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Abstract—Recently, fiber optic strain sensors have been applied to internal strain and damage
monitoring of composites because of their small size, light weight and flexibility. Braided fiber
reinforced plastics (FRP) are compatible with fiber optic sensors because optical fibers can be
integrated directly and easily into fabrics. In the present paper, the strain monitoring of braided glass
fiber reinforced plastics (GFRP) was conducted by using embedded fiber Bragg grating (FBG) and
extrinsic Fabry–Perot interferometric (EFPI) sensors during the cure process, tensile tests and fatigue
tests. From the experimental results of cure monitoring, it was found that both sensors can be used
only for monitoring of thermal residual strain during cooling process. From the results of tensile tests,
it was found that both sensors could measure strain correctly until damage initiation of braided GFRP.
It also appeared that FBG sensors could monitor damage to FRP by observing the reflected spectral
shape. From the fatigue tests, it appeared that the strain measured by embedded FBG sensors was
affected by fatigue damage. Therefore, it is concluded that internal strain monitoring of braided FRP
using fiber optic strain sensors is very useful for cure and health monitoring.

Keywords: Fiber optic sensors; EFPI; FBG; braided composites; cure and health monitoring; strain
monitoring; damage detection.

1. INTRODUCTION

In situ cure and health monitoring of fiber reinforced plastics (FRPs) is a very
attractive technique to manufacturers and users because quality of the products

∗To whom correspondence should be addressed. E-mail: kosaka@imat.eng.osaka-cu.ac.jp.
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can be ensured in real time. In cure monitoring, the internal state of the FRP
such as degree of cure, pressure, temperature, voids, defects and residual stress
can be monitored. Such internal information of FRP is available for optimization
of the curing process to reduce time of the curing cycle and enhance the quality.
In addition, the quality of the product can be assessed during the cure process,
which simplifies the procedure. On the other hand, a health monitoring system using
integrated sensors provides self-monitoring functions of stress, strain and damage
of materials. Since this monitoring system works in operation, the quality of the
composite structures can always be ensured. So this technique allows us to use easy
and simple periodical inspections. Several kinds of micro sensors, such as fiber
optic sensors, dielectric sensors, piezoelectric sensors, etc. have been investigated
as in situ sensors for cure and health monitoring [1].

Among in situ sensors, fiber-optic sensors are promising because of their small
size, light weight, high strength and high flexibility. Spectroscopy-based sensors
such as near-infrared spectroscopy (NIRS)-based and fluorimetry-based sensors can
monitor changes in chemical construction of resin [2–4]. Refractive index-based
sensors can be utilized for measurement of reflection rate between optical fibers and
resin [3, 5]. Since these sensors are not so useful for health monitoring of FRP, we
have considered that fiber-optic strain sensors, which can be used for both cure and
health monitoring, are more useful.

Popular fiber-optic strain sensors are interferometric sensors, extrinsic Fabry–
Perot interferometer (EFPI) sensors, fiber Bragg grating (FBG) sensors, and Bril-
louin optical time domain reflectometric (B-OTDR) sensors. Michelson interfero-
metric sensors need two or three optical fibers, including reference fibers. Since it is
difficult to embed the sensor in the FRP, it is not suitable for cure monitoring. High-
speed strain measurements of FRP laminates by using Michelson interferometric
sensors were reported [6, 7]. EFPI sensors are interferometric sensors, but they dif-
fer in number of essential optical fibers. EFPI sensors need only a single optical
fiber because sensing and reference lights propagate in the same fiber. Therefore,
installation of EFPI sensors into FRP is much easier than Michelson interferometric
sensors. Since usual EFPI sensors have low temperature sensitivity, they are es-
pecially suited for monitoring in temperature-changeable conditions, such as those
occurring during the curing process. It was reported that curing shrink and residual
strain of FRP during cure could be monitored by using EFPI sensors [8–10].

FBG sensors have also become more popular in this decade. Since FBG
is an optical grating written in a core of a fiber, these need no mechanical
part. In addition, FBG sensors are independent upon optical loss and can be
multiplexed easily because they use spectrum peak shifts for strain/temperature
measurement. Therefore, FBG sensors are suitable for long-distance embedding
in large composites. Several papers have addressed usage of FBG sensors during
cure of FRP [12–14] and many researches on health monitoring by using FBG
sensors were reported [15–17]. As for the application to damage detection, it was
shown that FBG sensors could detect strain concentration caused by internal cracks
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of FRP laminates as well as strain value [15]. B-OTDR is a sensing technique of
strain/temperature distribution along usual optical fiber. Since B-OTDR fiber optic
sensors have about 1m special resolution, they are preferred to integration into large
composite structures. It was reported that B-OTDR fiber optic sensors were applied
to health monitoring of a composites hull of a racing yacht [18].

We have applied EFPI and FBG strain monitoring systems to both cure and health
monitoring of various kinds of FRP, such as autoclave-molded FRP, filament wind-
ing (FW) FRP, and RTM-molded textile FRP because their reinforcing configuration
sometimes affects sensing function of embedded sensors [9, 10, 14]. However, there
are a few studies on the application of fiber optic sensors to cure and health moni-
toring of braided composites. Braided composites are well suited for integration of
fiber-shaped functional components because fibers can be integrated straightly into
fabrics as warp. Therefore, functional performance of functional components can
be maximized. Another advantage is that fiber optic sensors can be integrated auto-
matically during braiding. From these advantages, it can be considered that braided
composites are highly suitable for long continuous FRP parts including fiber optic
sensors. In the present paper, EFPI and FBG sensors were embedded in flat-braided
GFRP. Internal strain measurements of specimens were conducted during cure, in
tensile test and in fatigue test. From the experimental results, self-monitoring func-
tion of braided FRP with built-in fiber optic sensors was discussed.

2. EXPERIMENTAL

2.1. Optical fiber sensors and sensing systems

Figure 1 illustrates constructions of EFPI and FBG sensors used in this study.
Diameter of optical fibers for both sensors was 125 µm. Input and reflector fibers of
EFPI sensors are adhered to a glass capillary tube of 310 µm diameter by polyimide
adhesives. These two fibers are arranged axially with a air gap of 55 µm. The gauge
length is defined as the distance between two adhered points. The reflected light is
modulated by an EFPI and the spectrum has a cosine wave form when white light
is input as shown in Fig. 1a. The gap length d can be calculated by the following
equation from the reflected spectrum:

d = (N − 1)

2

λ1λN

λN − λ1
, (1)

where, N is number of peaks and λi is a position of the ith peak. The axial strain ε3

can be represented as

ε3 = �d − d0αS�T

LG

, (2)

where, LG is a gauge length, d0 is an initial cavity length, �d is a variation of the
gap length, αS (= 0.5 × 10−6/◦C) is a coefficient of thermal expansion (CTE) of
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160 T. Kosaka et al.

Figure 1. Constructions of EFPI and FBG sensors.

silica optical fibers and �T is a variation of temperature. Because the gauge length
was about 4 mm and the initial length of air gap was about 55 µm, the EFPI sensors
have low temperature sensitivity, which is about 0.0069 × 10−6/◦C.

On the other hand, FBG sensors have optical sensing parts (Bragg grating), which
are periodical variations of refractive index of a fiber core. FBG sensors act as a
narrow-band optical filter and a center wavelength of the reflected light indicates
a strain-temperature coupled value. The strain output of FBG sensor was obtained
from Bragg wavelength shift �λ and a temperature variation �T by the following
equation [18]:

�λ

λ0
=

[
1 − n2

0

2

{
p12 − νs(p11 + p12)

}]
ε3 +

(
αs + 1

n0

dn0

dT

)
�T, (3)

where λ0 is initial Bragg wavelength, p11 and p12 are Pockels constants, νs is
Poisson ratio, n0 is refractive index at �T = 0. All values belong to the FBG sensor.
In this paper, these sensor sensitivities to ε3 and �T were already obtained before
the strain measurement and the following equation was used for the calculation of
strain.

�λ

λ0
= 0.7368 × (

ε3 − 0.5 × 10−6 × �T
) + 6.9032 × 10−6 × �T. (4)

Two types of sensing systems were used for the strain measurement as shown
in Fig. 2. One is the OSA system which is composed of a super luminescence
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Strain monitoring of braided FRP with fiber optic sensors 161

Figure 2. Sensing system for EFPI and FBG sensors.

diode (SLD), an optical spectrum analyzer (OSA; Anritsu MS9710) and an optical
directional coupler. This system was used for acquisition of the reflected spectrum
from the FBG and the EFPI sensors. The measured spectra were sent to PC and then
strain was computed by using the equations (1)–(4). This system is especially useful
for checking state of the sensors by observation of the reflected spectral shape. The
OSA system is not suited for the measurement during the fatigue tests because the
wavelength scanning takes about a few seconds. The wavelength resolution of the
OSA system is 0.01 nm which was equivalent to 10 × 10−6 strain for the FBG
sensors. The strain resolution of the EFPI sensors by using the OSA system was
about 50 × 10−6 strain. Another system is the FBG-IS system (FBG-IS, Micron
optics and NTT-AT). It reports only center wavelengths reflected from FBG sensors.
Since this system has higher accuracy and speed (0.001 nm wavelength resolution
and 50 Hz sampling frequency), it was applied to strain measurement during the
fatigue tests.

2.2. Specimen

A glass fabric was braided by using glass fiber strands (ER11560-F165N, Nippon
Electric Glass) and was cut to length of about 220 mm. Then, fiber optic sensors
were installed straightly in a braided fabric as illustrated in Fig. 3. Figure 4 shows a
schematic view of a mold. A flat braided fabric and steel spacers were sandwiched
by Teflon sheets and steel base plates. The Teflon plates were placed with a space
of 23 mm in parallel and sealants were used as a dam. An optical fiber was drawn
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from surface of the braded fabric and set through a U-groove of the upper steel plate
to prevent optical power loss by local bending at the egress point. After setting the
fabric to the mold, the fabric was impregnated with vinylester resin (Ripoxy R-802,
Showa Highpolymer), which was defoamed in a vacuum chamber for 10 min. The
curing conditions were: heating up to 80◦C for 1 h, holding for 5 h and natural
cooling. Strain and temperature were measured during the molding process by
using an embedded fiber optic sensor and a thermocouple. The molded FRP had
a nonlinear stress–strain behavior, the initial stiffness from 12.6 to 14.6 MPa and
the volume fraction from 34 to 40%. After the molding, specimens were cut and
aluminum tabs were adhered to them. In mechanical loading tests, surface strain
was also measured by attached strain gauges.

Figure 3. Embedding configuration of fiber optic sensors into braided FRP.

Figure 4. Schematic view of a mold.
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Strain monitoring of braided FRP with fiber optic sensors 163

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Internal strain measurement during cure

Because the optical fibers were drawn from the surface of the fabric, it could be
considered that the optical power loss became lager than when the optical fibers
were drawn from the end. In order to confirm the molding setup was valid for
measurement of the strain monitoring during cure, the optical loss that occurred
during the cure process was measured by using an optical power meter. From the
results of the optical loss test, it was found that the maximum loss was 0.7 dB, which
was so small that it did not affect reliability of embedded fiber optic sensors.

Internal strain profiles measured by FBG and EFPI sensors using the OSA system
during curing process are plotted against time with temperature in Fig. 5. Both
sensors detected thermal strain at the heating and the cooling stages, but could not
detect curing shrink. Therefore, it was found that thermal strain governed residual
curing strain for the FRP used in this study. At the heating stage, the detected strain
by the FBG sensor was different from that using the EFPI sensor. Because the
effective stiffness of the EFPI sensors was different from that of the FBG sensors
due to the difference of the sensor diameters, it can be considered that the strain
transmitted from low-stiffness curing resin to these sensors during cure showed
different values at the heating stage. During cooling, both sensors detected almost
the same compressive strain as each other. Therefore, it can be concluded that both

Figure 5. Strain from FBG sensor and EFPI sensor, and temperature vs. time in curing process (OSA
system).
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164 T. Kosaka et al.

sensors embedded in braided FRP can be used for monitoring of residual strain
during cure.

3.2. Internal strain measurement in tensile tests

The dimensions of the specimens were 23 × 190 × 1.1 mm (W × L × T ). Tensile
tests were conducted by using a universal testing machine (Instron Fast Track 8801,
Instron, Inc.) under displacement control at speed of 0.02 mm/min. Figure 6
shows stress–strain curves from an embedded EFPI sensor and attached foil strain
gauges. The experimental results showed that embedded EFPI sensors in braided
FRP could measure internal strain over 2.0% strain although the good agreement
between both sensor outputs was held within 0.8% strain. From the observation by
optical microscope, it was found that the error of strain by the EFPI sensor in large
strain range was produced by break of the capillary tube. However, the observation
of spectrum from the EFPI sensor showed good interference, which means that there
was no discrepancy of optical axis, until the break. Therefore, it was found that large
axial strain affects precision of strain and the break of the capillary tube could not
be detected.

Figure 7 shows stress–strain curves from an embedded FBG sensor and attached
foil strain gauges in tensile tests. It was found that FBG sensors could measure
internal strain correctly up to about 0.8% strain. At about 0.8% strain, the output of
the FBG sensor jumped discontinuously and the difference of the curves between
the FBG sensor and the strain gauges increased. To investigate the behavior of
FBG sensors, an FBG spectrum, which gives us information of strain distribution
applied to the sensing part, was observed in the tensile tests. Figure 8 shows the
spectra from the embedded FBG sensor at various strains. Since the shape of the
spectrum changed gradually from single peak to double peaks with increasing strain,
it appeared that local strain distribution around the FBG sensor affects the reflected

Figure 6. Stress–strain curves from FBG sensor and foil strain gauge in tensile tests (OSA system).
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Figure 7. Stress–strain curves from FBG sensor and foil strain gauge in tensile tests (OSA system).

Figure 8. Spectra from FBG sensor in tensile tests (OSA system).

spectrum. However, the effect of changes in the spectral shape on the precision of
strain sensing was very minor at about 0.8% strain as shown in Fig. 7. The sensor
was not broken because the change in the optical power reflected from the FBG
sensor was small. Therefore, it can be considered that the sudden change in the
spectral shape resulted from the redistribution of strain caused by the initiation of
damage near the sensor at the 0.8% strain.
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3.3. Internal strain measurement in fatigue tests

Fatigue tests were conducted under load control by using the same testing machine
used in the tensile tests. The dimensions of the specimens were 23 × 200 × 1.3 mm

Figure 9. Time–strain curves obtained by an embedded FBG sensor and an attached strain gauge in
fatigue tests ((a) 3100, (b) 10 500 and (c) 15 000 cycle).
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(W × L × T ). The fatigue frequency was 1 Hz and the peak-to-peak amplitude
of the sinusoidal load was 0.3 to 1.1 kN (9.94 MPa to 36.5 MPa stress). Time–
strain curves obtained by an embedded FBG sensor and attached strain gauges at
about 3100, 10 500 and 15 000 cycles are shown in Fig. 9a–c, respectively. These
figures show that output of the FBG sensor agreed well with the strain gauge
before about 10 500 cycles. At about 15 000 cycles, behavior of the curve obtained
from the FBG sensor became different from the strain gauges. In Fig. 9c, two
strain curves (FBG peaks 1 and 2) measured from the FBG sensor were shown
because the number of spectral peaks increased. The graph shows the FBG sensor
output jump to the other peaks when loading and unloading. Figure 10 shows
a photograph of specimens after 15 000 cycles. In the photograph, many matrix
cracks along the reinforcements can be observed as whitened region. Therefore, it
can be considered that the reflected single-peak spectrum became twin peaks by the
strain concentration caused by the cracks of braided FRP. To investigate the detail
effect of the cracks to the FBG sensors, the reflected spectra were observed. Figures
11a–c show the reflected spectra at 10 000, 14 100 and 14 200 cycles when 0.4%
strain was applied. The figure shows the spectrum has almost same shape until
14 100 cycles, but it dramatically changed into three peaks from 14 100 to 14 200
cycles. Since rapid increase of matrix cracks was observed from 14 100 to 14 200
cycles, it can be concluded that the matrix cracks strongly affected the spectral
shape. These experimental results tell us that embedded FBG sensors in braided
FRP have the capability of a self-monitoring function for fatigue damage.

Figure 10. Photograph of specimen after fatigue crack initiation in fatigue tests.
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(a)

(b)

(c)

Figure 11. Reflected spectra from an embedded FBG sensor at 0.4% strain measured by strain gauge
in fatigue tests ((a) 10 000, (b) 14 100 and (c) 14 200 cycle).
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4. CONCLUSIONS

Strain monitoring of braided GFRP composites during cure, tensile tests and
fatigue tests was conducted by using embedded FBG and EFPI sensors. From the
experimental results of cure monitoring, it was found that both sensors can be used
only for monitoring of thermal residual strain during cooling process. From the
results of tensile tests, it was found that both sensors could measure strain correctly
until damage initiation of braided FRP, which occurs at 0.8% strain, while outputs
of the sensors showed error in large strain. In addition, it appeared that the FBG
sensors could monitor damage of FRP near the sensor by observing the reflected
spectral shape during tensile tests and fatigue tests.
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