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Abstract. This paper presents the stress analysis in optical fiber due to swelling of hydrogel material
coated on it. The silica optical fiber was assumed to be coated by hydrogel that consists of
hydroxyethyl methacrylate, acrylic acid and ethylene glycol dimethacrylate as crosslinker. The
hydrogel swelling was modeled using free energy function. The conditional equilibrium of hydrogel
was solved using finite element method and the stress induced in optical fiber was simulated
simultaneously. The simulations were done for two hydrogel coating thickness values, 30 um and 40
um. Etched optical fiber coated by 40 um hydrogel was also simulated. The results show that
maximum stress in optical fiber is higher for thicker hydrogel thickness and is higher for etched
optical fiber. Maximum stress magnitudes at all pH values are below tensile strength of optical fiber.

Introduction

Optical fiber (OF) has been widely employed for sensor application to measure various
measurands such as strain, temperature, humidity, chemicals, pressure, electric field and several other
environmental factors. Swelling sensing material is frequently used to induce a mechanical effect on
OF for certain sensor applications, mostly in optical chemical sensor based on fiber Bragg grating
(FBG) technique. Lu et al. [1] have used acrylate and polyimide polymers to coat FBG to measure
sugar and potassium chloride. Polyimide and thermoplastic polyimide have been sequentially used to
coat FBG for measuring humidity [2-3]. Hydrogel has been used as coating material to realize salinity
sensor [4] and pH sensor [5] by adopting FBG technique and long period grating (LPG) technique,
respectively.

The sensing principle of swelling material based OF sensors relies on the mechanical effect
induced on the OF by volume expansion of the swelling material coated on it. Using intensity
modulated technique, the volume expansion of swelling material induce microbends in an OF which
further induce losses of light such as demonstrated by Michie et al. [6]. Whereas, in FBG based
sensor, the strain in OF induced by the swelling action of coated material results in shift of Bragg
wavelength [1, 4, 7-8]. Increasing the mechanical response induced by the swelling of coated material
will increases the sensor sensitivity. The mechanical response could be increased by increasing the
coated material thickness or by reducing fiber diameter. However, the increase of mechanical
response means the increase of stresses. Therefore, optimization should be made by considering
trade-off between sensitivity and physical reliability. This paper investigates the stress in OF induced
by pH sensitive hydrogel coating. The pH sensitive hydrogel coated OF can be used as optical pH
sensor [9]. The inhomogenous swelling of hydrogel due to OF as mechanical constraint was modeled
using free energy function as proposed by Marcombe ef al. [10]. The free energy function was solved
using finite element method by adopting ABAQUS software so that the stress and strain induced on
the OF could be solved simultaneously.
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Methods and Finite Element Modeling

pH Sensitive Hydrogel Swelling Model. pH sensitive hydrogels are considered as polymers
chain with a three-dimensional network contain 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
deswelling [11].

The swelling of hydrogel coated on OF is inhomogenous due to mechanical constraint of OF. To
model the inhomogenous swelling of the pH sensitive hydrogel, a model developed by Marcombe et
al. [10] was implemented. The model was developed by represents the free-energy function as a
functional of the field of deformation by using a Legendre transformation. The free-energy density of
the gel is a sum of free-energy density due to stretching networks (W,.,), due to mixing the solvent
with the network (W), due to mixing ions with the solvent (W,,,), and due to dissociating the acidic
groups (W) as defined by

W=Wnet+Wsol+Wion+Wdis. (1)
where
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kT is the temperature in the unit of energy, N is the number of polymer chains divided by the volume
of the dry network, Fj; is the deformation gradient of the network, v is the volume per solvent
molecule, y is dimensionless parameter, Cy+, C4., C4p, C are the nominal concentration of proton,
fixed charges, acidic group, and co-ion and ¢y, and ¢, are the reference concentration of proton
and co-ion. To be implemented in finite element software, the free-energy function was represents
using Legendre transformations. After transformations, the condition of equilibrium of the gel has the

same form as that of hyperelastic material.

Hydrogel Coated OF Specification and Modeling. The structure of the OF coated by pH
sensitive hydrogel under study is depicted in Fig.1. The OF was assumed to be a standard single mode
fiber (SMF) for optical communication application with fused silica as the material. Core, cladding
and acrylic buffer diameter are 9 um, 125 pm and 250 pm, respectively. At the region where hydrogel
is coated, acrylic buffer is removed. Aluminum disks are located at the end of the unbuffered region
to prevent hydrogel from expanding in longitudinal direction. The pH sensitive hydrogel was assumed
to be hydroxyethyl methacrylate (HEMA), acrylic acid and ethylene glycol dimethacrylate as
crosslinker [11-12]. The Young modulus of hydrogel in the dry network (unswollen), NkT, is 0.29
MPa [12]. At room temperature, k7= 4x10' J and v=102* m® [10]. x was obtained by fitting the
experimental result provided by De ef al. [12]. The mechanical properties of OF and acrylic buffer are
tabulated in table 1.
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Figure.1 Schematic 2D layout of optical fiber coated by pH sensitive hydrogel.

The simulations were done for two hydrogel coating thickness values, which are 30 um and 40 um.
In order to investigate the mechanical response in etched fiber, simulation was also done for fiber
cladding diameter of 40 pm with hydrogel coating thickness of 40 um. The equilibrium condition of
gel was implemented in ABAQUS by using hyperelastic material user-defined subroutine code [10].
The hydrogel coating was assumed to be compressible and was meshed using 8-node linear brick,
hybrid element with enhanced hourglass control (C3D8RH) whereas the OF was meshed using
8-node linear brick (C3D8R). Due to symmetry, the simulations were done for half of model and z
symmetry boundary condition was implemented.

Table 1. Mechanical properties of OF and buffer material.

Properties Silic;it())e;; tical Acrylic (Buffer)
Young’s modulus [MPa] 73x10° 2.8
Poisson’s ratio 0.165 0.37
Tensile strength [MPa] 110 69

Results and Analysis

Finite element simulations show that uniform Von Misses stress field occurred in the hydrogel
coated OF region (unbuffered region). However, in the area near buffered OF, significant non
uniform stress distribution exists and maximum stress occurred as shown in Fig.2 (a). This condition
occurred for all pH values for both hydrogel coating thicknesses and also for etched OF. In hydrogel
coated region, the stress values are in the order of hundreds of kPa in acidic solution (pH < 4) and in
the order of MPa in pH range of above 4. The plot of stress values along z direction on OF core is
depicted in inset in Fig. 2(a). The stress begins to increase at distance of 0.01 cm from the buffered
region. The maximum stress values at pH range of 2 to 9 are depicted in Fig. 2(c). It is shown that
higher coating thickness induced higher stress on OF. It is also shown that by reducing fiber diameter,
the induced stress increased. Significant increase of stress occurred at pH range of 4 to 7. At pH of
above 7, the stress is almost constant. All stress magnitudes are below tensile strength of OF, thus it is
still inside reliability margin.
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Figure 2. Stress distribution of 30 um hydrogel coated OF at surrounding pH of 8 on OF (a), on
hydrogel (b) and maximum induced stress on OF at various surrounding pH values for hydrogel
thickness of 30 um,40 pum and etched fiber with hydrogel coating thickness of 40 um (c).

As expected, high stress magnitude occurred in hydrogel near the interface between hydrogel and
OF due to the constraint of OF as shown in Fig. 2(b). Moving away from the interface, the stress
decreases as the radial distance increases as shown in the inset in Fig 2(b). The maximum stress
values in hydrogel are plotted as function of surrounding pH value as depicted in Fig. 3(a). It is shown
that stresses in hydrogel that is coated on etched OF are lower than that in hydrogel coated on
unetched OF, especially at pH of above 6. Stress value as high as 0.5 MPa occurred in hydrogel coated
on unetched fiber when it is subjected to surrounding pH of above 7.
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Figure 3. Maximum induced stress on hydrogel (a) and on buffer (b) at various surrounding pH values
for hydrogel thickness (30 pm and 40 um) and for 40 um hydrogel coated on etched OF.
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At acrylic buffer, high stress distribution and maximum stress value occurred at the interface
between buffered region and unbuffered region. The maximum stress values are plotted against pH
values as depicted in Fig. 3(b). It is clearly shown that induced stress in acrylic of etched OF is much
lower than that of unetched OF. As in OF, it is also shown that induced stresses in acrylic buffer are
higher for higher hydrogel coating thickness. The maximum stress magnitude is below tensile
strength of acrylic. The stress near interface is in the order of hundreds of kPa and decrease to around
2 kPa for pH value of above 7.

Concluding Remarks

Stress analysis of OF due to swelling action of pH sensitive hydrogel coating has been
demonstrated using finite element method. The simulations were done for two hydrogel coating
thickness values. The results show that the maximum stress induced in OF occurred at the interface
between unbuffered region and buffered region. From the distance of 0.01 cm from buffered region,
high stress distribution start to occur. At hydrogel, along axial direction, high stress distribution exists
at the region near the interface between hydrogel and OF. Simulation was also done for hydrogel
coated on etched fiber. It is shown that by etching the fiber, the stress magnitudes are increase in OF
but decrease in hydrogel as well as in acrylic buffer. Maximum stress values at all pH of all models are
below tensile strength of silica OF.
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