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ABSTRACT

Optical fiber sensors have the capability of sensing environmental factors, including strain and temperature. In
particular, optical fiber Bragg gratings have been used to create multi-parameter sensors capable of measuring
axial and transverse strain in addition to temperature. These measurements are made by writing gratings into
optical fibers at two separated wavelengths, 1300 and 1550 nm, and monitoring the polarization sensitive output
from the sensor. While there is an analytical model for determining the strain on a homogeneous cylinder under
transverse load, these fiber optic sensors are not homogeneous as they consist of distinct regions within the fiber:
core, cladding, and stress rods. We measure the strain on a multi-parameter fiber Bragg grating written at
1550 nm under transverse load at 0, 15, 30, 45, 60, 75, and 90° and compare these values with an analytical
solution accounting for internal stresses and transverse load.
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1. INTRODUCTION

Fiber optic strain sensors are used for non-destructive sensing in aerospace, civil structures, and other industries
[1]. In particular, fiber optic Bragg sensors have been studied for strain and temperature sensing. Using
polarization maintaining optical fiber, fiber Bragg gratings (FBGs) may be used to monitor strain in three
axes: longitudinally (along the longitudinal axis of the fiber) and in two orthogonal transverse directions of the
fiber [2-5]. Many attempts have been undertaken to extract strain information from reflected peaks from FBGs.
These attempts have centered around linear methods using algebraic functions relating FBG response to strain
in three aforementioned directions and temperature.

In this study, we experimentally determined the response of a FBG under transverse load and compared
these results to theoretical strain models of non-homogeneous cylinders. Though the response of a homogeneous
cylinder under transverse load can be analytically stated [6], the total stress on a FBG is a combination of
the external load and the internal stresses induced by different material regions within the fiber. The different
material regions are included in the optical fiber manufacturing process in order to induce birefringence in the
core, allowing the fiber to be used as a polarization maintaining (PM) medium. We suggest a model of principal
stress on FBG and undertake measurements of transverse load on FBGs written in PM optical fiber. We also
analyze the reflected peaks of both polarization states on transverse loaded FBGs in order to observe behavior
which may indicate the magnitude of the internal stress on the FBGs.

2. MATERIALS AND METHODS
2.1. Strain measurements

The apparatus for testing the strain on the optical fiber is shown in Figure 1. It consisted of a 1550 nm ASE
light source (NP Photonics, Inc., Tucson, AZ) coupled to a 50/50 splitter via PM optical fiber. The FBG was
written into PM fiber with bow-tie stress rods. One segment continued to a FBG under transverse load, while
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Figure 1. The schematic of the system for measuring transverse load is shown here.
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Figure 2. The geometry of the transverse loader is shown here. The dummy fiber is used to ensure the silica plates are
parallel.

the other segment was coupled to polarizing (PZ) optical fiber. The PZ fiber was sent through an optical switch
that alternated between parallel and perpendicular polarization states in order to select the fast and slow axes
reflected from the FBG. The output from the optical switch was sent to an optical spectrum analyzer (AQ6317B,
Ando Electric Co., Ltd., Kanagawa, Japan), and the sampled data was stored on a computer. The user interface
was developed using LabView (National Instruments, Austin, TX). The user interface stored the waveforms
along with the applied force, time of sample, and fast and slow axes peak positions.

The transverse loader set up is shown in Figure 2. It consisted of two stainless steel plates with 1”7 fused silica
optical flats (Esco Products, Oak Ridge, NJ) attached to their opposing faces. The flatness was rated at \/4.
The FBG was set between the optical flats. A stripped dummy fiber, approximately 10 cm long, was also placed



Figure 3. A photograph of the two fibers on the bottom plate of the transverse loader is shown here.
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Figure 4. The rotation of the optical fiber causes the orientation of the stress rods to change with respect to the externally
applied load.

between the flats in order to ensure even loading of the FBG. The test and dummy fiber were carefully positioned
equidistant from the load point to ensure equal loading between the fibers. The width of the optical flats in
contact with the fibers was 14.8 mm. The applied force to the transverse loader was 0-700 N, at approximately
50 N increments. The FBG was rotated from 0-90° in 15° increments. A photograph of the fiber on the bottom
plate is shown in Figure 3.

The effect of changing the homogeneity of the glass cylinder by rotation of bow tie fiber, used in these
experiments, is shown in Figure 4. The optical fiber was composed of fused silica, while the core and bow
tie stress rods were fused silica doped with Germanium and Boron, respectively. Internal stresses induced by
the rods change orientation with fiber rotation, changing the sum of stresses which includes externally applied
transverse load.

2.2. Strain modeling

The shift in wavelength A\ of Bragg grating reflection peaks polarized in the x and y directions orthogonal to
the fiber axis in response to strain € and temperature T can be expressed as,

AN, n3 n3 n3 1 dng 3
—(1-%0 o R ] Sl T 2 AT 1
o ( 9 P12 | € 5 P11 | € 9 P12 | €y + ng dT + 5 (P11 + 2p12) @ (1)

ANy n3 n3 n3 1 dng 13
—=(1-= .= | = s — | = ——+ = 2 AT 2
" ( 9 P12 | € 9 P12 | € 9 P11 ) €y + g dT + 9 (P11 + 2p12) @ (2)




Fast Axis

Slow Axis

200N 400N 600N

Reflected Power (au)

o ’
1549 1549.5 1550 1550.5 1551 1551.5 1552
Wavelength (nm)

Figure 5. The reflected peaks are shown here for 0, 200, 400, and 600 N. The slow axis is shown clustered at left, while
the fast axis peaks are shown more widely separated on the right.

In the above equations, p;j; are components of the strain-optic tensor, ng is the effective index of the mode
propagating in the core, \g is the center wavelength of the grating in the unstrained state, and « is the thermal
expansion coefficient. Since the loading apparatus is at thermal equilibrium and has a large thermal mass, we
will neglect temperature change during the loading tests. For a typical germanosilicate optical fiber p1o = 0.252,
p11 = 0.113, ng = 1.46 [7]. If transverse strain is limited to the x-direction and we assume there are no other
forces or constraints on the fiber so that e, = ¢, = —ve,, peak separation is a linear function of the transverse

strain: \ \ )
z — I
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where v = 0.17 is the Poisson ratio.

In order to model the total load on an optical fiber that experiences internal stresses due to material inho-
mogeneities along with external forces, we propose the following two equations, which give the prinicipal stresses
as,

Op1 = % [O’n +or+o,+oy+ \/(an —0¢)2+ (0g —0y)? + 2(0, — 01)(0; — 0y) COS (26)} (4)
Op2 = % [on +oy+ 0y + 0y — \/(Un —01)2 + (04 — 0y)? + 2(0p — 01) (04 — 0y) COS (25)} (5)

Here, 0, is the externally applied stress at angle 3, o, is the external stress at 8 + 90°, while o, and o, are
the orthogonal internal stresses on the fiber core. We relate o,, and o, by the Poisson ratio, 0.19 [8], making o,
greater than o; by a factor of 5. We modeled this using Mathematica, varying the maximum external load with
the internal stress. Specifically we computed the above equations with ¢, and o, at various combinations, in
order to match the experimental data taken. We show the results for 1:10, 1:3, 1:1, and 3:1.

3. RESULTS
3.1. Reflected Peak Data

The reflected peaks from the FBG loaded at 0, 200, 400, and 600 N is shown in Figure 5. The optical fiber was
not rotated in these measurements, making the orientation 0°. The slow axis peaks are shown clustered around
1549.5 nm while the fast axis peaks are shown centered from 1549.8 nm to 1551 nm.

The ratio of the change in wavelength for the fast and slow axes under load is shown in Figure 6. The data
shown as squares is for the fiber at 0° orientation, while the data shown as circles is for the fiber at 90 °.
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Figure 6. The ratios of the change in wavelength of the fast and slow axes under load are shown for 0 and 90 ° orientation.
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Figure 7. The principal stresses for FBGs according to Equations 4 and 5 are shown here.

3.2. Principal Stress Model

The computed principal stresses for FBGs under load at 0, 30, 60, and 90 ° is shown in Figure 7. Equation 77
was used for these plots. The numbers indicated above each plot are the ratios of the magnitude of the internal
stress and the maximum applied load. For example, 1:10 indicates the stress induced internally on the fiber core
is 10% of the magnitude of the maximum load on the fiber.

3.3. Experimental Data v. Principal Stress Model
The experimental data is shown with the 1:3 Principal Stress Model in Figure 8.
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Figure 8. The response of the FBG at various angles is shown along with the principal stress model at 1:3 load ratio.

4. DISCUSSION

Extraction of strain and temperature from analysis of wavelength shifts of reflected peaks from FBGs is a main
focus of research on multi-parameter fiber optic sensors. The problem can be written by the system of linear
equations,

A=K (6)

where A is a 4X1 vector of wavelength shifts of fast and slow axis components for two wavelengths, such as
1300 nm and 1550 nm. K is a 4X4 matrix of 4 coefficients (three directions of strain and temperature) for the
wavelengths, and § is a 4X1 vector of strain and temperature.

This paper attempted to better understand the response of FBGs to externally applied transverse loads,
taking into account the internal stress used to induce birefringence in PM optical fibers.

4.1. Reflected Peak Data

The data shown in Figure 5 shows how the reflected peaks from the FBG change wavelength in response to
external load. For a homogeneous cylinder, the ratio of the fast and slow axes responses at 0° (and conversely,
the ratio of the slow and fast axes at 90 °) should give the negative reciprocal of the Poisson ratio, as the applied
stress would induce a negative stress at a right angle. These stresses would manifest themselves as wavelength
shifts in the FBG peaks in a linear manner.

The measured ratios at 0° and 90° are approximately 7.5 and 3, respectively. Note that the reciprocal of
the Poisson ratio, approximately 5.0, resides between these two values. The departure of the ratios from that
predicted by the Poisson ratio is certainly due to the internal stresses on the fiber core. At 0°, the external
load and the primary internal stress are aligned, while at 90° they are in opposition. Analyzing the ratios
at intermediate angles may allow determination of the internal stresses due to the stress rods, giving better
understanding of FBG responses to transverse load.

4.2. Principal Stress Model

The principal stress model attempted to reconcile the internal stresses with external load to give a picture of
the total stress on the FBG. We modeled several sets of stress parameters, primarily to determine the behavior
of reflectance peak changes at different angles for simulated FBGs of various internal stresses. The difference
between the Equations 4 and 5 is that the radical term is added in the former and subtracted in the latter. Thus,
the fast and slow axes, represented by Equations 4 and 5, respectively, cannot cross. Inspection of the actual
data shows crossing of the fast and slow axes for the 90 ° data, however. This phenomenon is addressed next.



4.3. Experimental Data v. Principal Stress Model

While the principal stress model for load ratio 1:3 most closely resembles the actual measured data shown in
Figure 8, some differences exist that should be addressed. The nonlinearity evident in the model at about 170 N
does not exist in the experimental data. More obviously, however, is that the experimental data shows a crossing
in the 90° lines, while the model does not permit this.

4.4. Future Work

Further data will be taken in order to improve the representative curves for the FBGs under load at various
angles. Improving the quality of the curves may reveal the expected nonlinearities. Additionally, increasing the
load to greater than 700 N may show the region of nonlinearity. Also, improved analysis for identifying peaks
could improve the quality of the curves. We will also develop methods for possibly extracting the actual internal
stresses from the ratio of the fast and slow axes responses, as shown in Figure 6. This additional work may
eventually allow solution of Equation 6 or at least guide the approximation of strain determination from FBG
peak responses.

We will continue modeling studies using finite element analysis to simulate bow-tie stress rods with the
appropriate material properties. This analysis will give us a better understanding of the effective Poisson ratio,
which is negative, as seen in Figure 8. Using this result, we should be able to test the range of validity in the
4X4 matrix method calculation. Additionally, we will do experiments in which we vary temperature, validating
the theoretical model and investigating the temperature dependence of Poisson’s ratio.
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