process, while the
etching can further enhance the force sensitivity of the sensor.
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Table 6: Strain, stress, and force sensitivities before and after the chemical etching

Strain Stress Force
Sensitivity Sensitivity Sensitivity
Sensor
(pm/pe) (pm/kPa) (pm/mN)
Before After Before After Before After
10 0.788 0.791 0.194 0.214 11.98 17.95
+0.013  £0.008  4+0.009 40.003 +0.53 +0.25
1 0.717 0.746 0.209 0.202 10.88 19.12
+0.016 £0.008  +0.003 40.013 +0.13 +1.19
12 0.720 0.667 0.194 0.238 10.62 32.34
+0.040 £0.026  +0.004 40.002 +0.23 +0.23
13 0.726 0.768 0.185 0.200 12.28 30.07
+0.040 £0.034  +0.007 =£0.010 +0.46 +1.46
1 0.728 0.810 0.189 0.217 14.54 42.06
+0.040 £0.027  +0.003 £0.005 +0.23 +0.91
15 0.810 0.860 0.195 0.201 14.72 49.23
+0.019 £0.010  £+0.002 £0.002 +0.13 +0.39
16 0.709 i 0.199 0.191 10.94 29.59
+0.020 +0.028  £0.012 +1.54 +1.54
17 0.649 i 0.169 0.183 10.70 33.45
+0.010 4+0.009 =£0.011 +0.56 +1.54
13 0.657 0.146 0.211 10.82 37.76
+0.010 4+0.017  £0.010 +1.24 +1.23

Table 7: Strain, stress, and force sensitivities before and after both treatments

Strain Stress Force
Sensitivity Sensitivity Sensitivity
Sensor

(pm/pe) (pm/kPa) (pm/mN)
Before After Before After Before After
16 0.709 0.834 0.199 0.232 10.94 32.17
+0.020 £0.022  +0.028 +0.017 +1.54 +2.15
17 0.649 0.944 0.169 0.200 10.70 36.63
+0.010 £0.014 +0.009 =£0.011 +0.56 +1.54
13 0.657 0.962 0.146 0.223 10.82 37.14
+0.010 #£0.014 +0.017 =£0.001 +1.24 +0.19
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4. Conclusion

In this study, the thermal annealing and the chemical etching effects on
strain, stress, and force sensitivities of POF Bragg grating sensors have been
investigated. A simple, cost-effective, but well controlled thermal treatment
is presented for annealing the POF sensors. Previously, it was demonstrated
that strain sensitivity can be enhanced by fiber annealing. In this work,
we demonstrate for the first time that stress and force sensitivities can be
also enhanced. The reason for the enhancement is probably the molecular
relaxation of the material, when the POF is exposed above the -transition
temperature. Chemical etching the POF Bragg grating sensors also affects
the strain and stress sensitivities. A hypothetical reason could be the non-
uniform internal stress distribution in the fiber, which changes when some of
the fiber cladding is etched. In general, chemical etching is preferable when
the POF Bragg grating sensors are used in force detection applications. On
the other hand, the thermal treatment can improve the performance of the
sensors in both strain and stress sensing applications. A combination of
both annealing and etching may be beneficial depending on the application
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Figure 7: Average growth of stress sensitivity after etching

type. One example could be for humidity detection applications; the thermal
treatment allows the molecules to become amorphous again, providing the
ability to absorb water more easily than the aligned molecules. In addition,
etching the fiber to reduce its diameter reduces the time the water requires
to reach the Bragg grating sensor in POF core. Therefore, a combination of
both annealing and etching could be beneficial for such applications.
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