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Abstract

Real-time strain sensing with Fibre Bragg Gratings (FBGs) has lately become an increasingly important state-of-

the-art technique for structural health monitoring (SHM) in many engineering fields. In aerospace industry, a lot 

of effort has focused on the practical use of optical fibres during the service life of an aircraft. To this direction 

the fibre optic ribbon tapes (FORT) concept was developed in order to ease the handling and the maintenance of 

such sensitive sensors. In this paper, we investigate the structural durability of this concept comparing two ways 

of mounting the FORT (co-bonding and secondary bonding) under high-cycle fatigue conditions. Through 

extensive fatigue tests and utilizing additional experimental (through strain gages), theoretical as well as 

numerical tools it is concluded that the deviation of the experimentally measured strains versus theoretical or 

numerical ones are well within an error of 5%. Moreover, they remain in this error bound for as much as 10
6

loading cycles, rendering FORT a reliable solution for aerospace SHM.

Keywords:Optical fibres sensing, fibre bragg gratings (FBG), structural health monitoring (SHM), fatigue 

loading, aerospace, embedded sensors, aircraft service life

1. Introduction

The continuously growing aerospace industry combined with the global effort to reduce

maintenance costs across industrial applications and also the need for better utilization of 

resources and materials create the ground for novel structural health monitoring systems 

(SHM) to be developed. The need for reliable use of carbon fibre reinforced polymers (CFRP) 

to aerospace structures is urgent [1] hence the implementationof health monitoring techniques

that enhance the safe operation of a structure is of top priority. Researchers across the world 

are working to this direction. Systems with the ability to monitor physical and/or mechanical 

properties (temperature, strain, acceleration) of structures during operating conditions are 

being designed and proposed[2-3]. Fibre Bragg grating (FBG) sensors have been recognized 

as a relatively new non-destructive evaluation (NDE) technique to suit this purpose for all 

structural applications [4]. Optical fibres are used for sensing applications, for measuring 

among others of temperature, strain, pressure, refractive index, flows. They offer many

advantages over electrical sensing devices [5]. Among the most important ones is their 

advantage of multiplexing by using different wavelength of light for each sensor. Hence, 

many optical sensors can be inscribed in one only fibre optic cable utilizing only one channel 

in the interrogation unit. 

The major advantage of Fiber Bragg Gratings (FBGs) is their ability to be used either placed 

on the surface of the composite component of interest, bonded or co-cured, or embedded in 

the composite structures [6]. The integration of optical fiber sensors into the composite 

material could allow potentially complete in situ curing monitoring during the manufacturing 

process, and further on, using the same sensors can be used for the component 

qualification/approval, as well as for the monitoring of the structural integrity of the 

component during operation throughoutthe whole lifetime of the composite structure[7-8].
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The present paper aims to prove the reliability of the concept of a fibre optic ribbon tape 

(FORT) to provide accurate and repeatable strain measurementsunder prolonged cyclic 

loading of one million cycles. FORT is actually an optical fibre embedded in-between a 
protective strip of two glass/polyester layers. This concept eases the handling, 
mounting and replacement of the optical fibers on a structure and protects them 
during service conditions. . Two different approaches were examined regarding the 

application of the FORT on a composite structure i.e. via secondary adhesive bonding or via 

co-bonding during the autoclave process. This study presents the work done from conceptual 

design towards manufacturing, testing and optimization of the FORT concept.

Figure 1. Schematic of the FORT attached to a structure, the red area indicates the position of the FBG

2. Experimental procedure

2.1 Specimen manufacturing

Three point bending fatigue tests were envisaged in order to test the reliablelong-term

operation of the FORTs. The specimens needed for conducting the aforementioned tests were 

manufactured according to the ASTM D7264/D7264M-07 standard Test Method for Flexural 

Properties of Polymer Matrix Composite Materials. In order to acquire specimens of the 

desired dimensions (40x200 mm), carbon fiber reinforced plates with dimensions of 300x300

mm were manufactured using (uni-directional) UD prepreg carbon fabric. Two plates were 

fabricated in order to compare the co-bonding and the secondary bonding approach. In the 

case of the co-bonding, the FORT was placed on top of the laminate scheme and followed the 

same auto-clave curing cycle as the plate. In the case of the secondary bonding, the FORT 

was bonded on the surface with the appropriate glue-resin after the completion of the curing 

cycle.

Figure 2. The plate of the co-bonded case ready for the curing process



To address the danger of optical fibre breakage due to bending at the tip of the FORT and the 

tip of the plate, special care was taken. A rubber layer surrounding the plate and an extra 

carbon fibre cowl plate were manufactured and used successfully.

2.2 Specimen preparation for testing

Following the curing cycle, the specimens needed preparation and sensorizationbefore the 

tests. The procedure is the same for both the co-bonding and secondary bonding cases apart 

from the bonding of the FORT step. The specimens needed for the tests, five with FORT and 

one plain for reference for each case were cut in the dimensions designated by the ASTM test 

standard.The next step was to attach (electrical strain gages) ESGs to the specimens for 

comparison reasons and validation of the proper function of the FORT.The specimens were 

properly sanded and cleaned with acetone for best adhesion. The ESG was placed exactly on 

top of the FBG on the upper layer of the FORT (Fig.3).

Figure 3. Specimen with electrical strain gage on top of the FORT

The last step prior to testing the specimens was to fusion splice the optical fiber with a pig-tail 

FC-APC connector (Fig.4) in order to interrogate the FBG with a Micron Optics SM130 laser 

interrogator.Prior to splicing the polyimide coating of the optical fibres must be removed. The 

available solution for this issue is to dissolve the polyimide in a mixture of Nitric and Sulfuric 

acid. This step could be avoided if the optical fibers were clear of polyimide coating at their 

ends.

Figure 4. Optical fibre to connector fusion splicing



During the preparation of the specimens special care was taken to identify differences 

between the two techniques of FORT mounting (co-bonding and secondary bonding). The 

process during which the FORT is co-bonded with the specimens is significantly more 

demanding. The tackiness of the material (prepreg) is crucial in order for the FORT to stay in 

place especially if the use of adhesion is strictly prohibited for terms of chemical interference. 

As mentioned above the excess optical fibre length should be carefully placed and secured on 

the structure to avoid damages to the fibers. Although this step looks easy for the given 

geometry, it can become extremely demanding for complex geometries and structures. The 

special care in order to protect the fibers poses in all the steps of the procedure increasing the 

complexity. On the other hand the secondary bonded solution poses an ease of use. Specimens 

are manufactured and cut easier. After cutting a light sanding of the mounting surface 

provides sufficient grip for the adhesion layer. An aspect of the procedure that can be 

improved is the amount and the uniformity of the adhesion layer. A system to provide a layer 

of uniform thickness and amount is under development. The greatest advantage of the 

secondary bonding approach is the ability to place FORTs anywhere on the structure even

after assembly leading to easier pre-calculations and test setups. In Fig.5 a schematic of the 

geometry of the gages is presented. The distance of each sensor (FBG, ESG) from the 

specimen surface (shown in exaggeration in Fig.5) is measured and compensated for the 

correct and realistic interpretation of the measurement data.

Figure 5. An exaggerated size scheme that shows the position of the FBG and the ESG

2.3 Test campaign

To prove the feasibility of the FORT to work accurately and reliably as strain gage a series of 

tests was conducted. At the early stages of the procedure static tests were chosen to monitor 

the response of the FBGs and compare them to those of the electrical strain gages in order to 

validate the working condition of the FBGs after the autoclave or secondary bonding and 

splicing. After this first validation testing, the procedure continued as planned with cyclic 

(fatigue) testing.



Figure 6 three point bending setup

As Fig.6 shows, the chosen test was a three point bending test. A fixture specially 

manufactured for the experiment purposes was fixed on the Instron servo hydraulic 8872 

testing machine and cyclic loading forces were imposed to the specimens. During the test,

data of machine displacement and applied load were recorded by the machine software. On 

each coupon during testing,strain in the middle of the specimen wasrecorded by two 

(electrical strain gages) ESGs and a FORT. The topology of the sensors is presented in Fig.5. 

The FBG and the ESG are placed at the same point regarding the length and the width of the 

specimen (at the mid span point) To achieve the desired strains during testing the machine 

was set to apply a constant sinusoidal displacement, the amplitude of which was calibrated by 

analytical solutionsas well as the indications of the gages. The applied displacement led to a

load of approximately 1 kN. The cyclic loading was imposed with a rate of 10 Hz.The fatigue 

test was conducted for 5 specimens of each case, (co-bonded and secondarily bonded).

In addition to this testing, an axial tensile test was conducted to additional coupons created 

from the same plates as the fatigue specimens in order to verify the properties of the material 

and therefore create more accurate (Finite Element Analysis) FEA models and Analytical 

solution for comparison with the experimental values.

After testing, the specimens were cut to determine the exact distance of the FBG from the 

coupons neutral axis. In order to do so, after cutting, a picture was taken using microscopy 

and after image-pixel calculation the exact position along the thickness was determined. To 

further increase the accuracy of the results we also investigated the exact position of the FBG 

in the optical fiber along its length. This was done with the use of a soldering iron and 

monitoring the response of the FBG wavelength shift. When the soldering iron passed over 

the FBG the shift in temperature changed the wavelength. The exact positionwith accuracy of 

1 mm led to an increase of 8% to the accuracy of the calculated bending moment for the 

(Finite Element Analysis) FEA and the analytical solution.



Figure 7. The section of the specimen

Figure 8. The section as seen with the microscope

3. Theoretical solution and FEA modeling

In order to verify the good working condition of the FORT and also to have knowledge of the 

strains that will be developed during testing, the mechanical behavior of the coupons was

modeled and calculated both with analytical solution and FEA to determine the range of the 

developed strains. For the analytical approach the mechanical materials of the lamina were 

calculated and the bending of the coupons was solved using higher order shear theory to 

include the contribution of shear deformation to the strains. The software used for FEA was 

MSC Patran. The coupons were modeled with solid shell elements and for every ply of the 

composite 2 elements were used in the thickness direction.For each case of mounting (co-

bonded and secondarily bonded) a different model with the appropriate properties and 

elements was created. The properties and data used for the FEA model and the analytical 

solution were; Elastic Modulus 11, Elastic Modulus 22, Elastic Modulus 33, Poisson ratio 12, 

Poisson ratio 23, Poisson ratio 31, Shear Modulus 12, Shear Modulus 23, Shear Modulus 13, 

the ply thickness, the dimensions of the coupon and the points where the load was applied and 

the applied load.



Figure 9. The developed FEA model under loading

4. Results

When the tests were completed, the acquired data were processed with OriginPro of 

OriginLab Corporation. Detailed analysis of the strain response was done and the signals 

acquired during the tests were compared with the Analytical solution and the FEA. The data 

are presented in the form of graphs, mainly of strain development during stress cycles.

Additional graphs that give important information to understand problems and compare 

available strain monitoring techniques are presented. In Fig.10 and Fig.1 a comprehensive 

graph of the progress of the fatigue test for the secondary bonded and the co bonded technique 

respectively is presented. The FBG’s recording remains rather constant while the ESG’s after 

the 600.000
th

cycle drifts due to detachment from the surface as explained in Table1 and 

Table2 where the Root-Mean Square Deviation (RMSD) data are presented, and shown in 

Fig.14 where the data acquired during the whole test are presented. To calculate the RMSD 

value the equation (1) was used.

迎警鯨経 =  
紐停(掴日貸槻日)鉄デ槻日鉄 (1)

As presented in Table.1, the Root-mean square deviation between the FBG strain 

measurement and the other strain measurements remains well below the set acceptable of 7%. 

The great difference of 15.13% between FBG and ESG after the 10^6 cycles is due to ESG 

detachment from the coupon surface and false measurement. This problem was usual for the 

coupons that were tested. The ESGs tended to de-bond from the coupon surface after 

approximately 600.000 cycles. This happened for 8 out of 10 coupons and for 6 of those for 

both the ESGs that were attached to the coupon.



Figure 3.The secondary bonded coupon's strain response for all the cycles

Table 1. RMSD between FBG and other values for all the cycles of secondarily bonded 

coupons

Cycle RMSD %

1000 4.98

10000 3.39

100000 5.35

500000 5.74

1000000 15.13

FBG vs ESG

Cycle RMSD %

1000 5.99

10000 5.13

100000 6.21

500000 6.36

1000000 6.62

FBG vs ANALYTICAL

Cycle RMSD %

1000 4.82

10000 3.59

100000 5.41

500000 5.44

1000000 6.24

FBG vs FEA

The same good behavior was observed for the co-bonded FORTs as demonstrated in 

Fig.11.The problem of the ESG de-bonding remains for the co-bonded coupons too, at 

Fig.12the false of the ESG measurement is even worse than before. In table two the RMSD 

values prove that FBGs are effective strain gages and more reliable than ESGs.



Figure 11 The co-bonded coupon's strain response as recorded by all sensors and calculated analytically and with 

FEA

Table 2. RMSD between FBG and other values for all the cycles of co-bonded coupons

Cycle RMSD %

1000 5.02

10000 3.32

100000 5.39

500000 5.48

1000000 19.75

FBG vs ESG

Cycle RMSD %

1000 5.84

10000 5.45

100000 6.12

500000 6.03

1000000 6.54

FBG vs ANALYTICAL

Cycle RMSD %

1000 4.78

10000 3.45

100000 5.12

500000 5.31

1000000 6.17

FBG vs FEA

Figure 12. ESG fault due to detach from the surface



5. Conclusions

In this study, this potential use of FORT as strain gages was evaluated. Through extensive 

fatigue testing it has been proved that FORT can reliably be used in composite structures 

because it provides accurate strain measurements. In addition the FORT predominates over 

the classic ESGs that detach from the surface of the structure and provide erratic 

measurements. Furthermore, FBGs offer the advantage of multiplexing which leads to better 

and more efficient system setup. Especially for aerospace applications where electrical signals 

are present the FORT has the advantage of immunity to electromagnetic fields. Apart from 

their application on service life of components and structures the FBGs and therefore the 

proposed FORT allow monitoring of the manufacturing process. In case of composites the 

monitoring of the strain field induced during curing, heating and cooling is very important for 

further optimization of the designs.
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