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Abstract: A simple, reliable, and quick reactive Fabry-Pérot (FP) structure-based fiber optic pH
sensor is presented. The pH-sensitive hydrogel and single-mode fiber (SMF) are placed inside a
fused silica capillary to form the FP cavity. The gel thickness is characterized by the spin coating
method with respect to different spin speeds. The proposed sensor shows a pH sensitivity of 0.30
nm/pH along with a fast response time of 15 s to 20 s for different pH solvents in the acidic range.
Also, the temperature sensitivity of the FPI sensor is found to be -0.56 nm/°C.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

pH detection is one of the most vital features in several fields of sciences, such as environmental,
biomedical, chemical, and agricultural [1]. The concept of cheap, reliable, and compact pH
sensor monitoring is continuously progressing since the 1980s. Many chemical manufacturing
production requires precise, real-time pH level detection. Furthermore, there is a specific
necessity to measure pH on minor scales in the biochemical and biomedical region [2]. Mostly,
acid and base pH level solutions are determined by the glass electrodes or strips of paper. Both
sensors have benefits and drawbacks; for instance, paper strips indicate only the pH color level
instead of exact numerical values; in contrast, glass electrodes provide precise values. However,
they are costly and do not have a real-time monitoring system [3]. These existing disadvantages
motivate to improvise pH devices. Thus, optical fiber-based pH sensors get the attention due to
the compact size, low-cost, highly sensitive, and no electromagnetic interference features, where
the optical signal made fiber commendable in all medium.

To date, various fiber optic-based pH sensors have been investigated based on either intensity
interrogation or wavelength interrogation. A dye molecules coated fiber has been utilized for
pH sensing based on intensity interrogation [4]. Another intensity based pH sensor has been
demonstrated using fluorescence material coated polymer optical fiber (POF) [5]. However,
intensity based pH sensors are vulnerable to fluctuation in source power and other external
factors. In contrast, wavelength based sensors are more reliable due to their stability and high
accuracy. For instance, hydrogel (poly (ethylene glycol) diacrylate (PEGDA)) coated fiber
Bragg grating (FBG) has been proposed for pH sensing where the wavelength shift occurred
due to the compression of hydrogel [6]. Furthermore, a bio-compatible pH sensor based on
1,4 butanediol diacrylate (BDDA) and piperazine (PIP) mixer has been demonstrated using thin
core interferometric technique [7]. Besides, pH sensors based on the surface plasmon resonance
(SPR) method have also been reported [8]. However, fabrication of the aforesaid sensors involves
complicated steps and they are bulky and less sensitive to pH variation.
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Meanwhile, fiber-optic Fabry-Pérot interferometers (FPI) have been utilized for various sensing
applications due to their distinct features such as compact size, reliable, and simple fabrication
process [9-13]. For example, an optical fiber-based pH sensor coated with hydrogel (polyacrylic
acid (PAA) and polyvinyl alcohol (PVA) mixed) has been reported for the pH range of 4.1-6.9 [14].
J. Goicoechea et al. have reported an FPI based pH sensor coated with PAA and polyallylamine
hydrochloride (PAH), and the probe has been found to have sensitivity of 0.051 nm/pH along
with response time of 3 minutes [15]. However, all above sensors have lesser sensitivity [15],
longer response time [14,15] and their detection is confined to smaller pH range [6,14,15].

Here, we reported simple and dependable hydrogel coated FP based fiber optic pH sensor.
Due to their specific properties, such as non-hazardousness and biocompatibility, hydrogels have
found numerous applications in the biomedical area [16] along with ionic strength [17], and
alterations in pH [18,19]. The fabrication of the probe involves coating of a section of fused
silica capillary (drawn by our group) with hydrogel followed by insertion of FBG incorporated
SMF into the fused silica capillary. The FBG has been included to monitor the environmental
temperature. The hydrogel has been coated using the spin coating technique where parameter
such as rotation speed has been optimized.

2. Sensor operating principle and fabrication
2.1. Sensing principle

The schematic of the FPI based sensor is shown in Fig. 1. Light reflected from the tip of SMF
and the hydrogel interfere with each other to produce the resulting interference pattern. The
reflection coefficients of the two surfaces can be determined by the Fresnel reflection equation
for normal incidence of light and can be expressed as

2 2
ny —ng ng — Ny,

Ri = = M

ng +ng Ng + Ny,

where Ry, and R, refer to the reflection coefficient of the two surfaces and n,, ny, and ny, (1.452)
refer to refractive index (RI) of air, core of SMF, and hydrogel, respectively. The preferred
hydrogel has higher RI compared to water (1.33), because it only contains 5% to 30% of water
by weight.
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Fig. 1. Schematic diagram of the proposed FPI based sensor.

Due to the low reflectivity from both silica-air (3.5%) and hydrogel-air (3.4%) interfaces, the
higher-order reflections may be neglected [20]. The intensity (I;) of the resultant interference
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pattern can be written as [21-24]
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where I} and I, refer to the intensity of light reflected from the SMF tip and hydrogel inner
surface, respectively. On the other hand, I;, A, L, a and ; refers to the input light intensity,
wavelength of the incident light, cavity length (air gap between the fiber end and hydrogel),
transmission loss of the cavity, and the primary phase of the interference, respectively. The free
spectral range (FSR) of the interference pattern can be expressed by Eq. (3) [12], where A; and
A, refer to the wavelength of the consecutive minima of the interference pattern.

A1y

Al=A - = 3
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The sensing principle of the interferometer is based on the shift of the interference minima
that occurs due to the change in cavity length. The change in cavity length depends upon the
swelling of the hydrogel, which in turn depends upon hydrogen ions (H") presents in a solution
with specific pH. The chemical equation corresponding to the expansion of the hydrogel can be
seen from Eq. (4).

[RCOO_]gel + [H+]aq = [RCOOH]gel €]

2.2. Fabrication of the proposed sensor:

The schematic of the proposed interferometer is illustrated in Fig. 1. In order to fabricate the
sensor, the tip of a section of the capillary (outer diameter: 200 um, inner diameter: 130 um, see
Fig. 2(a)) is dipped into the hydrogel. The coated tip of the capillary was fixed onto the rotational
stage of the spin coating machine, and the rotational speed of the stage was set at 4000 rpm. This
process resulted in the formation of a hydrogel coated capillary tip with a smooth inner surface.
Thereafter, the tip of the probe is placed under a UV source (CSD-B61-86F, COUSZ, Wuxi,
China) so that the hydrogel at the tip of the capillary gets cured. Then a section of flat cleaved
FBG inscribed SMF was inserted into the capillary using the translational stage (Nanomax 350/M,
Thorlabs, USA, see Fig. 2(b)) and the other end of the SMF was connected to one of the port of a
circulator while the other ports of the circulator were connected to a broadband source (BBS)
and an optical spectrum analyzer (OSA). This process helps to observe the real time interference
reflection spectra produced by the FP cavity during the insertion of SMF into the capillary. Upon
achieving the desired interference pattern with good contrast, the SMF was fixed with the inner
wall of the capillary using adhesive glue (LOCTITE 431, Henkel, Diisseldorf, Germany). It is to
be noted here that the FBG inscribed SMF helps in monitoring the temperature of the ambient
environment, thereby leading to the measurement of cross temperature error with better accuracy.
The fabricated sensor probe was shown in Fig. 2(c).
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Fig. 2. (a) Capillary cross-section view, (b) the alignment setup, (c) schematic of the
fabricated probe, (d) experimental setup.

3. Materials, hydrogel characterization, and experimental setup
3.1. Materials

All chemical materials without any purification were purchased from Sigma Aldrich to fabricate
the hydrogel. The following chemicals were used to synthesize the hydrogel: methacrylic acid,
MAA (99%, 250 ppm inhibitor), 2-hydroxyethyl methacrylate, HEMA (>99%, contains <50 ppm
inhibitor), ethylene glycol dimethacrylate, EGDMA (98%, includes 90-110 ppm inhibitor), and
2, 2-dimethoxy-2-phenylacetonphenone, DMPA (99%). The gel was prepared by mixing of
3.7995 g HEMA (76 wt%), 1.0009 g MAA (20 wt%), 0.1577 g EGDMA (3 wt%), and 0.0527 g
(1 wt%) [25], whereas DMPA directly dissolved in the mixture solution of MAA, HEMA and
EDGMA.

3.2.  Characterization of hydrogel

The thickness of the hydrogel inside the capillary has been characterized by the spin coating
method. In this process, the fabricated hydrogel was pre-cured for 15 s by a UV light source so
that the liquid viscosity got increased slightly. This made it easier to place the hydrogel inside
the silica capillary due to the surface tension [26]. The capillary was then immersed into the
gel for 2 s, and the same coated capillary was used for spin coating. This procedure formed a
smooth inner layer of hydrogel at the capillary tip, and the gel-coated capillary was again cured
for roughly 10 minutes to make it solid. The thickness of the gel and inner surface could be
controlled by rotation speed. Figure 3 illustrates the variation in gel various thickness respect
to varying spin speed for the fixed time duration. All the measurements have been repeated for
three cycles, and the average of the results along with error bars are exhibited in the same figure.
The probe having gel thickness of 642.03 um (corresponding to the rotation speed of 4000 rpm)
has been considered for the experiment. The probes with other thickness value have been ruled
out due to several reasons, e.g., lower fringe contrast, instability, and rough internal surface.
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Fig. 3. Variation in hydrogel thickness with change in rotational speed of spin coating
machine for a fixed duration (30 s).

The cavity length of the interferometer has been calculated to be 146 pm (A;=1523.12 nm
and A, = 1531.07 nm, exhibited in Fig. 4(a)), which is nearly the same as that obtained from
microscopic measurement, as shown in Fig. 4(g). In addition, the optimized thickness of hydrogel
is 642.03 um shown in Fig. 4(f). Figures 4(a) and 4(b) show the spectral response of three
sensors and broadband source, respectively. Three sensors were fabricated with different hydrogel
thicknesses, such as 357.24 um, 642.03 um, and 921.89 ym. The inner surfaces of the hydrogel
corresponding to three probes have been depicted in Figs. 4(b), 4(c), and 4(d). These different
thicknesses were obtained based on different spinning speeds for fixed time duration of 30 s
during spin coating. However, the interference pattern corresponding to the probe with gel
thickness of 642.03 um has better visibility and stability than other probes. The surface of the
hydrogel is not smooth enough for thicknesses 922 um and 357 um. This is due to the fact that
these cavities have been obtained for speed rather than the optimized rotational speed of the spin
coating machine.

3.3. Experimental setup

The experimental set up for pH sensing is shown in Fig. 2(d). The system consists of a BBS
(home-made, with the maximum output power of 3 mW), a circulator (6015-3-APC, Thorlabs
Inc, New Jersey, USA), and an OSA (AQ6370D, YOKOGAWA, Tokyo, Japan) with a spectral
resolution of 0.05 nm. Light is launched into the sensor head through one port of the circulator,
and the reflected light from the tip of the probe is coupled to OSA through another port of the
circulator.
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Fig. 4. (a) Reflected spectrum pattern of the probe with hydrogel thickness of 357.24 pym,
642.03 um, and 921.89 um respectively. (b) interference pattern of BBS. (c), (d) and (e) show
the inner surface probes having hydrogel thickness of 357.24 ym, 642.03 um, and 921.89 pm
respectively. (f) and (g) are the optical microscope view of the optimized sensor showing
thickness of hydrogel and cavity length respectively.

4. Results and discussion

Figure 5(a) shows the spectral response of the probe upon immersion into solutions with different
pH values. Solutions with pH values varying from 1 to 7 were considered for the experiment.
When the pH of the solution is decreased from 7 to 1, the interference minima shows blue shift.
The blue shift can be attributed to hydrogel swelling for solutions with lower pH values, and this
expansion leads to a decrease in cavity length. The above process was repeated for three cycles,
and the average sensitivity was found to be 0.30 nm/pH shown in Fig. 5(b), which is higher than
previously reported results [25].

Further, the sensor response time (see Fig. 6) is analyzed by dipping it into the liquid with
pH 7 followed by liquid with pH 5. The response time of the sensor was found to be 20 s (Tr,
falling time) for a change in pH of the solution from 7 to 5 and the recovery time (change in PH
from 5 to 7) was around 15 s (T, rising time). The sharp peak in the graph refers to the duration
for which sensor is in the air (during the change in solution). The sensor’s quick response can
be attributed to the direct interaction between the hydrogen ions and hydrogel, which led to the
hydrogel swelling. In contrast, other methods based on FBG [6] and surface plasmon resonance
[8] have longer response time because the response in these sensors is based on fiber hydrogel
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Fig. 5. (a) Spectral response of the sensor for pH varying from 1 to 7, (b) Sensitivity
performance of the sensor for variation in pH from 7 to 1.

compression. The comparison of the performance of our probe with other reported probes in the
acidic range is summarized in Table 1.
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Fig. 6. Response time of the proposed sensor for change in pH from 5 to 7.

The sensor temperature sensitivity performance is shown in Fig. 7. In order to carry out the
probe response to change in environmental temperature, the probe is placed in a furnace where
the temperature was varied from 25°C to 40°C. It is to be noted here that the FBG embedded
in SMF could be used to calibrate temperature response due to its insensitiveness towards pH
measurement. The length of the integrated FBG was 5 mm and was written at a distance of 7
mm from the SMF tip. The shift of interference pattern (inset) along with variation in shift with
temperature for the FP cavity has been shown in Fig. 7(a). In contrast, the shift in FBG peak
(inset) and variation in shift with temperature change have been displayed in Fig. 7(b). The FP
cavity temperature sensitivity has been found to be -0.56 nm/°C while that of FBG peak has been
found to be 9 pm/ °C. Considering both these parameters, the cross temperature sensitivity found
to be ~-1.87 pH/°C.
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Table 1. Performance of the sensor compared to the existed fiber optic sensor in the acidic range.

Coated Fabrication Response

Method material complexity pHrange Sensitivity time References
FBG based POF PEGDA Medium 2-6.5 —-034nm/pH T;=30s [6]
FBG based on Hydrogel Medium 4-7 73+2pm/pH Ty =2.5 min T; =4.5 min [25]
SMF
SPR based pH PAH/PAA Complex 3-7 0.453 au/pH - [27]
sensor
FPIbuilt pH sensor PVA/PAA Complex 4.1-6.9 11 nm/pH - [14]
using PCF and
SMF
FP cavity based on Hydrogel Simple 1-7 0.30 nm/pH Tr=20sT;=15s This study
SMF and capillary
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Fig. 7. Temperature response of FP cavity (a), and embedded FBG (b). The inset of Fig (a)
and (b) show the shift in the FP interference spectrum and FBG peak, respectively.

5. Conclusion

In summary, this work has offered a simple, compact, and quick responsive optical fiber pH sensor
based on the FP cavity. The sensor fabrication involves the coating of UV cured pH-sensitive
hydrogel at the tip of the capillary and insertion of FBG embedded SMF into the capillary. The
hydrogel length was characterized by the spin coating method, where the optimized thickness
was found at spin speed of 4000 rpm. A blue shift in the interference spectrum was detected as
the sensor submerged into the aqueous solution with different pH values. The sensor sensitivity
was found to be 0.30 nm/pH, and the response is linear. The response time has been found to
be 20 s (falling time) and 15 s (rising time) for a change in pH value from 7 to 5 and 5 to 7,
respectively. The temperature response of the sensor has been analyzed by tracking the shift of
interference pattern corresponding to FP cavity and the wavelength shift of FBG peak. The FP
cavity temperature sensitivity and the FBG have been found to be -0.56 nm/°C and 9 pm/°C,
respectively. The cross temperature sensitivity can be calculated by tacking the FBG peak during
the experimental measurement of pH. Therefore, these results are promising to build a reliable FP
cavity-based fiber optic pH sensor in the acidic range. However, the performance of the sensor
could be further improved using novel pH sensitive material.
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