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Abstract
A new optical pH sensor based on fibre Bragg grating (FBG) is demonstrated. The sensor
consists of a FBG coated with pH sensitive hydrogel. The sensing was performed through the
detection of wavelength shifts resulting from the induced strain on the FBG due to mechanical
expansion of the hydrogel. An elastomeric coating was applied before the hydrogel coating to
improve the sensitivity. The sensor performance was investigated by simulating the hydrogel
swelling and the strain induced on the FBG. The swelling of hydrogel due to pH change was
modelled using a free-energy function and was solved using the finite element method. With
silicone rubber as the elastomer material, the results show that the sensitivity was improved by
up to 66% compared to that of the FBG pH sensor without elastomeric coating.
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(Some figures in this article are in colour only in the electronic version)

1. Introduction

The measurement of pH, a measure of the acidity or
basicity of a solution, is one of the parameters used
in environmental monitoring such as river water quality
monitoring, seawater analysis, ground water analysis and
wastewater monitoring. Optical pH sensors have been
introduced and investigated rapidly to overcome the limitation
of conventional pH sensors [1–5]. The advantages of optical
sensors are freedom from electromagnetic interference, wide
bandwidth, compactness, geometric versatility, feasibility of
miniaturization and possibility of remote sensing and real time
measurement. Fibre optic sensors also offer a possibility of
deployment of distributed and array sensors covering extensive
structures and geographical locations with low power loss.
Multiplexing fibre sensors can also potentially reduce the
cost per sensing point in a sensor network and simplify wire
connection and maintenance.
4 Author to whom any correspondence should be addressed.

Most of the current optical pH sensors are intrinsic
fibre optic sensors based on absorption and fluorescence
methods [6] which are optical intensity modulated; therefore,
fluctuations in the intensity of light source and variations in
light attenuation through the optical fibre due to changes in
the degree of bending may result in measurement errors. A
wavelength modulated optical sensor can be realized using
a fibre grating. In wavelength modulated optical sensors, the
sensed information is encoded directly into wavelength, which
is an absolute parameter; therefore the output signal does not
depend on the input light level and losses along the optical
system.

A hydrogel coated long period fibre grating (LPFG)-based
pH sensor has been developed by detecting the resonance
wavelength shifts due to the change of the refractive index
of the hydrogel coating [7]. However, LPFGs suffer
from temperature and bending cross-sensitivities [8], and
the measurement accuracy is limited due to their multiple
resonance peaks and broad transmission resonance. A fibre
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Figure 1. 2D layout of the elastomer–hydrogel coated FBG pH sensor. The optical fibre diameter is reduced along the hydrogel coated
region. An elastomeric coating is applied before the hydrogel coating to increase the induced strain.

Bragg grating (FBG)-based pH sensor was developed by Junior
et al [9], but the design is complicated and bulky.

A simple and small size FBG-based pH sensor design
has been demonstrated previously by the authors [10]. By
coating pH sensitive hydrogel on the FBG, it was found that
the mechanical expansion of the hydrogel coating could induce
strain on the FBG. However, the sensitivity of the sensors
is relatively low, around 8.3 pm/pH unit. In this paper,
we propose a new FBG-based pH sensor with elastomeric
coating to improve the sensor sensitivity. The response of
the sensors to the surrounding pH values was investigated
through simulation. The swelling of hydrogel due to pH
change was modelled using a free-energy function as proposed
by Marcombe et al [11]. The free-energy function was
solved using the finite element method by adopting ABAQUS
software and the strain induced on the optical fibre was solved
simultaneously.

2. Sensing mechanism of the FBG-based pH sensor

The FBG consists of periodic refractive index modulation
in the core of an optical fibre. The refractive index
modulation is achieved through the exposure of the fibre core
to intense ultraviolet (UV) using certain techniques such as
interferometric, point-by-point and phase mask techniques.
The periodic structure of the index perturbation acts as a stop-
band filter such that part of the broadband source launched
into the FBG will be reflected back. The centre of the reflected
spectrum or Bragg wavelength is defined by

λB = 2neff�, (1)

where neff is the effective refractive index of the fibre in the
absence of the grating and � is the grating period. Both neff

and � are sensitive to external perturbation, i.e. mechanical
perturbation (strain, pressure) and thermal perturbation; thus
the Bragg wavelength will be shifted if the FBG experiences
such perturbations. The shift in Bragg wavelength with strain

and temperature can be expressed using [12]
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where ε is the applied strain, coefficients Pi,j are Pockel’s
(piezo) coefficients of the stress-optic tensor, ν is Poisson’s
ratio, α is the coefficient of thermal expansion of the fibre
material (e.g. silica) and �T is the temperature change. The
factor

(
n2

eff

/
2
)

[P12 − ν (P11 + P12)] has a numerical value
of 0.22 [12]. The measured strain response at a constant
temperature is found to be

1

λB

δλB

δε
= 0.78 × 10−6με−1. (3)

The FBG can be employed as a pH sensor transducer by
coating pH sensitive hydrogel on the FBG [10]. Hydrogel
can be tailored to be sensitive to certain factors such as
temperature, electric and magnetic fields, and pH of the
medium. As the stimulant value changes, the hydrogel
will undergo reversible mechanical expansion. pH sensitive
hydrogels are considered as polymer chains with a three-
dimensional network containing acidic or basic groups bound
to the chains. The acidic groups on the chains deprotonate
at high pH, whereas the basic groups protonate at low pH.
A change in the pH of the solution surrounding the gel will
initiate a physical process of either gel swelling or shrinkage
[13]. The mechanical expansion of the pH sensitive hydrogel
coating stretches the optical fibre and induces strain. As a
further effect, the Bragg wavelength is shifted and thus the pH
sensing can be performed.

3. Design of the FBG pH sensor

The proposed FBG pH sensor design is depicted in figure 1.
The grating is written on the core of the single mode optical
fibre. The buffer (protective polymer coating) is removed in

2



Meas. Sci. Technol. 23 (2012) 015104 I Yulianti et al

Figure 2. 3D finite element model of the hydrogel coated FBG pH sensor. The BC is the z symmetry, x symmetry and y symmetry along the
xy plane at A–A′, the yz plane and the xz plane, respectively.

the region where the grating should be written and its vicinity
(Lc). To make the FBG perform as a pH sensor, hydrogel with
certain thickness (Thyd) is coated on the fibre along Lc. An
aluminium disc is located at the end of the unbuffered region
to prevent the hydrogel from expanding in the axial direction.
The hydrogel will undergo mechanical expansion due to pH
change. However, the mechanical expansion at the inner side
of the hydrogel will be constrained by the fibre, thus a stress
field will occur and the hydrogel will stretch the FBG.

In order to improve the sensor sensitivity, we propose
to reduce the fibre diameter (Detch) and apply an elastomeric
coating layer (Telt) on the optical fibre before the hydrogel
coating. In practice, fibre diameter reduction can be performed
by etching the fibre using hydrofluoric acid solution [14, 15].
By etching the fibre, the cross-sectional area of the fibre will
decrease. As a result, the stress induced in the hydrogel
will produce higher pressure on the fibre and consequently
higher strain. A hydrogel coated FBG pH sensor with etched
fibre was previously investigated [16]; however the sensitivity
improvement is still low.

Elastomers have been applied in FBG pressure sensors to
improve the sensitivity [17, 18]. Elastomers are amorphous
polymers with low Young’s modulus and high yield strain.
Since Young’s modulus of the elastomer is much lower than
that of the optical fibre, its elongation induced by pressure is
larger than that of the optical fibre. Thus, the axial strain of

the elastomeric coated fibre will be enhanced and the sensor
sensitivity will be improved.

4. Modelling of the hydrogel–elastomer coated FBG

4.1. Theory of the hydrogel swelling model

The swelling of hydrogel coated on an optical fibre is
inhomogeneous due to the mechanical constraint of the optical
fibre. To model the inhomogeneous swelling of the pH
sensitive hydrogel, a model developed by Marcombe et al
[11] was implemented. The model developed represents the
free-energy function as a functional of the field of deformation
using a Legendre transformation. The free-energy density of
the gel is the sum of free-energy density due to stretching
networks (W net), mixing the solvent with the network (W sol),
mixing ions with the solvent (W ion) and dissociating the acidic
groups (W dis) as defined by

W = Wnet + Wsol + Wion + Wdis, (4)

where

Wnet = 1
2NkT [FikFik − 3 − 2 log (det F)], (5)

Wsol = kT

vs

[
(det F − 1) log (1 − 1/det F) − χ

det F

]
, (6)
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and kT is the temperature in units of energy, N is the number
of polymer chains divided by the volume of the dry network,
Fik is the deformation gradient of the network, v is the volume
per solvent molecule, χ is a dimensionless parameter, CH+ ,
CA− , CAH, C+ are the nominal concentrations of proton, fixed
charges, acidic group and counter-ion, and cref

H+ and cref
+ are the

reference concentrations of proton and counter-ion.
To be implemented in finite element software, the

free-energy function was represented using Legendre
transformations. Within a Legendre transformation, the
condition of equilibrium of the gel has the same form as that
of the hyperelastic material. The equilibrium condition of
the gel was implemented in ABAQUS using a hyperelastic
material user-defined subroutine code [11]. By incorporating
the hydrogel swelling model in ABAQUS, the stress and
strain induced by hydrogel swelling in the optical fibre can
be simultaneously simulated.

4.2. Finite element analysis modelling

In the simulations, the optical fibre was assumed to be the
standard single mode fibre (SMF) for optical communication
application with fused silica as the material. Core, cladding
and acrylic buffer diameters are 9, 125 and 250 μm,
respectively. The pH sensitive hydrogel can be made
with various components/chemical composition. In this
simulation, the hydrogel was assumed to be hydroxyethyl
methacrylate (HEMA), acrylic acid and ethylene glycol
dimethacrylate as crosslinker [19, 20]. The Young’s modulus
of hydrogel in the dry network (unswollen), NkT, is 0.29 MPa
[20]. At room temperature, kT = 4 × 10−21 J and
v = 10−28 m3 [11]. χ was obtained by fitting the experimental
result provided by De et al [20] and it equals 0.94. The
elastomer used in this simulation was silicone rubber (SR).
Since elastomers are likely to show ideal rubber behaviour,
the SR was modelled using the hyperelastic material model.
The strain energy function form used was the Ogden form
with strain hardening exponent (α) = 2.5 and shear modulus
(μ) = 2.1 MPa [21]. The Young’s moduli of silica optical fibre
and acrylic buffer are 73 GPa and 2.8 MPa, respectively. The
Poisson ratios are 0.165 and 0.37 for silica optical fibre and
for acrylic buffer, respectively.

To investigate the effect of the elastomer thickness on the
sensor sensitivity, Telt was varied while the hydrogel thickness
(Thyd) and etched fibre diameter (Detch) were maintained at

(a)

(b)

Figure 3. Hydrogel coating thickness as a function of the
surrounding pH for 30 and 45 μm SR coated sensors (a) and the
swelling contour of the hydrogel at a pH of 8 of the 30 μm SR
coated sensor (b). The hydrogel significantly expands at pH > 5.

50 and 40 μm, respectively. Telt was varied for four values,
namely 30, 35, 40 and 45 μm, whereas Lc was assumed to
be 1.5 cm. For comparison, simulation was also performed
for the FBG pH sensor without SR coating (NSR). The
hydrogel coating was assumed to be compressible and was
meshed using an eight-node linear brick, hybrid element with
enhanced hourglass control (C3D8RH), whereas the optical
fibre was meshed using an eight-node linear brick (C3D8R).
Due to symmetry and to minimize the computer memory
and calculation time, along the z direction, the simulation
was performed for half of the model (from A–A′ to B–B′ in
figure 1) by applying z symmetry as the boundary condition
(BC). Meanwhile, for the x and y directions, the simulation
was performed for a quarter of the model, as shown in
figure 2. To simulate the pH response of the sensors,
simulations were performed by assuming that the ionic
strength of the solution is 0.3 M and the pH value, as a loading
parameter, was incremented from 2 to 8.
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(a) (b)

Figure 4. Axial strain distribution on the optical fibre at a pH of 5 of the 30 μm SR coated sensor (a) and the axial strain on the fibre core
plotted as a function of the z distance for various pH (b).

(a) (b)

Figure 5. Axial strain distribution on the optical fibre at a pH of 5 of the NSR sensor (a) and the strain on the fibre core plotted as a function
of the z distance for various pH (b).

5. Results and discussions

Finite element simulation shows that the hydrogel coating
expanded as the surrounding pH value increased. Since
the hydrogel used is a polymer chain with acidic group
as the fixed charge, it is understood that at low pH, the
hydrogel does not significantly expand as shown in figure 3(a).
Whereas, at high pH (pH > 5), the hydrogel expands with
a high swelling ratio. Due to mechanical constraint, the
hydrogel swelling distribution is inhomogeneous as shown in
figure 3(b).

The volume expansion of hydrogel induced strain on the
SR and fibre core. As shown in figure 4(a), the uniform axial
strain field occurred on the optical fibre along Lc, except at the
region near the interface between the hydrogel coated region
and the uncoated region (C–C′). The strain value at the optical
fibre core along the z direction for a 30 μm SR coated sensor

is plotted in figure 4(b). At a distance of 0.3 mm from the
interface, at pH < 5, the strain on the optical fibre starts to
increase. Meanwhile, at pH > 5, the strain decreases. Non-
uniform strain distribution near the interface is also found in
an NSR sensor as shown in figure 5(a). However, for the NSR
sensor, the strain in this area increases for all pH values, as
shown in figure 5(b). As in the case of a SR coated sensor, the
high strain distribution for the NSR sensor also starts to occur
at a distance of 0.3 mm from the interface. It is necessary to
locate the grating section (LG) in the uniform region so that
the FBG spectra will not be distorted.

The induced strain values on the optical fibre core in
the uniform region are plotted against the pH values of the
surrounding solution as shown in figure 6(a). Since the
hydrogel expands significantly at high pH, as a consequence,
the strains induced on the fibre are increased at high pH. At
a pH of above 7, the strain induced on the fibre is almost

5
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(a) (b)

Figure 6. Axial strain on the fibre core plotted as a function of pH for the SR coated sensors and NSR sensor (a) and the wavelength shift
due to the induced axial strain as a function of pH for the SR coated sensors and NSR sensor (b).

Table 1. Sensitivity and improvement percentage of the SR coated
sensor compared to NSR sensor.

SR thickness Sensitivity Sensitivity
(μm) (nm/pH) R2 improvement (%)

NSR 0.1 0.973
30 0.146 0.983 46
35 0.152 0.984 52
40 0.159 0.985 59
45 0.166 0.985 66

constant. It is clearly shown that the SR coating could
improve the induced strain on the fibre core, especially at a pH
above 5. It can also be observed that the increase of SR
thickness results in the slight increase of the induced strain at
a pH of above 5.

By assuming that the FBG is located in the uniform
region, the Bragg wavelength shift as a result of the hydrogel
swelling can be calculated directly using (3). In this work,
the wavelength shifts were calculated with respect to a centre
wavelength of 1550 nm. The Bragg wavelength shift increases
as the pH value increases, as shown in figure 6(b). Compared
to the NSR sensor, the SR coated sensors provide higher
wavelength shifts. At a pH of 6, the wavelength shifts of
the NSR sensor and the 45 μm SR coated sensor are around
0.1 and 0.165 nm, respectively. Thus, the sensor sensitivity
is higher for the SR coated sensor. It is also shown that,
for all pH values, the higher the SR thickness, the higher
the sensor sensitivity is. The sensors show a linear response
in a pH range of 5.25–6.25. The sensor sensitivity and the
sensitivity improvement percentage are tabulated in table 1. It
is shown that by increasing the SR thickness, the sensitivity
improvement increases. The sensitivity is improved by up to
66% for a SR thickness of 45 μm. It can also be seen that by
increasing the SR thickness, the sensor accuracy is improved,
as indicated by the higher R2 value of the linear regression.
The accuracy and the working range are improved if a third-
order polynomial fit is used. In the pH range 5–6.5, it was

shown that the R2 value is significantly improved by up to
0.998 considering the 45 μm SR coated sensor.

6. Conclusions

A new optical pH sensor based on the FBG was designed
and analyzed. The pH sensing was performed through a pH
sensitive hydrogel coating. The hydrogel volume expansion
stretches the FBG and results in Bragg wavelength shift.
In order to improve the sensor sensitivity, an elastomeric
coating was applied prior to the hydrogel coating. Using an
elastomeric coating, the sensor sensitivity was improved up
to 66%. The sensor shows a linear response in the pH range
of 5.25–6.25. By increasing the SR coating thickness, the
linearity of the pH response is also improved. The working
range can be further improved by using other pH sensitive
hydrogels which provide a large linear range of the swelling
ratio. Experimental work will be carried out in the future for
comparison to the simulation results.
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