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Abstract: A fiber-optic strain sensor that can show strain via color change and which can be viewed
using human eyes has demand in the civil engineering field for alerting purposes. A previous sensor
was fabricated using PMMA (Poly(methyl methacrylate)), which had the exceeding hardness to
exhibit satisfactory sensor performance. In this research, an elastomer-based fiber-optic structure was
fabricated to enhance the elastic response of such sensors and to enlarge the waveguide cross section.
Various organic fluorophores were added to the core and cladding regions of the elastic waveguide to
induce energy flow from the core to the cladding when stress is applied to the waveguide. Elastomer
pairs suitable for the core and cladding were selected from among several candidate materials having
high transparency. A method of dispersing fluorophores to each host elastomer and constructing
an excellent core—cladding interface using the selected materials was proposed. To investigate the
time-dependent changes in the fluorescence of the doped elastomer waveguide, the absorption and
emission spectra were monitored after the host elastomers were cured.

Keywords: elastomers; fluorophores; optical fibers; strain sensor

1. Introduction

Much of the Japanese infrastructure that was built in the era of high economic growth in the
1960s is now at risk of collapse owing to natural hazards that could strike the region unpredictably
at any time [1,2]. As a result, various types of structural monitoring are necessary in Japan. Fiber-
optic (FO) structural monitoring can be used to monitor large areas using one device; hence, it is
recognized to be suitable for monitoring the deformation of a structure. The fiber Bragg grating and
Brillouin optical-domain reflectometer are well-known FO strain sensors that exhibit highly reliable
performance [3]. However, the overall cost of the mechanical and/or electrical transducers required
to construct these systems, which can include spectral analysis systems, well-tuned light sources,
or signal processing systems, often exceed the repair cost of the structure itself.
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With the goal of producing an FO strain sensor with fewer components, we previously reported a
strain sensor made from a polymeric optical fiber (POF) that works with environmental white light
and inspection by eye [4]. The POF contains rhodamine 6G (R6G) and coumarin 540A in its cladding
and core, respectively. When the fiber is deformed, emission from coumarin 540A is used to excite the
R6G, and the stress is indicated by a color change in the cross-section of the end of the POF. Figure 1
shows the excitation and emission spectra of this fluorophore pair. This type of energy flow can be
obtained using a fluorophore pair that has sufficient overlap in the emission and excitation peaks of the
two components. A polymeric system is typically suitable for this purpose for two reasons. First, the
low processing temperature of polymers conserves the structure of the doped fluorophores. Second,
polymers are more elastic and have a higher elastic limit than silica, the most typical material for an
optical fiber [5-10].

Here, we report a fluorophore-doped FO sensor structure using polydimethylsiloxane (PDMS)
elastomers. Previously reported sensor had PMMA (Poly(methyl methacrylate)) as the fiber material [4].
Poly(methyl methacrylate) was a proper material to demonstrate the sensor principle but had shown
poor sensitivity on its own due to its hardness. Most elastomers have hardness (Rockwell scale) below
80 whereas the hardness of PMMA ranges from 80 to 100. Polydimethylsiloxanes are even more elastic
than acrylate polymers, so enhanced sensitivity and the ability to fabricate sensors with larger cross
sections can be expected for the same fluorophore-doped structure. We selected a PDMS pair that
forms an excellent core—cladding interface and is also capable of hosting fluorophores.
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Figure 1. Excitation and emission spectra of donor/acceptor fluorophore.

2. Materials and Methods

2.1. Dispersal of Fluorophore in an Elastomer Bulk

To optimize the dispersion of the fluorophores into an elastomer bulk, R6G was dispersed in an
elastomer before waveguide fabrication. The R6G was purchased from TCI Chemicals and used as
received. A highly transparent elastomer (sample A) with an undisclosed chemical structure was
provided by Shin-Etsu Chemical Co. (Tokyo, Japan). Sample A is the most typical material among the
series of transparent elastomers Shin-Etsu produces. Rhodamine 6G is a typical dopant fluorophore
that has been used in POFs for various purposes [4,8,9]. It was dispersed in cyclopentanone before use.
This solvent was later dispersed in the precursor mixture and was distributed uniformly by a spatula
and simultaneously degassed using a planetary centrifugal mixer (AR-100, THINKY, Tokyo, Japan).
The two precursors, which appeared viscous, were mixed at a recommended ratio before use. Four
doped bulks with various dopant concentrations and curing conditions were obtained, as listed in
Table 1. To measure the emission spectra of these samples using a spectrofluorometer (FP-6300, JASCO,
Tokyo, Japan), samples were cured in a disposable cell that fits the cell holder of the spectrofluorometer.
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Light at a wavelength of 525 nm was selected for excitation of the doped sample according to the
datasheet for R6G.

Table 1. Samples of fluorophore-doped elastomer A.

R6G Concentration Cyclopentanone Content . i
Sample (Wt%) per 10 g host (uL) Curing Conditions
Sample 1 1.33 x 10710 300

R t ture, 24 h

Sample 2 2.85 x 10711 1400 com femperature
Sample 3 1.33 x 10710 300 o
Sample 4 2.85x 10711 1400 100°C, 1h
Sample 5 1.33 x 10710 300 o
Sample 6 2.85x 10711 1400 150°C, 1h

2.2. Refractive Index and Elasticity Measurement for Selecting a Core—Cladding Pair

Table 2 lists the highly transparent elastomers that Shin-Etsu Chemical produces. To select a
combination that is most suitable for constructing a core—cladding interface, the temperature-dependent
refractive index and hardness of each material were tested. A and D have multiple choices for curing
conditions. The temperature-dependent refractive index of each cured sample at the D line was
obtained using a multi-wavelength refractometer (AbbeMAT-WR/MW, Anton Paar, Styria, Austria).
Samples were polymerized on the surface of a substrate with a thickness of no less than 50 um.
The cured elastomers, which had been cut to fit the holder of the refractometer, were removed from the
substrate. In addition, the rubber elasticity of each cured elastomer was evaluated using a durometer.

Table 2. Series of transparent elastomers and their properties.

Elastomer Refractive Index G tven Recommended Curing Conditions
by the Supplier

Minimum 30 min exposure at 150 °C

1.41 -
Minimum 24 h exposure at room temperature

B 1.33 1 h exposure at 120 °C
2000 mJ cm~2 exposure at 365 nm
1.41 2. .
(over 40 mW cm™ in intensity)
D 151 1 h exposure at 100 °C

5 h exposure at 150 °C

2.3. Density and Atomic Characterizations of Selected Elastomers

To clarify whether the curing process affects the density of the final product, the volume of each
cured product was measured. To fabricate a good core—cladding interface, it is best to use core and
cladding materials with similar shrinkage rates. Either 3 or 5 g of the precursors was prepared in a
Petri dish (32 mm in diameter, 15 mm in height). The precursors were cured at room temperature,
60 °C or 150 °C. The surface of the Petri dish was pretreated using a silane coupling agent so that the
sample could be removed from the dish without damage. The thickness of each sample was measured
at five points after it was removed from the dish. Figure 2 shows the approximate locations at which
the thickness was measured.

To characterize the effect of the host material on the fluorescence, the atomic composition of the
precursors and cured bulks of the selected core and cladding materials was analyzed using X-ray
fluorescence (XRF) spectrometry (EDX-GP, Shimadzu Co., Kyoto, Japan). Samples with film and rod
structures were prepared for comparison.
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Figure 2. Five points at which the thickness of the fabricated elastomer samples was measured. Red
crosses represent the measured location.

3. Results and Discussion

3.1. Emission Spectrometry of the Fluorophore-Doped Elastomer

Figure 3 shows the excitation and emission spectra of Samples 1 and 2 (Table 1) at three times:
before, immediately after, and 50 days after curing. These samples have different concentrations of
the R6G fluorophore, and both samples were cured at room temperature. A wavelength of 525 nm
was used for excitation. Sample properties are listed in Table 1. The fluorescence activity decayed
remarkably in Sample 1 with curing. The excitation and emission spectra of Sample 2, which had a
lower R6G concentration than Sample 1, at these three times did not differ greatly.

(@) Sample 1 (high conc. R6G, RT) (b) Sample 2 (low conc. R6G, RT)
800 F 800 =
— 600 i 600 i
(] L iy r
£ | s
=) F 5 [
o I 2 f
Q o
- [ o [
400 400 [
2 : 2
a r B ‘® r
S s b c L
2 [ I o [
c | B c !
200 " — 200[
g b . A
[ ) r k
: : A\
[ . *{ r .
Olrresee =="‘=’ A "‘\‘\ n =~ al [o] S PR P I, L : =l
400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

after curing (0 days) after curing (50 days)

‘ ——— before curing

Figure 3. Excitation (broken line) and emission (solid line) spectra of Samples (a) 1 and (b) 2 before,
immediately after, and 50 days after curing.

To understand the decay mechanism, the fluorescence magnitudes of a wider variety of samples
over approximately 30 days were plotted. Figure 4 shows the time-dependent fluorescence changes
in samples 1-6 (Table 1). The intensity of the emission peak around 546 nm was plotted over a
period of time. The samples with low R6G concentrations (samples 2, 4, and 6) did not show notable
differences depending on the curing conditions. These samples showed a gradual decay of the
maximum fluorescence intensity over 30 days, which stabilized around day 16. On the other hand,
samples with high R6G concentrations (samples 1, 3, and 5) showed a different trace that could be
related to their curing temperatures. Sample 1, which was cured at the lowest temperature, showed a
gradual decay over 30 days. Sample 5, which was cured at the highest temperature, showed increasing
fluorescence after 24 days of monitoring. Sample 3, which was cured at an intermediate condition,
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showed a trace that is also intermediate. At around day 16, the high-concentration samples also
appeared to be reaching the stable state, after which the fluorescence did not change dramatically
compared to the earlier changes.

‘ loss of cyclopentanone

(decrease of #1, 3)
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ﬂ relaxation of the matrix
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Figure 4. Time-dependent fluorescence changes in samples cured at room temperature (RT), 100 °C,
and 150 °C. Samples with high and low R6G concentrations (conc.) are plotted in blue and yellow,
respectively. Sample properties are listed in Table 1. T,“" represents boiling point of cyclopentanone.

The trend observed in Figure 4 can be explained by the presence of cyclopentanone in each sample.
Cyclopentanone was used to disperse the R6G uniformly in the precursors. As shown in Table 1,
the high-concentration samples initially contained more cyclopentanone than the low-concentration
samples. In addition to the initial content, the curing conditions and time period after curing also affect
the final cyclopentanone content. Because the boiling point of cyclopentanone is 130.6 °C, most of it is
removed during curing of samples 5 and 6. However, it should remain in the matrix for samples 14,
but the samples cured at room temperature are expected to have a higher content than those cured at
100 °C. This explains why the low-concentration samples held its fluorescence at a similar level after
approximately 30 days, and also why samples cured at different temperatures showed similar trends.
The solvent was also expected to gradually vaporize with time, and this explains the stabilization of all
the samples observed after day 16. This evidence suggests that the presence of cyclopentanone may
affect the R6G fluorescence, possibly by facilitating local dispersal of R6G molecules inside the siloxane
network. In contrast, when it vaporizes, R6G may form an aggregated structure that no longer emits
fluorescence in the original wavelength region. On the other hand, the gradual increase observed
in sample 5 was not likely to be related to cyclopentanone. It may be caused by internal relaxation
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of the siloxane network. Sample 5, which was cured at 150 °C, should have a higher internal stress
than samples cured at lower temperatures. Such relaxation of the siloxane network may contribute to
making the local distribution of R6G more uniform.

3.2. Selecting Elastomer Pair with Similar Characteristics for Core and Cladding

Figure 5 shows the temperature-dependent refractive indices of elastomers A-D (Table 2) measured
at the D line. The refractive indices of all the elastomers exhibited a linear relationship with temperature
in the range of 20 to 60 °C. Because all the candidate elastomers exhibited a similar linear trend, changes
in temperature are not likely to strongly affect the waveguide conditions for any combination of core
and cladding materials. These gradients are expected to be maintained even at the lower and higher
temperature ranges as long as the elastomer maintains its material phase. Because elastomers A and C
have almost the same refractive index, they should not be chosen as core and cladding materials for
each other. They can be used either as a cladding in combination with a core of elastomer D, or as a
core with a cladding of elastomer B. A combination of elastomers B and D would exhibit the largest
numerical aperture (NA) of approximately 0.72, which is quite high compared to those of optical fibers.
Elastomer B is a suitable cladding material with any core material.

155
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Figure 5. Absolute refractive indices of elastomers A-D at the D line at selected temperatures.

Tables 3 and 4 show the rubber hardness of elastomers A-D and possible core—cladding pairs,
respectively. Elastomer D had the highest rubber hardness and significant shrinkage after curing
compared to the other materials. Fabrication of optical fiber structures using elastomers employs a
method similar to interfacial gel polymerization of acrylic optical fibers, in which the core is polymerized
inside the cladding tube, which is solidified in advance [10]. Photographs of the cladding and the
rotational motor that were used to form the tube structure are shown in Figure 6a—c. Figure 6d shows
the prototype using elastomer D for the core. Significant haze was observed at the core—cladding
boundary, which is not desired in an optical waveguide. This haze was attributed to the large difference
between the volumetric properties of elastomer D and those of all the possible cladding materials.
The pair of elastomers A and B was concluded to be the optimal choice because of its good interface
and adequate numerical aperture (NA).
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Table 3. Rubber hardness of the transparent elastomers.

Elastomer Rubber Hardness
A 56
B 34
C 63
D 75

Table 4. Possible core—cladding pairs and their numerical aperture (NA) and difference in rubber
hardness values (Agry)-

Core Cladding NA (@20 °Q) ARy
Elastomer A Elastomer B 0.46 22
Elastomer C Elastomer B 0.46 29
Elastomer D Elastomer A 0.56 19
Elastomer D Elastomer B 0.73 41
Elastomer D Elastomer C 0.56 12

.
elasto lling

Figure 6. Photographs of (a) the rotational motor attachment for cladding fabrication, (b) side and
(c) top views of the cured elastomer tube, and (d) the core filled with elastomer D. Alumina was added
to the cladding so that its shape could be observed more clearly.

3.3. Dependence of Volumetric Properties on Curing Conditions

To enhance the quality of the core—cladding interface, the volumetric properties of elastomers
A and B were further investigated. Figure 7 shows the density of elastomer samples of various
weights after curing at various temperatures. Under any curing condition, the cladding material
(elastomer B) had a higher density than the core material (elastomer A). A lower curing temperature
and higher weight yielded a higher density. This result can be attributed to the opportunity for the
microstructure to relax and become self-organized. For this pair, the curing conditions were not shown
to significantly affect the relationship between the densities of the core and cladding. However, it is
desirable to match their properties in order to obtain an excellent interface. To obtain a similar density
of the two elastomers, curing of elastomers A and B at room temperature and 150 °C, respectively,
is recommended.



Fibers 2019, 7, 37

Density (g mm-)

PN S I B IR IR I I IR I

0.16

0.14

0.12

0.10

0.08

0.06

8 of 10

)

Elastomer A (120 °C)
Elastomer A (RT)
Elastomer B (150 °C)
Elastomer B (60 “C)

Elastomer B (RT)

|

st b b v v b b an

4 6 8 10
Weight (g)

Figure 7. Density of elastomers A and B cured at different temperatures. RT: Room temperature.

3.4. Elemental Analysis of the Elastomer and Precursors

The XRF results of elastomers A and B are shown in Tables 5 and 6, respectively. V and « represent
the absolute counts and dispersion, respectively. Two precursors and bulks with different shapes and
curing temperatures were tested. Samples with disk and film shapes were measured for accurate
interpretation of the data. The Cu peak was prominent in all the precursors and bulks of the two
elastomers. The Fe peak was observed for some samples of both elastomers. Because it was observed
only for some samples, it was considered to be the escape peak of Cu. The presence of the metal
element may quench the fluorescence. However, Cu was not considered to greatly affect the decay of
fluorescence shown in Figure 3a, because the decay was not observed in the low-concentration sample
(Figure 3b) which should have a similar Cu concentration.

Table 5. Components of elastomer A. V and a correspond to absolute volume and dispersion of each

element, respectively. Bulk 1: disk cured at room temperature, Bulk 2: rod cured at room temperature,
Bulk 3: rod cured at 100 °C. ND stands for not detected.

Precursor 1 Precursor 2 Bulk 1 Bulk 2 Bulk 3
Element v o 14 o 14 o 14 o 1 o
Si 987,247.3 9542 987,514.2  9550.1 999,758.2 90604  979,035.6 6467.6  978,157.1  7010.1
Cl - - - - - - 20,496.2 741.2 21,598.8 815
S 11,957 1966.5 11,752.6 1972.6 - - - - - -
Cu 386 25.1 394.9 25.2 196.4 15.8 173.5 10.7 1734 124
Pt 0.011 0.005 ND 0 0.005 0.004 0.005 0.002 0.007 0.003
Sn 0.006 0.003 0.007 0.003 ND 0 0.002 0.001 ND 0
Fe 235.7 45.2 272.6 454 222.3 20.8 - - - -

Table 6. Components of elastomer B. V and a correspond to absolute volume and dispersion of each

element, respectively. Bulk 1: disk cured at room temperature, Bulk 2: rod cured at 150 °C.

Precursor 1 Precursor 2 Bulk 1 Bulk 2
Element v a v a v a 14 a
Si - - 858,158.2 796,383.3 576,938.4 755,208.8 660,888.4 762,579
Cl - - - - 410,817 .4 207,882.5 325,871.7 194,472.3
S 838,817.4 814,858 135,168.5 191,177.9 - - - -
Cu 91,121.4 23,179.6 4129.1 1999.6 5400.5 43914 5245.9 4560.8
Pt ND 7 ND 0.5 ND 1.2 ND 1.2
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Table 6. Cont.

Precursor 1 Precursor 2 Bulk 1 Bulk 2
Element 14 @ |4 ® 1% @ \%4 @
Sn 2.452 6.046 0.066 0.276 ND 0.8 0.066 0.724
Fe - - - - 4152.2 7506.3 2650.8 7103.6
Ni 45,542.8 31,810.1 1887.8 2637.4 2691.5 5780.4 2588.3 6010.8
Cd - - - - - - 2091 6019.3

4. Conclusions

An elastomer pair suitable for creating an FO structure with core and cladding regions was selected
from among prototype elastomers provided by Shin-Etsu Chemical Co. A pair with satisfactory
transparency matching, refractive-index matching, and rubber-hardness matching was selected.
The dependence of the density on the curing conditions of the selected pair showed that the cladding
material has higher density and that the density can be tuned slightly by selecting the appropriate curing
conditions. The fluorescence of the R6G-doped elastomer was monitored for 30 days. The fluorescence
of some samples was observed to decay, probably owing to the presence of cyclopentanone instead of
Cu, which was found to be present using XRF analysis. The obtained information is considered to be
useful for designing a new type of fluorescent FO strain sensor using elastomers that can respond to
stress with high sensitivity compared to previous PMMA system and can display an easy-to-read signal.
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