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Response of FBGs in Microstructured and Bow Tie
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Abstract—Fiber Bragg gratings in bow tie fiber and highly
birefringent microstructured optical fiber are embedded in a
carbon fiber reinforced epoxy. The Bragg peak wavelength shifts
of the embedded gratings are measured under controlled bending,
transversal loading, and thermal cycling of the composite sample.
We obtain similar axial and transversal strain sensitivities for the
two embedded fiber types. We also highlight the low temperature
dependence of the Bragg peak separation of the microstructured
fibers, which is an important advantage for this application. The
results show the feasibility of using microstructured fibers in
structural integrity monitoring.

Index Terms—Gratings, optical fibers, strain measurement, tem-
perature measurement.

I. INTRODUCTION

S URFACE-MOUNTED axial strain measurement is one
of the most important applications of fiber Bragg grating

(FBG) based sensor technology [1]. However, to monitor the
structural health of more complex materials such as fiber-rein-
forced plastics, it is necessary to map the internal strain field
of the material, and more particularly, the transversal strain
that can cause catastrophic damage, e.g., delamination. FBGs
written in the conventional birefringent fiber (e.g., bow tie
and panda fiber) are found adequate for this purpose [2]. The
internal strain field can be measured almost straightforwardly
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whenever temperature is kept constant. In situ strain mea-
surements, however, require a correction mechanism for the
intrinsic temperature sensitivity of the Bragg grating sensors.
Although the Bragg peaks of FBGs in classical birefringent
fibers (bow tie, panda, elliptical cladding, ) feature a small
difference in temperature sensitivity [3], discriminating axial
strain and temperature remains very difficult [2], [4]. Instead,
one typically relies on an additional embedded sensor to correct
for temperature variations that should be isolated from the ex-
isting strain field by encapsulating it with a (glass, fused silica,
or metal) capillary [2], [5], [6]. The presence of a capillary can,
however, disturb the structure of the material under test. Tanaka
et al. [7] compensate for temperature via an FBG embedded
in a surface-mounted composite plate on top of the structure.
Most of the reports in literature address the cross-sensitivity
of axial strain and temperature variations only, and omit the
existing transverse strains while these are precisely interesting
in terms of damage assessment.

In this letter, we solve both issues simultaneously by using
FBGs in highly birefringent microstructured optical fibers
(MOFs). Such fibers are well known to offer unprecedented
design flexibility as their microstructure can possibly be tai-
lored to and optimized for a particular application [8]. We
previously demonstrated that FBGs in MOFs [9]–[13] can be
successfully embedded in composite materials [14]. In this
letter, we benchmark the capabilities of FBGs in MOFs against
FBGs written in conventional birefringent optical fibers (bow
tie). We embedded both types of sensors in a fiber-reinforced
plastic (carbon–epoxy) coupon, and we compare the response
of the fiber sensors when the composite material is exposed to
controlled mechanical and thermal load. This allows assessing
the real potential of FBGs in MOFs in structural health mon-
itoring.

II. EMBEDDED OPTICAL FIBER TECHNOLOGY

The first FBG is written in an 80- m cladding bow tie fiber
from Fibercore, Inc. The birefringence in this fiber is induced
by stress-applying parts in bow tie shape (boron-doped silica) in
the fiber cladding. At 1550 nm, the phase modal birefringence in
this fiber is . The second grating is written in a 125- m
highly birefringent MOF (Fig. 1). The phase modal birefrin-
gence in this fiber mainly originates from the microstructure’s
geometry and was measured to be at 1550 nm [14]. As
depicted in Fig. 1, FBGs in a birefringent fiber yield two Bragg
peaks , corresponding to both orthogonally polar-
ized modes. Since the Bragg peak separation depends on the
phase modal birefringence, the two Bragg peaks in the MOF
are much more separated than in the bow tie FBG. This large
wavelength separation facilitates the peak detection and allows
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Fig. 1. (Top) Spectra of the FBG in the MOF before (dashed–dotted line) and
after embedding (solid line). Due to residual strains in the composite structure
(after curing), the peak separation has changed. (Bottom) Profile of the MOF
fiber.

TABLE I
ORIENTATION OF THE EMBEDDED OPTICAL FIBERS

a more accurate measurement of the peak wavelengths. Third,
we also used a grating in a conventional single-mode FBG (SM
FBG) as a reference sensor.

The Bragg gratings have been embedded between the second
and the third layers of a layup of 16 carbon fiber epoxy uni-
directional prepreg layers with a total thickness of 1.54 mm
(M18/M55J material from Hexcel, Inc.). The slow axes of the
microstructured and bow tie fibers were both oriented parallel to
the surface of the composite panel. The orientation of the polar-
ization axes has been checked afterward in cross sections of the
composite coupon (Table I). The orientation for the bow tie and
microstructured fiber are almost identical for the first sample,
but differ for the second sample.

III. RESPONSE OF THE EMBEDDED FBGs UNDER VARIOUS

LOADING CONDITIONS

Three different loading conditions were used to compare the
response of the different sensors: a four-point bending test, a
transversal load test, and a thermal test. The bending test is rep-
resentative of an actual load condition on a structural compo-
nent such as an airplane wing. The transversal load test allows
comparing the transversal sensitivities for the different grating
sensor technologies. Finally, a thermal test has been carried out
to assess the differences in cross-sensitivity to temperature. For
the mechanical experiments, the value of the applied load was
measured with an electrical load cell. The Bragg peak wave-
lengths were recorded using an amplified spontaneous emis-
sion (ASE) source (nonflattened) and a commercial FBG inter-
rogator (FBG-scan 600 from FOS&S) with a resolution of 1 pm
and a repeatability better than 1 pm. Peak detection is based on a

Fig. 2. Peak shifts measured during the four-point bending test for the dif-
ferent embedded FBGs versus the strain measured by the reference sensor for
sample 1.

TABLE II
FBG SENSITIVITIES VERSUS AXIAL BENDING STRAIN OF THE

COMPOSITE MATERIAL

TABLE III
FBG SENSITIVITIES VERSUS TRANSVERSAL STRAIN OF THE

COMPOSITE MATERIAL

mean wavelength determination at 3 dB of the maximum peak
power.

A. Four-Point Bending Test

The curves show similar slopes for both sensors (Fig. 2).
The MOFs have the same orientation in both samples (Table I)
and show equal sensitivities during bending (fitted values; see
Table II). The orientation of the bow tie gratings, however, is dif-
ferent. The sensitivity of the less favorably oriented bow tie in
sample 2 is approximately 10% lower than for the first sample.
Where both bow tie and microstructured fiber have almost the
same orientation in sample 1, the sensitivity is slightly different
(approximately 8%).

B. Transversal Strain Test

The transversal strain response of the two grating types shows
moderate differences (Table III). The transversal strain is de-
rived from the applied transversal load and the material’s trans-
verse Young modulus of 6 GPa.

The transversal sensitivities of the FBG in the bow tie fiber
are slightly higher. This difference can be partly attributed to
the smaller cladding diameter of the bow tie fiber. For the Bragg
peak separation, the sensitivities of the MOF FBG and the bow
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Fig. 3. Change of the peak separation versus transversally applied strain in the
FBG for the MOF and bow tie fibers in sample 1.

Fig. 4. Change of the peak separation in the FBG in the MOF and bow tie
during the cooling down phase (sample 1).

tie FBG are in reasonable agreement (Fig. 3). The current dif-
ferences between the MOF FBG and the bow tie FBG can be
related to the different orientation of the polarization axes at the
FBG location.

C. Temperature Test

For thermal cycling, the composite samples were heated up
to 120 C and were then allowed to cool down slowly in a cli-
mate chamber. During the cooling period, the peak wavelength
separation was monitored. Fig. 4 shows that the linear change
of the peak separation due to temperature is much smaller in the
microstructured fiber (0.026 pm C) than in the bow tie fiber
( 0.42 pm C). Since the phase modal birefringence in both
fibers has a different origin, the thermal behavior of the Bragg
peak wavelength separation differs. Indeed, the stress-induced
material birefringence in a bow tie fiber is inherently temper-
ature dependent, whereas the geometrical birefringence in the
MOF is far less temperature sensitive and can even be zero
at a particular wavelength [15]. We can, therefore, state that
the Bragg peak separation in a highly birefringent microstruc-
tured fiber provides a quasi-temperature-independent measure-
ment for the transversal strain in the composite material.

In addition, this measurement requires no absolute Bragg
peak wavelength detection since it is based solely on the Bragg
peak separation.

IV. CONCLUSION

The optical response of embedded FBGs written in the
conventional bow tie fiber and birefringent MOF were com-

pared for different loading conditions. Although the MOF,
which was reported here, was not yet optimized to feature
high axial or transversal strain sensitivities, our results show
that such FBGs in MOF can already be an alternative to FBGs
in conventional birefringent fibers. They both show similar
response to mechanical loading, and in addition, the response
to temperature changes shows important differences (bow tie
FBG: 0.42 pm C, MOF FBG: 0.026 pm C), implying that
the MOF FBG can operate almost independently of temperature
variations.

We thus evidenced that microstructured fibers can be valu-
able components for structural integrity monitoring purposes in
composite materials.
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