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High-sensitivity salinity sensor based on
optical microfiber coil resonator
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Abstract: A simple, compact, and high-sensitivity optical sensor for salinity measurement is
reported based on an optical microfiber coil resonator (MCR). The MCR is manufactured by
initially wrapping microfiber on a polymethylmethacrylate (PMMA) rod, which is dissolved
to leave a hollow cylindrical fluidic channel within the coil for measurement. Based on the
light propagation through the MCR, the device’s spectrum moves to long wavelengths with
increased salinity in the fluid. The MCR device’s sensitivity can reach up to 15.587 nm/%
with a resolution of 1.28 x 107%. It is also confirmed that the temperature dependence is
79.87 pm/°C, which results from the strong thermal-expansion coefficient of the low
refractive index epoxy. The experimental results indicate that the device can be widely used
as a high sensitivity salinity sensor in water and other liquids due to its stability, compactness,
electromagnetic immunity, and high sensitivity.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, salinity sensing has attracted much attention in potential areas ranging from
marine monitoring, marine circulation, marine climate and environment protection in
oceanography [1—4]. Generally, traditional methods of salinity measurement have been based
on electronic methods (electrochemical) to detect the existence of chlorine ions of the
seawater [5,6]. However, this method is affected greatly from the harsh environment, such as
high corrosivity, extreme temperature and strong electromagnetic interference and is not used
widely in micro scale due to its large size and complex structure. Electrochemical sensors are
also prone to cross-sensitivity from and can even be damaged by other species e.g. nitrates
(from Agriculture) and Sulphuric compounds (e.g. from dissolved SO,) Therefore, there is a
clear need for new sensors with compact size, high stability, good selectivity and
electromagnetic immunity.

Optical Microfibres have been widely applied for salinity sensing because of the excellent
light matter interaction developed via the strong evanescent field surrounding the microfiber.
Salinity sensors based on microfibre have attracted particular attention due to their advantages
of compact size, low loss, low cost and electromagnetic immunity [7-9]. Existing forms of
salinity sensor based on microfibre include a Mach-Zehnder interferometer [10], a microfibre
loop [8], a Bragg grating [11] and a direction coupler [9]. Among the numerous devices based
on microfibre, the microfibre resonator represents a significant development in the field of
evanescent wave sensing. The microfibre coil resonator (MCR) therefore has great potential
in the general optical sensing field and has been used for measurement of refractive index
[12], temperature [13] and electric current [14]. However, to the best of our knowledge, there
is no experimental work on the salinity sensing by an MCR so far.
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In this paper, a salinity sensor based on an MCR is fabricated by wrapping a microfibre on
a polymethylmethacrylate (PMMA) rod covered with a UV-curable low refractive index
epoxy and dissolving the PMMA rod to constitute a fluidic channel. The light propagation of
the MCR is sensitive to the refractive index of its surrounding environment, so the device
based on the MCR is very applicable to salinity sensing in fluids. The resonance wavelength
moves towards long wavelengths in the presence of increasing salinity and the device exhibits
a high sensitivity of 15.5874 nm/% and a temperature dependence of 0.07987 nm/°C. The
latter is present due to the strong thermal-expansion coefficient caused by the low refractive
index epoxy. The demonstrated sensor provides a novel method to measure salinity and offers
a good reference for salinity measuring for use in other fields, including chemistry and
biology.

2. Theory

According to the analysis of Sumetsky [15], the light propagation around an MCR with n
turns is described by the following equations:

CAGs) ] O kK 0 0 - 0 0 O As) |
As) | |k 0 k 0 - 0 0 0f 45
A(s) | [0 k 0 k 0 0 0| 4ss)

L I N T ST | (1
Bl g 1o 000 0k 0f Auss)
Aa(s)] 100 0 0 o k 0 k| Ais)
L A4s) | {000 0 0 o 0 k O Ads) |

where 4,,(s) is the varying amplitude of the electric field at the m™ coil with a distance s
around the coil, and £ is the coupling coefficient between adjacent coils. For the propagation
in the MCR, the output amplitude at the end of the m™ coil is equal to the input amplitude at
the beginning of the (m + )" coil, which implies the following continuity condition:
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where f is the propagation constant of the fundamental mode (HE,;) and S is the length of
each coil. The input of the MCR is determined by 4,(0) while the output of the MCR is given
by A«(S)exp(iS). The amplitude transmittance of the MCR is defined as:

T An(S)exp(i8S)
A1(0)
Note that f in the Eq. (3) is defined as an imaginary propagation constant =27/ A+ic,

3)

where a represents the optical loss of the microfibre.
The output light intensity of the MCR can be expressed as:
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where 7* is the complex conjugate of 7.
To investigate the dependence of the output light intensity on salinity, a salinity sensing
mode based on the MCR is established. The eigenvalue equation for HE; is given by [16]:
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where n; is the refractive index (RI) of the fibre, 1, is the RI of the salt solution, k =27/A4,d
1s the diameter of fibre, J; is the Bessel function of the first kind and K is the modified Bessel
function of the second kind. The modelling results in transmission spectra which vary with
different salinities and are shown in Fig. 1(a). The refractive index of the salt solution as a
function of salinity was measured and was found to have a linear relationship, expressed by
the formula: y =0.00192x+1.33397, where y is the refractive index and x is the salinity.

When light propagates in the MCR, the refractive index of the salt solution will change the
output light intensity and in turn this will alter the transmission spectrum. Since the salinity
affects the refractive index, the salinity level will therefore affect the transmission spectrum.
With a suitable calibration of the changes in the transmission response it is possible to
measure the salinity. The resonance wavelength experiences a red-shift with the increasing of
salinity concentration.
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Fig. 1. (a) Normalized transmission spectra at two different salinities. (b) Theoretical
relationship between resonance wavelength and salinity.

Based on the above modeling, a theoretical study on the dependence of the resonance
wavelength on salinity is performed and the calculation result is plotted as the red line in Fig.
1(b). It shows that the resonance wavelength increases linearly with increasing of salinity and
the slope is 18.26262 nm/%.

3. Experiment

The fabrication process for the salinity sensor based on the MCR is described in this section.
Initially, a microfibre was fabricated by drawing a standard commercial single-mode fibre
(SMF-28) when heated by a small ceramic heater [17] and the diameter of microfibre is 2.32
pm. The fabricated microfibre was wrapped around a lmm-diameter PMMA rod as shown in
Fig. 2(a) (Goodfellow, ME307901), covered with a UV-curable low refractive index epoxy
(Luvantix, PC373) and fully cured using a UV lamp (Lightningcure, LC8) to reduce any
unnecessary loss caused by the difference in refractive index between the PMMA and the
microfibre. The gap between adjacent coils was 7.36 um and the supporting rod diameter
after it is covered with the low refractive index epoxy is 1.3 mm. The MCR was subsequently
packaged with the same UV-curable low refractive index epoxy and fully cured using the
same UV lamp. In order to enhance the mechanical stability, the fabricated MCR was placed
on a glass slide (BK7) coated with the same UV-curable low refractive index epoxy and again
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fully cured. Finally, the MCR was immersed into acetone for 12 hours to dissolve the PMMA
support rod which resulted in the device which incorporates a hollow cylindrical channel
structure. The PMMA rod covered with a UV-curable low refractive index epoxy and with
the MCR fibre in place sits on glass slide which is inverted into a small beaker (5 mL) filled
with acetone so that the PMMA rod is immersed completely and dissolves slowly. Acetone
was added to the beaker every three hours to account for the loss of acetone due to
vaporisation. After 12 hours, the PMMA rod was dissolved completely and a hollow
cylindrical channel is formed. The proposed salinity sensor used a 4-turn MCR and a fluidic
channel surrounded by low refractive index epoxy was obtained with the completion of the
step described above.
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Fig. 2. (a) Fabrication process of the salinity sensor. (b) Schematic diagram of the experiment
system. (c¢) Transmission spectra of the MCR before and after removal the PMMA rod and
after setting into salt solution.
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The proposed experimental system was established shown in Fig. 2(b). The spectral
characteristics were investigated using this system which comprised a broadband amplified
spontaneous emission (ASE) source (YSL SC-series) connected to the input fibre and an
optical spectrum analyzer (OSA) (YOKOGAWA, AQ-6370C) connected to the output fibre.
The salinity sensor was immersed into a salt (Sodium Chloride) solution sample with a
salinity of 3.4640%, which was based on a mixture of deionized water and dissolved salt. The
transmission spectra of the sensor before the PMMA rod was dissolved, after the PMMA rod
was dissolved and after immersing the sensor into the salt solution are depicted in Fig. 2(c).
The free spectral range was measured as 0.37 nm (Fig. 2(c)) and remains constant through the
fabrication process. Nevertheless, the three oscillation strengths (amplitudes) are significantly
changed, which indicates that the length of a single turn of the MCR is invariant so that the
single coil of microfibre is not altered on formation of the fluidic channel. The variations in
amplitude can be attributed to mechanical variations during the process of fabrication. Due to
the fluidity and expansion of the liquid, the gap between adjacent coils changes during the
process of fabrication and experiment, thus altering the coupling between each of the turns
and the amplitude of transmission spectrum.

4. Analysis

The salinity sensitivity can be measured by immersing the sensor into a prepared salt solution
sample and carefully changing the salinity. By adding 0.5 ml 6.98% salt solution to a 150 ml
salt solution sample with a salinity of 3.4640%, the salinity of the solution increased by
diffusion and dissolving into the solution. The transmission spectra measured with different
salinities are shown in Fig. 3(a). It can be seen that the transmission spectra move towards the
longer wavelengths linearly as the salinity increases and the spectrum shape is maintained
essentially constant. The experimental result therefore agrees well with the theoretical
analysis described above and shown in Fig. 1(b) (reproduced and included in Fig. 3(b)).
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Fig. 3. (a) Transmission spectra of the salinity sensor at different salinities. (b) Experimental
and theoretical relationship between resonance wavelength and salinity.

Figure 3(b) shows the variation of the resonance wavelength as a function of salinity
concentration. A linear regression analysis of the experimental results yielded a high R-
squared value of 0.99958, and the salinity sensitivity was found to 15.58743 nm/%, which is a
little lower than the theoretical result. With the resolution of OSA of 0.02 nm, the minimum
salinity change that can be distinguished is 1.28 x 10°%. The low value of the salinity
sensitivity can be attributed to the relatively large fraction of the mode propagating in the
MCR and the salt solution, and hence the effective refractive index, n.; experienced by the
propagating mode in the sensor will increase more slowly than predicted as a result of the
existence of the low refractive index epoxy layer that exists between the microfibre and the
salt solution [18]. Moreover, as the experiment progresses, the PMMA may deposit a thin
residual layer on the inside wall of the fluidic channel and the roughness of the PMMA rod
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would in turn result in a lack of smoothness of the fluidic channel. The roughness of the
fluidic channel also limits the interaction length between the mode and the salt solution and
hence lowers the salinity sensitivity.

In order to investigate the temperature influence on the characteristics of transmission
spectra, the fabricated salinity sensor was placed inside a temperature-controlled
environmental chamber (ESPEC SH-222) to measure the temperature characteristic response.
The experimental layout for this test is shown schematically in Fig. 4(a). The input fibre was
connected to the same broadband amplified spontaneous emission (ASE) source (YSL SC-
series) and the output fibre was connected to the identical optical spectrum analyzer (OSA)
(YOKOGAWA, AQ-6370C). Figure 4(b) shows the transmission spectra of the salinity
sensor obtained at different temperatures. The environmental temperature was initially
increased from 28 °C to 30 °C and the spectra recorded with a temperature increment of 1 °C.
As shown in Fig. 4(b), the resonance wavelength moves towards the longer wavelengths as
the temperature increases. Figure 4(c) shows the dependence of the resonance wavelength
with temperature in the range of from 20 °C to 30 °C, and the spectra were recorded for
temperature increments of 1 °C. The temperature sensitivity of the fabricated salinity sensor
was determined as ~79.87 pm/°C, which indicates that temperature variation can have a
significant effect on the wavelength characteristics, which can be attributed to the strong
thermal-expansion coefficient (1.7 x 107 /°C) of the low refractive index epoxy. The
influence of temperature can be reduced by replacing the low refractive index epoxy with
lower thermal-expansion coefficient and modifying the fabricated parameters of the MCR
including the gap between adjacent coils and the diameter of support rod [19]. Another
method is utilizing the Bragg gating in the polymer optical fibre, which has negative
temperature sensitivity and with a suitable interrogation scheme can counteract the high
temperature dependence of the salinity sensor [20].
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Fig. 4. (a) Schematic of the experiment set-ups for the temperature sensitivity measurement.
(b) Experimental spectra of the salinity sensor at different temperature. (c) Temperature
dependence of the resonance wavelength. The solid line is the linear fit to the experiment data
(solid squares).
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5. Conclusion

In conclusion, a salinity sensor based on a novel MCR design has been successfully
fabricated and demonstrated. The sensor comprises a 4-turns MCR embedded in a fluidic
channel of low refractive index epoxy. According to the propagation characteristics of the
MCR, a theoretical mode propagation model was developed based on the resonance
wavelength red-shifts with the increase of salinity. The on-line monitoring of the sensor
during preparation i.e. before the PMMA rod was dissolved, after PMMA rod was dissolved
and on immersing the sensor into salt solution ensures that the structure of the sensor retains
stability during the fabrication process. The salinity sensitivity of 15.58743 nm/% was
achieved with a fluidic channel and a four-turns MCR and the minimum resolution was 1.28
x 107%. The high temperature dependence of 79.87 pm/°C is due to the strong thermal-
expansion coefficient of the low refractive index epoxy. The novel MCR salinity sensor of
this investigation constitutes a new optical method to measure salinity in a liquid environment
and features excellent stability, compactness, electromagnetic immunity and high sensitivity,
the sensor can be widely applied in salinity sensing in various fields.
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