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Abstract: There is an increasing demand for compact, reliable and versatile sensor concepts for
pH-level monitoring within several industrial, chemical as well as bio-medical applications. Many pH
sensors concepts have been proposed, however, there is still a need for improved sensor solutions
with respect to reliability, durability and miniaturization but also for multiparameter sensing. Here we
present a conceptual verification, which includes theoretical simulations as well as experimental
evaluation of a fiber optic pH-sensor based on a bio-compatible pH sensitive material not previously
used in this context. The fiber optic sensor is based on a Mach-Zehnder interferometric technique,
where the pH sensitive material is coated on a short, typically 20-25 mm thin core fiber spliced
between two standard single mode fibers. The working principle of the sensor is simulated by using
COMSOL Multiphysics. The simulations are used as a guideline for the construction of the sensors
that have been experimentally evaluated in different liquids with pH ranging from 1.95 to 11.89.
The results are promising, showing the potential for the development of bio-compatible fiber optic
pH sensor with short response time, high sensitivity and broad measurement range. The developed
sensor concept can find future use in many medical- or bio-chemical applications as well as in
environmental monitoring of large areas. Challenges encountered during the sensor development
due to variation in the design parameters are discussed.
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1. Introduction

The demand for compact, reliable and versatile sensor concepts for pH-level monitoring is
continuously growing. Many chemical processes within the manufacturing industry require accurate,
real time monitoring of the pH-level. There is also an increasing interest in sensor systems with
the ability to monitor several physical parameters in parallel and in a variety of environments.
Within the bio-chemical and bio-medical area, there is a particular need to measure pH on small
volumes [1]. In this case, a pH sensor based on fiber optic technology can be a preferable choice due to
its small size, accurate measurement, immunity to electromagnetic disturbance and durability to harsh
environments [2]. So far, several fiber optic based pH sensors have been reported with different sensing
techniques such as interferometric [3–5], change of the refractive index [6–8] or fluorometric [9,10].

A commonly used technique involves coating of the fiber cladding with a pH sensitive material,
which can alter the refractive index (RI). This RI change can be measured with high accuracy, by using
a fiber based RI sensor [2]. There are a number of known techniques that can be implemented in order
to make an optical fiber susceptible to the surrounding RI. Some of the reported techniques are by
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the use of Fiber Bragg gratings (FBG) [11], long period gratings (LPG) [12], tapered fibers [13], etched
fibers [14] and different types of single mode-multi mode-single mode (SMS) fiber structures [14–16].
Despite the many fiber optic based pH sensor designs presented so far, there is still a need for improved
pH-level sensor solutions, both with respect to sensitivity and the measurable range. There is also
an increasing need for pH-sensors with improved durability for long term monitoring and without
(or with less frequent) calibration.

In this work, we present a conceptual verification of a fiber optic pH sensor, based on a
Mach-Zehnder interferometric (MZI) technique [17] with a pH-sensitive polymer coated on the optical
fiber. The pH-sensitive polymer is bio-compatible and non-toxic and can therefore be particularly
interesting for use in many bio-medical applications. The sensor concept is evaluated by simulations
using COMSOL Multiphysics and experimentally verified by the development and evaluation of sensor
performance in liquids with pH ranging from 1.95 to 11.89. The findings are promising, although a large
variation in design parameters is observed. More work will be required to improve the manufacturing
process with respect to repeatability and to ensure a reliable, long-term functionality.

2. Theory and Simulations

2.1. Sensor Concept

There are several ways to construct a fiber optic sensor that is sensitive to different physical
parameters. The principle chosen here is based on a Mach-Zehnder interferometric technique [17].
One way to construct a Mach-Zehnder based fiber optic interferometer is by splicing a short piece of a
thin core fiber (TCF) in between two single mode fibers as shown in Figure 1.

Figure 1. Principle of a single mode-multi mode-single mode (SMS) thin core Mach-Zehnder
interferometer. Light from the core of the left SMF28 fiber is coupled to cladding modes in the
short (TCF), which can interact with the surrounding liquid depending on the liquid refractive index.
For a broadband light source, a constructive or destructive interference pattern is created at the right
(TCF)/SMF28 interface, which is guided in the core of the right SMF28 fiber.

When light from the core of the SMF28 fiber enters the TCF, higher order cladding modes will
be excited and propagate in the cladding of the TCF, provided that the RI outside the cladding is
lower than the RI of silica glass (1.436). Due to the optical path difference for the different modes,
constructive or destructive interference occurs at different positions along the TCF. Depending on
the length of the TCF and wavelength of the light, a number of transmission maxima and minima
will be observed at specific wavelengths for the transmitted light. For different RI outside the TCF,
the position of the constructive and destructive interference will change along the fiber. This will result
in a wavelength shift of the transmission maxima and minima, which can be measured with an optical
spectrum analyzer (OSA).
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In order to make the inline sensor sensitive to changes in pH, a thin, typically 0.1–2 µm layer
of a pH sensitive polymer can be coated on the outside of the TCF. The measured RI of the polymer
used in this work is 1.4845, which is higher than the silica glass and thus would result in non-guiding
properties. However, when the sensor is immersed in a water-based solution (RI 1.33), the effective RI
will be lower than the silica glass cladding and therefore will allow guiding of the light. For the case
presented here we have evaluated two different, but closely related types of bio-compatible polymers
as a coating material on the TCF. The polymer is a bio-compatible poly β-amino ester, a hydrogel
based on various amounts of 1.4- or 1.3-Butanediol Diacrylate (BDDA) and Piperazine (PIP) as base
ingredients [8,18]. This hydrogel will expand (by binding of water) or contract (by release of water)
depending on the pH of the surrounding liquid. As a consequence, the effective RI of the hydrogel will
change depending on the amount of water bound in the hydrogel. This change in RI can be correlated
to a specific pH level and thereby allow the change in pH level to be measured.

2.2. Simulation of the Inline Sensor

To get a better understanding of the working principle of the sensor, the inline sensor concept
has been simulated and evaluated by using COMSOL Multiphysics. A few simplifications were made
before the simulation. First, the simulation is performed in two dimensions, which can be justified
because of the cylindrical shape of an optical fiber. Secondly, the simulation was not performed on a
full-scale fiber due to limited computational power as the memory of the computer would be exceeded.
The reason is that the recommended mesh size in COMSOL, is 10 times smaller than the shortest
wavelength used in the simulation [19]. For a full scale fiber, this would result in an extremely large
number of computational mesh points and a total simulation time in the order of months. Nevertheless,
the working principle of the inline sensor can still be visualized and evaluated even if the simulated
structure is not in full scale.

For the simulation presented here a fiber diameter of 64 µm was used, which is half of the full
scale fiber diameter. The length of the inline fiber was 2155 µm, which is typically 10% of the full scale
fiber length used in the experiments. A coreless glass fiber is used in the simulation, although a TCF is
used for all experiments. The reason is that the core of the TCF used in the experiments has a diameter
of only 2.5 µm (Nufern 460 HP) and for the wavelengths considered here (>1400 nm) this fiber can be
considered coreless as no mode will be guided in the core; see explanation in Section 3.1.

2.3. Simulation Results

Figure 2a shows a simulation for the electric field distribution along the TCF at a wavelength
of 1550 nm where the thin core inline fiber is 2155 µm long. The fiber glass RI is 1.436 and the
outer, surrounding RI is 1.33. As observed, an interference pattern with several maxima and minima
are formed along the fiber. This is more easily observed in the two insets (b) and (c) showing the
interference pattern at the input- and output of the TCF respectively. In (b) it is seen how the light
transforms from single mode (SM) propagation in the SMF28 fiber to multimode (MM) propagation in
the TCF. Similarly, in the inset (c) it is clearly seen that only certain modes will re-couple into the core
of the right SMF28 fiber. Another interesting observation is that the number of interference maxima
and minima becomes lower and appears more pronounced for an increasing length of the TCF.
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Figure 2. A COMSOL multiphysics simulation of an inline interferometer at the wavelength 1550 nm
and an external RI 1.33. Inset (a) shows the whole simulated structure, whereas the insets (b,c) show
the input and output part of the thin core fiber (TCF) respectively.

Figure 3 shows the electric field distribution along the center in the x-direction of the TCF for
three different wavelengths, 1450, 1550 and 1650 nm respectively. A first observation is that the
points of destructive interference are more pronounced and stretch over several orders of magnitudes.
This suggests that a design of the TCF sensor to measure the transmission minima (instead of maxima)
is preferred as a larger dynamical range will offer a higher sensitivity. As can be expected, the position
for the electric field minima changes for different wavelengths. In addition, the spacing between the
consecutive minima for a specific wavelength appears to change in a periodic behavior along the length
of the TCF. This implies that the spectral width of the different transmission minima (in wavelength)
will also change in a periodic manner.

Figure 3. Electric field along a center line running through the fiber.

In Figure 4 the wavelength is held constant at 1550 nm and the surrounding RI is changed between
three different values, 1.33, 1.37 and 1.41 respectively. The selected RI values are chosen to be between
the RI of water and silica glass. The inset in Figure 4 shows the change of the electric field for a selected
destructive interference when the surrounding RI increases from 1.33 to 1.41. A small shift in position
is observed for the electric field minima due to the change in RI. This shift in position will also result
in a small spectral shift of a transmission minima.
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Figure 4. Electric field in the center of fiber, at wavelength 1550 nm and different surrounding refractive
indexes, RI 1.33, 1.37 and 1.41. The inset shows an enlargement of the destructive interference around
540 um where a small shift is observed for increasing RI.

3. Results and Experimental Verification of Sensor Concept

3.1. Sensor Design and Construction

Based on observations from the simulation, the separation between consecutive minima (and
maxima) change in a periodic behavior along the length of the TCF. By choosing a relatively long TCF
(>40 mm), the construction of a sensor is easier considering the repeatability of cleaving the TCF to
a specific length. On the other hand, a longer TCF will be more sensitive to external influences such
as small bends, etc. Small bends can easily affect the interference pattern inside the TCF and cause
an incorrect spectral shift of the transmission minima. Several different lengths of the TCF (Nufern
460 HP) between 5 and 50 mm was spliced between two standard single mode fibers (SMF28) and
experimentally evaluated. A length of the TCF in the range 20–24 mm was found to provide a good
trade-off between manufacturing repeatability and resistance to external influences, taking into account
a design wavelength range close to the common telecom window around 1550 nm. A motorized
translation stage was used for the fiber cleaving. In this way the repeatability in length could be held
within ±0.1 mm, which corresponds to a change in central wavelength for the minima around 10 nm.
Figure 5a shows a typical transmission spectrum from a non-polymer coated TCF sensor with 24.2 mm
length held in air. The position of the transmission minima shifts to shorter wavelengths (blue shift)
for a longer TCF as can be seen in Figure 5b. Most of the observed minima actually consists of several
superimposed minima with origin from the complex interference pattern inside the TCF. A few of the
minima appear to have a narrower FWHM; these minima also have the highest signal to noise ratio
(SNR), see e.g., the minima at 1485 and 1650 nm in Figure 5a.

According to the literature [20–22], the phase condition for a specific transmission minima of a
inline fiber optic sensor can be described by:

2π
[
nco

e f f (λ)− ncl,j
e f f (λ, next)

] L
λD

L = (2k + 1)π (1)

where nco
e f f is the effective refractive index (RI) of the core, ncl,j

e f f is the effective RI of the j-th order
cladding mode, next is the RI of the surrounding medium, L is the length of the inserted TCF, λD
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is the wavelength of the transmission minima and k is an integer. From Equation (1) it is observed
that the central wavelength of the transmission minima, λD is dependent on ncl,j

e f f and will change
linearly as a function of the outer refractive index. By carefully selecting the length L of the inline fiber,
it is possible to construct a sensor to have a response within a specific wavelength range. However,
Equation (1) is a simplified equation based on a TCF where the core in the TCF guides a mode. If the
core diameter is small enough (or for the use of a coreless fiber) it is possible that the V parameter is
smaller than 1 (V = 2πa

λ NA < 1). For this situation there will be no guided mode within the core of
the TCF. This is actually the case for the inline sensors presented in this work and a more correct model
for this situation has been made by Wu et al. [23]. A Nufern HP460 fiber with 2.5 µm core diameter
and NA = 0.13 is used, which gives a V number ∼ 0.66 at a wavelength of 1550 nm. Figure 6a shows
the response from a 20 mm long inline thin core interferometer submersed in liquids with different RI.
A clear non-linear behavior is observed as also predicted by Wu et al. [23]. The sensitivity, ∆λ/∆RI as
a function RI is calculated from Figure 6a and shown in Figure 6b.

Figure 5. Typical transmission spectrum measured on a TCF inline sensor with a length of 24.2 mm
held in air (a) and center wavelength for the left minima in (a) as a function of TCF length (b) .

Figure 6. The wavelength of the transmission minima for a 20.0 mm long TCF sensor submerged in
solutions with different RI (a) and the sensitivity in nm per RIU as a function of RI (b).

3.2. Polymer Preparation and Coating Procedure

Two types of the bio-compatible hydrogel have been considered as a pH sensitive coating
material on the inline TCF sensor. The preparation of the hydrogel and the curing procedure
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are described in detail elsewhere [18]. The main ingredients of the hydrogel are either 1.3- or
1.4-Butanediol Diacrylate (1.3- or 1.4 BDDA) and Piperazine (PIP). A small amount, typically 2.5 wt%
of Diphenyl(2.4.6-Trimetylbenzoyl)phosphine oxide (Photo-initiator) is also added to the mixture
for UV curing of the hydrogel. An ideal chemical molar ratio between BDDA and PIP is 2:1,
see Hammarling et al. [18]. However, during the experiments it was observed that this molar
ratio in most cases results in too large volume expansion when the cured hydrogel is submerged in a
liquid. This leads to a severe problem with adhesion of the hydrogel to the glass fiber that will limit
the usable pH range, see Figure 7. Therefore, a variety of molar ratios ranging from 2:1 to 4:1 have
been tested as a higher molar ratio will reduce the volume expansion.

Figure 7. TCF coated with a thin, ∼0.5 µm layer of pH-sensitive coating based on 1.3-BDDA and
PIP (a). Large volume expansion of the polymer creating problem with adhesion to the glass fiber
when the coated fiber is submerged in a liquid (b).

Coating of the TCF part is performed by vertical fixation of the fiber in a clamp connected to a
motorized translation stage. The fiber is allowed to pass in a glass tube through a small U-shaped
holder where a small amount (typically the size of a drop) of the hydrogel is placed. The thickness of
the hydrogel layer can be controlled by adjusting the speed of the translation stage. Typical drawing
speeds are from 0.1–0.5 mm/s, which resulted in a coating thickness up to 3 µm. Curing of the
hydrogel is made with a 365 nm LED (M365F1 from Thorlabs) placed directly above the U-shaped
holder. The coating and curing are performed in a low-oxygen atmosphere (<1%) by using a flow of
nitrogen gas through the glass tube.

3.3. Experimental Evaluation of the pH Sensors

Several inline TCF sensors have been constructed and evaluated according to the methods
described in Sections 3.1 and 3.2. As there are many parameters that influence the sensor performance
such as length of the TCF, coating thickness, viscosity, adhesion and curing of the hydrogel etc., it was
found difficult to obtain appropriate parameters for a fully functional pH sensor considering all aspects.
For this reason, only a limited number of sensors could be tested and evaluated in pH-level cycling
experiments. Although many challenges were identified during the manufacturing process of the
sensors, the concept of using the bio-compatible polymer as a pH-sensitive coating material on an
inline fiber optic sensor could still be experimentally verified. Unfortunately, no fully functional
sensor could be made with the polymer based on the 1.3-BDDA due to poor adhesion during volume
expansion, see Figure 7. This will be further discussed in Section 4. For this reason, results from the
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experimental sensor evaluation will only be presented for a TCF sensor coated with the 1.4-BDDA
based polymer.

Figure 8 shows the spectral response for one of the fully functioning inline sensors coated with
the hydrogel based on the 1.4-BDDA and using a molar ratio of 11:3 between 1.4-BDDA and PIP.
This particular pH sensor has a 20.0 mm long TCF and the position of the transmission minima is
around 1700 nm. The inline sensor is submerged in different liquids with pH-levels ranging from
1.95 to 11.89. The spectral response of this sensor shows several interesting features. Especially,
the transmission minima, with a typical signal to noise ratio (SNR) of >25 dB is observed to blue shift
to shorter wavelengths for an increasing pH-level going from pH 6.12 to 11.89, see inset in Figure 8.
Interestingly, this is opposite to what is expected as an increasing pH-level will result in a lower
effective RI for the hydrogel due to the release of water (compare with the situation in Figure 6a in
Section 3.1). The only possible explanation for this observed result is that the coated polymer layer is
so thin that the evanescent wave stretches outside the coating layer reaching the surrounding liquid,
see Figure 9a. In this way, the effective RI will be lower compared to the case where the evanescent
wave is completely within the coated layer, see Figure 9b.

Figure 8. Spectral response from a 1.4-BDDA/PIP polymer coated inline sensor when submerged in
liquids with pH-levels ranging from 1.95 to 11.89. The wavelength of the central minima as a function
of pH is shown in the inset for pH 6.12 to 11.89.

Figure 9. Schematic picture showing the interaction of the evanescent wave with the hydrogel coated
layer on the fiber cladding. For thin hydrogel layers, the evanescent wave will be influenced not only
by the RI of the hydrogel but also the RI of the surrounding liquid (a). For thicker layers the evanescent
wave will only be influenced by the effective index of the hydrogel (b).
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For pH levels between 1.95 and 6.12, the situation is different as the minima is seen to red shift
with a turning point around pH level 6. This can be explained by the increasing volume of the hydrogel
for lower pH-levels that will allow for the evanescent wave to stay within the coated polymer layer,
see Figure 9b. Hence, the effective RI will be higher due to less influence from the surrounding liquid.
It is therefore important to be careful during the design of the sensor as the position of a central
minima can, for this specific layer thickness, represent two different pH-values. The propagation of
the evanescent wave into the hydrogel layer is typically in the order of the wavelength [24].

A typical result from a pH-level cycling measurement is shown in Figure 10, where the sensor is
repeatedly submerged into liquids with pH-level 7.10 and 8.15. The response time of the sensor is less
than 15 s, which is the highest acquisition rate of the optical spectrum analyzer (OSA). The sharp dips
between the different pH-levels originates from the short time (less than 20 s) the sensor is held in air,
due to changing of the pH-liquid. The short response time is due to the relatively thin coating layer on
this sensor. Sensors with thicker coating layers, i.e., >1 µm typically have response times in the order
of minutes (not shown). For this reason, a thin (<1 µm) coating layer is clearly an advantage.

Figure 10. Wavelength of the central minima as a function of time for a sensor repeatedly submerged
in pH-levels of 7.10 and 8.15.

4. Discussion

Only a limited number of the developed sensors could be experimentally tested and evaluated
due to a very large variation in parameters. Still, the concept of using this new type of bio-compatible
pH-sensitive material coated and cured on an interferometric fiber based sensor could be verified.
Many challenges were handled during the development process of the sensors such as repeatability in
cleaving of the TCF to a specific length. Another challenge was identifying an appropriate volume
expansion of the hydrogel without causing problems with adhesion. The most challenging part of the
development process was coating the TCF with a hydrogel having an appropriate viscosity (which
is molar ratio dependent) to obtain a layer that is thin enough. The thickness of the coated hydrogel
layer is of particular importance due to the large volume expansion when the sensor is submerged
in a liquid. If the coated layer becomes too thick (typically > 1 µm), severe problems were in most
cases observed with adhesion, which resulted in detachment of the hydrogel from the glass surface.
Therefore, only the sensors with a relatively thin polymer layer, i.e., less than 1 µm, were found to
respond to pH as intended.

An important observation during the evaluation process was that the evanescent wave of the
different modes in the TCF stretches outside the coated layer, reaching the surrounding liquid. As seen
in Figure 8 there is a point where the wavelength of the central minima changes direction (between
pH-level 5–6) going from lower to higher pH-values. The only plausible explanation is that the effective



Photonics 2019, 6, 11 10 of 12

RI is increasing (i.e., the volume of hydrogel decreases) until pH-level 5–6 where the volume of the
hydrogel reach a point such that the evanescent wave of the modes is more influenced by the RI from
the surrounding liquid, see Figure 9. Hence, it is therefore of special importance to take this into
account when designing the sensor such that operation is within the intended pH-range.

Out of the two types of polymers considered as a pH-sensitive coating material in this work,
sensors coated with the 1.4-BDDA and with a molar ratio of 11:3 are the only ones experimentally
verified here. Other molar ratios were also evaluated such as 2:1 and 5:4, however, the viscosity was
observed to become too high, resulting in relatively thick layers (>1 µm) leading to problems with
adhesion. The sensors coated with a hydrogel based on the 1.3-BDDA all turned out to have too thick
layers, resulting in adhesion problems as displayed in Figure 7. More work is needed to identify
appropriate molar ratios, viscosity and coating thicknesses using the 1.3-BDDA based hydrogel.
The 1.3- and 1.4 BDDA are very similar, although an important difference is that the 1.3-BDDA is less
susceptible to crystallization at room temperature in the preparation stage due to its unsymmetrical
structure [18]. For this reason, the 1.3-BDDA may be a better choice in future evaluations.

The sensor was evaluated in liquids of different pH-levels ranging from 1.89 to 11.89 where the
largest sensitivity was observed in the pH range 7–10. The sensitivity for a specific pH range can be
adjusted by selecting an appropriate thickness of the hydrogel layer. Care must also be taken to ensure
that the measured pH falls within the intended wavelength range. Otherwise, the central wavelength
of the transmission minima can represent two different pH values as seen in Figure 8.

Finally, a few comments related to the measurement system that is used for evaluation of the
fiber optic pH sensor. Measuring the central wavelength of the transmission minima as presented
here requires an optical spectrum analyzer (OSA). This is a relatively expensive instrument (typically
>$20,000), which can prevent the use of this type of sensor in many applications. However, by designing
the fiber optic sensor for wavelengths within the telecom window around 1550 nm, where fiber
optic components are relatively inexpensive, the presented sensor concept could be useful in many
application areas. In addition, for this wavelength range the OSA can also be replaced with a so-called
DWDM-filter, as has been demonstrated earlier [25,26]. The cost for a DWDM-filter is typically less
than $200, which can make the total pH-sensor solution more cost effective and attractive for many
application areas.

5. Conclusions

To summarize, simulations and experimental verification have been made on a fiber optic
inline sensor coated with a bio-compatible pH sensitive polymer not previously used in this context.
The simulations provided guidelines for the experimental development of the sensors. The sensors
were developed by considering a large degree of variation in design parameters. A conceptual
verification could be made with a sensor coated with the hydrogel based on 1.4-BDDA and PIP using a
molar ratio of 11:3. The results are promising, showing the potential for the development of a reliable
bio-compatible fiber optic pH sensor with short response time, high sensitivity and broad measurement
range. Future work should focus on the challenges in finding appropriate design parameters for molar
ratio, viscosity and coating thickness.
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