
maintained acceptable abilities in power gain, noise figures,

and IIP3 performances.
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ABSTRACT: The purpose of this study is to design a composite strain
rosette using embedded fiber Bragg grating (FBG) sensors. Those strain

rosettes are meant to be used as alternative to the conventional electric
rosettes in structural health monitoring applications being glued at the

structure surface. A thin (400 lm) and flexible weaved carbon fiber
reinforced plastic (CFRP) composite rosette is proposed. The three FBG
sensors were written in a single optical fiber. Special care was devoted

to the embedding process of the optical fiber sensors in the weaved
composite plate in order to avoid significant alteration of the light

reflected back by the FBG. The strain response of the composite rosette
was compared to electrical strain gage’s when applied at the surface of
an aluminium sample submitted to tension, flexion and to dynamic

strain. VC 2011 Wiley Periodicals, Inc. Microwave Opt Technol Lett

53:1853–1857, 2011; View this article online at wileyonlinelibrary.com.

DOI 10.1002/mop.26098

Key words: optic fiber sensor; fiber bragg grating; composite material;
strain measurement; structural health monitoring

1. INTRODUCTION

Strain monitoring is a commonly used method for structural

health monitoring (SHM). The strain information is used to ver-

ify design assumptions about loading patterns or can be com-

bined with long term models to predict structure residual life.

The rosette configuration is extensively used in experimental

stress analysis to measure the state of strain (i.e., the two princi-

pal strains and their directions) at a point on the surface. They

substitute single-arm strain gauges whenever the geometric and/

or load complexity prevent any a priori knowledge of the axes

of orientation [1].

Classical electrical strain gages (SGs) rosettes consist of

metallic foils sealed in a polyimide film. However, they are not

the best solution for long term SHM due to their week creep

and fatigue behavior, sensor debonding being commonly

observed.

Optical fiber sensor based rosettes have been developed as

alternative to the electrical SGs rosettes [1–7]. Two types of op-

tical fiber sensors have been successfully used: the Fabry-Pérot

[1–3] interferometer and the FBG [4–7]. Valis et al. [1] devel-

oped a rosette based on intrinsic Fabry-Pérot interferometers.

They achieved performance comparable with an electrical strain

rosette when optical fiber sensors are glued at the surface of the

structure. If directly embedded in unidirectional laminates

(graphite/PEEK) subjected to uniaxial stress applied along the

central rosette arm direction [2], they observed a satisfying

behavior of their sensors. Case et al. [3] chose the extrinsic

Fabry-Pérot interferometers configuration. They embedded them

in graphite/epoxy laminates and verified their effectiveness in

measuring arbitrary strain states within the laminates in the axial

(0�) and transverse (90�) direction. Some discrepancies were

however noticed at 45�. They also observed a significant

decrease in the composite laminate compressive strength due to

the presence of the embedded sensors.

Compared with these two sensors, FBG have the advantage

to be easily multiplexed. This permits to monitor simultane-

ously the strain in three directions using a single optical fiber

by assigning each sensor to a different portion of the optical
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spectrum. The French technological research organisation CEA

developed and commercialises FBG strain rosette encapsulated

in a polyimide film [4] to be glued at the structure surface.

This rosette is based on three temperature auto-compensated

sensors. The weak point of this encapsulated rosette as men-

tioned previously remains the insufficient long term properties

of the polyimide films. Haran et al. [5] proposed a rosette with

a similar shape (i.e., triangular) but added a fourth FBG for

temperature compensation. The temperature measuring FBG

has to be bonded in such a way that it experiences the changes

in temperature, but not the strain, to which the structure is sub-

jected. Similar configuration has been adopted by Betz et al.

[6]. They also demonstrated experimentally that the use of the

backing patch produces a reduction in strain sensitivity of only

around 4%. Matrat et al. [7] embedded the FBG in a composite

laminate with the lay-up [0/452/-452/90/0]4 corresponding to a

thickness of 4.16 mm. Four different FBG were positioned at

different location across the thickness and aligned with the ad-

jacent reinforcement. The authors developed an analytical

model to dissociated wavelength variation due to the strain and

to the temperature. The sensor for temperature discrimination

was written in an optical fiber with slightly different thermo-

optical properties. Although a good accuracy in strain measure-

ment was achieved (the largest observed error for in-plane

strain component was less than 3%) the sensor embedding

required the use of at least two plies of distance between sen-

sors to decrease the neighbouring effect of optical fiber s on

sensors responses.

In this article, the embedding in a thin CFRP composite

patch is considered. This will permit the increase of the long

term properties of the strain rosette and its range of applica-

tion (i.e., in more critical environments). Similar composite

patches based on a single embedded FBG are commercially

available for longitudinal strain measurement. Smartfibers

commercialises apodised FBG sensor embedded in glass fiber

reinforced plastic patches [8] having nominal dimensions of

120 � 20 mm2. FiberSensing SA commercialises uniform

FBG embedded in CFRP plates [9] with dimensions of 120 �
20 � 9 mm3 that are more rigid. Both patches have significant

thickness. Thinner patches are needed for less invasive

sensing.

The embedding of the optical fiber sensor in a composite

requires many cautions to guarantee the reliability of the infor-

mation provided by the sensor. Its embedding induces stress and

strain concentrations around the sensor. FBG reflection spectrum

suffers some changes during the curing process due to thermal

residual stresses in the case of angle-ply laminates [10–13]. In

contrast, the embedding into unidirectional specimens has fewer

repercussions on FBG reflection spectrum and thus on the strain

measurement reliability.

It is thus normally accepted that the FBG embedment in a

thick host will improve the sensor reliability [14]. It is also

generally accepted that the optical fiber should be embedded

between two plies of the same orientation in order to avoid

the creation of a resin pocket along the optic fiber. The

embedding of FBG sensors in weaved composites is rarely

considered due to the complex local residual strain field pro-

moted by the fabric weave which distorts the grating optical

spectrum. In a previous study [15] the authors implemented a

thin weaved composites patch with an embedded FBG for

longitudinal strain monitoring.

In this article, the same CFRP weave prepregs are used for

the rosette manufacturing. The rosette should achieve a good

compromise, being resistant enough to significant bending and

torsion displacement and inducing the less change in the struc-

tural mechanical behavior, by its reinforcement, when mounted

at the surface of a structure. The rosette was applied to an alu-

minium specimen submitted to tensile, flexural and impact

tests. The strain responses of FBG CFRP strain rosette were

compared with the response of surface mounted electric strain

rosette.

2. PRINCIPLE OF FIBER BRAGG GRATING SENSOR

FBG are formed when a permanent periodic variation of the

index of refraction of the core is created along a section of an

optic fiber, by exposing the optic fiber to an interference pattern

of intense ultraviolet light [16]. The photosensitivity of silica

glass permits the index of refraction in the core to be increased

by the intense laser radiation. If the optical fiber with a FBG is

illuminated by a broadband light source, the grating diffractive

properties promote that only a very narrow wavelength band is

reflected back. The centre wavelength, kB, of this band can be

expressed by the well-known Bragg condition:

kB ¼ 2nKB (1)

where n is the average effective index of the core and KB is the

grating period.

FBG sensors are wavelength-modulated sensors. Gratings are

simple, intrinsic sensing elements, and give an absolute mea-

surement of the physical perturbation it senses. Their basic prin-

ciple of operation is to monitor the wavelength shift associated

with the Bragg resonance condition. The wavelength shift is in-

dependent of the light source intensity. When the fiber is

stretched or compressed along its axis, the period of the grating

and n changes. The same is observed when the temperature

fluctuates.

When embedded into a composite material, the response of a

FBG sensor is dictated by the thermal strain experienced by the

host material Deth ¼ acDT, where ac is the coefficient of thermal

expansion (CTE) of the host material and DT the temperature

variation. In a first approximation, the Bragg equation can then

be rewritten as:

DkB
kB

¼ 1þ 1

n

@n

@e

� �
T

� �
DeappþDeth
� �þ 1

n

@n

@T

� �
e

DT¼KeDeþnDT

(2)

Figure 1 Composite strain rosette using Bragg sensors. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com]
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where Ke is the sensor sensitivity to strain. Deapp and De are the

applied axial strain and the total strain transferred to the optical

fiber, respectively. n is the silica fiber thermo-optic coefficient.

FBG sensors are sensitive to both strain and temperature. To

recover the strain, it must be decoupled from the temperature

variation. The temperature must then be measured separately.

This can be done using a simple thermocouple or a second FBG

[17].

3. CONCEPTION OF THE CFRP STRAIN ROSETTE

Nonrecoated FBG sensors 10-mm long, with a nominal reso-

nance wavelength around 1550 nm after temperature annealing,

with a strain sensitivity of 0.77 6 0.05.10�6 le�1, were written

in SMF – 28e
VR

low birefringence single mode optical fiber s

with an acrylate coating from Cornings.

The optical fiber has a diameter of 250 lm with coating, and

125 lm without, respectively. The coating was mechanically

removed along 40 mm for grating writing as UV radiation does

not penetrate through the acrylate. This last was submitted to a

temperature annealing permitting its stabilization from its accel-

erated ageing.

Rosette design was subject of a particular attention. The

resulting embedding methodology permits the embedding of

FBG sensors in weaved reinforced composite laminates without

distortion of the sensor reflected light.

The composite material consists of CFRP prepregs with

the layer thickness of 0.20 mm, in a warp/weft 50/50 configu-

ration (CC206 from Seal) preimpregnated by an epoxy resin

(ET442). A peel-ply layer was applied at the rosette surface

to control the surface roughness. This permits the improve-

ment of the adhesion to the specimen surface at its

application.

The proposed strain rosette has a delta configuration (cf. Fig.

1) having a maximal length of 90 mm and a width of 50 mm.

The central part was removed providing a higher flexibility to

the rosette. This rosette configuration is the same as the one that

was adopted by Magne et al. [18]. It permits from only three

FBG to determine efficiently the state-of-strain and provides

self-temperature-compensation.

The two layers of prepegs were laid up by hand. A pre-

stressed optical fiber was placed in the mid-plane of the lami-

nate and positioned according to the drawing presented in Figure

1. After lay-up, the laminates were vacuum-bagged and placed

in an autoclave. The material was slowly heated to 125�C under

internal vacuum (0.085 MPa) and 0.1 MPa of external pressure.

After holding for 2 h at this condition, the laminate was slowly

cooled in the autoclave. The optical fibers were guided outside

of the vacuum bag through the sealant tape. The plateau temper-

ature was set to 125�C, which is slightly lower than the value

recommended by the prepreg manufacturer (130�C). The tem-

perature decrease guaranteed the optical fiber coating integrity.

A longer plateau duration was applied to warrantee the comple-

tion of composite cure. The obtained rosette presented a final

thickness of 0.4 mm.

The resulting reflection spectra of the FBG after embedding

are presented in Figure 2. They reflection spectra remained nar-

row confirming that the FBG are not significantly affected by

the transversal thermal residual stresses on the FBG sensor and

any microbendings due to the weaved reinforcement.

4. EXPERIMENTAL TESTING AND RESULTS

4.1. Behavior in Tension
The CFRP rosette was applied at the surface of an aluminium

sample with nominal dimensions of 305 � 155 � 3 mm3. A

Figure 2 Spectral response of the three Bragg grating sensors

Figure 3 Experimental setup
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thin layer of a two components epoxy resin was used as adhe-

sive. One of the FBG (0�) was positioned along the loading

direction. The others were positioned at 90� and 45�,
respectively.

The experimental setup (Fig. 3) used for strain measurement

consisted of a BraggSCOPE FBG interrogator, from FiberSens-

ing, for the Bragg wavelength shifts measurement, an AQ6330

optical spectrum analyser, from Ando, for the Bragg wavelength

spectra monitoring and recording, in a personal computer,

through a GPIB interface controlled by LabVIEWTM. The elec-

trical SG rosette was connected to a Spider 8 data acquisition

system from HBMVR linked to a computer using the Catman

3.1TM software. Strain data were acquired at a sampling rate of

1 kHz.

Monotonic tensile tests were performed using an InstronVR

Model 4208 universal testing machine, according to the ISO 527

standard. The speed test was controlled by displacement to 1

mm.min�1 until a maximum load of 7 kN. In Figure 4 are pre-

sented the strain values measured by the FBG sensors in the

three directions and the respective values obtained by the corre-

sponding electrical SGs.

FBG rosette provides strain values close to the electrical one.

When comparing the response of the three sensors individually,

the response of the FBG at 0� appears to be the more precise.

At the opposite, the higher difference was observed at 45�. The

Figure 5 Comparison between the three FBG and the electric sensors.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 6 Dynamic response of the three FBG sensors. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 4 Analysis of the FBG sensors in three different directions.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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FBG were not significantly affected by any micobending

imposed by the weaved reinforcement. No significant broaden-

ing of the reflection spectrum (i.e., variation of full width at half

maximum (FWHM) in the range of 0.01 nm for an original

width of 0.2 nm) were observed at the FBG reflection spectra

along the test. The differences in the strain responses are though

to be due to the strain transfer from the CFRP host composite to

the FBG sensors. The observed difference is a limitation for the

use of the CFRP strain rosette especially considering that for the

higher strain values this error tends to decrease. The reproduc-

tivity of the CFRP rosette response was confirmed through

repeated loadings.

4.2. Behavior in Flexion
The aluminium specimen was submitted to three-point bending

tests. The rosette was placed at the opposite surface of load

application. The test was implemented using the same testing

machine. The displacement rate was set to 1 mm/min.

Figure 5 presents the response of the three FBG sensors. A

good correlation between the electrical and optical sensors was

verified. The same trend than for the tensile tests was observed,

i.e., the higher response difference being observed for the FBG at

45�. This confirms that the worst alignment of this sensor with the

reinforcement (compared with the sensors at 90� and 0�) at

embedding results in a more complex strain transfer from the

composite to the FBG. FBG sensors successfully measured the

imposed bending strain as they were not exactly at the neutral line

of the composite. The reproductivity of the CFRP rosette response

to bending strain was also confirmed through repeated loadings.

4.3. Sensitivity to Vibration
The capability of the rosette to sense dynamic strain at low fre-

quencies was verified from the impact of the aluminium sample

by a noninstrumented hammer. One of the aluminium extrem-

ities was encastred, whereas the other remained supported. The

acquisition rate of the BraggSCOPE was set to its maximum

sampling rate (i.e., 10 kHz). In Figure 6 the variation of the cen-

tral wavelength of the three FBG is presented. No comparison

with the electrical strain rosette was possible due to the low

maximal sampling rate of the data acquisition system used. The

CFRP strain rosette can be considered for impact location from

vibration measurement or from Lamb waves sensing in a similar

approach as the one adopted by Betz et al. [19] using three

rosettes. A high-speed interrogation procedure for FBG would

however be necessary for Lamb waves sensing.

5. CONCLUSIONS

A thin and flexible CFRP delta strain rosette was implemented

based on embedded FBG sensors. The interest of such strain ro-

sette lies on its application at the surface of a structure. The low

dimensions of this composite strain rosette significantly decrease

its impact on the mechanical behavior of the structure. CFRP ro-

sette proved to be competitive. The strain responses in the three

directions were comparable with the response of the electrical

strain rosette under tension and flexion solicitation. The less

effective strain response, i.e., from the sensor at 45�, results of a
more complex strain transfer at the host/sensor interface due to

its worst alignment with the surrounding reinforcement. The

range of application of this rosette is larger when compared to

encapsulated optic and electric rosettes thanks to CFRP compos-

ite better long term properties. Besides, its CTE close to zero

significantly decreases the effect of temperature on strain mea-

surement. The sensitivity of FBG sensors at high frequencies

permits the implementation of added capabilities such as dam-

age location from triangulation using a network of rosettes.
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