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Abstract 
This paper is focused on the design of the Fiber Bragg Grating (FBG) sensor system for the 
Fatigue Life Monitoring (FLM) and Structural Health Monitoring (SHM) of composite ultra-
light aircrafts. The aim of monitoring the ultra-light aircraft construction is the acquisition 
and ongoing evaluation of the deformation (strain) loading spectra time-record of the 
principal structural composite parts. Changing of the FBG sensors response in monitored 
places by the calibration and recalibration procedure during a monitored life may indicate 
damage (eg. in bonded joints), and serve as an SHM system. SHM system for typical critical 
places (thick composite C/E wing spar and their bonded joints) and FLM system based on 
loading spectra monitoring and fatigue damage accumulation were designed. 
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1. INTRODUCTION 

Fiber Bragg Grating (FBG) sensor system can be very effective tool for fatigue loading and 
structural health monitoring (SHM) [1], [2] of composite ultra-light aircrafts. Optical fibers 
can be embedded directly into the composite layers by the manufacturing process or can be 
also co-bonded into the bonded joins or implemented on the surface of the part (similar way 
as the strain gauges). The integration of FBG sensors into the composite structures or their 
joints requires a proper choice and experimental verification of optical fibers and sensors and 
therefore it is necessary to implement a series of sub-tests. The fibers should be robust 
enough to withstand and survive the manufacturing operation cycle (pressing in the mould, 
curing cycles, final finishing operations etc.).  
The end of the last century is known by the great boom in the production of the small 
aircrafts, known as UltraLight [UL] airplanes. However, the operational time of some UL 
airplanes is already several hundreds or thousands hours. Despite this fact, the service 
monitoring of the UL aircraft can be considered as inceptive. At the present time, the main 
reasons of the UL aircraft accidents are their pilot error, poor maintenance, bad 
manufacturing quality or very rare fundamental miscalculation of the airplane structure. It is 
obvious that this time will pass to the time of structural fatigue damage and consequently 
failure. Therefore, it is very important to know the character of the UL aircraft operation. One 
of the main aims of the project presented is to describe the FLM and SHM systems of the UL 
aircrafts. 

2. DESIGN AND DEVELOPMENT OF THE MONITORING SYSTEM 

The design and development of the system was carried out in several stages: 
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 Determination of mechanical properties of optical fibers that are used for 
manufacturing of FBG sensors and also on calibration of strain and temperature 
sensitivity of chosen FBG sensors. The goal of the experimental testing is to choose a 
FBG sensor with primary coating material, which is suitable for embedding into the 
composite or into the adhesive joints of composite structures (UL aircraft wing).   Implementation of the FBG sensors into the model-samples of the wing spar (thick-
walled unidirectional C/E composite). The influence of the integrated optical fiber on 
the UL aircraft strength and fatigue damage was verified.  Manufacturing and testing of the complete main wing spar with the FBG sensors 
mounted on the spar surfaces, integrated into the spar own cross-section and also into 
the bonded joint between the spar and web.   Static test of the complete wing up to its failure, verification of the load-bearing 
capacity.  Final installation of sensors and measurement of the loading spectra on the ultralight 
aircraft, FLM and SHM monitoring and ongoing evaluation.  

3. DETERMINATION OF THE PROPERTIES OF OPTICAL FIBERS 

The goal of the experimental testing is to choose a FBG sensor with primary coating material, 
which is suitable for embedding into the composite or into the adhesive joints of composite 
structures (UL aircraft wing or skeleton of an electric bus). Defining conditions for selection 
of FBG sensors are particularly the max. temperature applied during the composite curing 
process (no more than 70 °C) and presumed level of the max. mechanical strain in the areas, 
where the FBG sensors will be installed (up to 6 000 µm/m). Another requirement was to use 
the FBG sensors with their central wavelength of 830 nm, because of available interrogators. 
FBG sensors with primary coating made of polyimide were not available in 830 nm 
wavelength range, so sensors with the acrylate and ORMOCER® coating were selected for 
experimental testing. The specimens were long about 85 mm, with their diameters of 0.255 
mm (acrylate coating) and 0.195 mm (ORMOCER® coating). The experiment goal was to 
obtain the break tensile force Fmax (from the load cell), the break mechanical strain εmax (from 
the video extensometer) and the optical fiber tensile modulus E for both the primary coating 
materials (calculated from the stress-strain curve).  
The temperature sensitivity coefficients KT were determined from the measured wavelength 
changes depending on the temperature changes. The FBG sensors were immersed into water 
and protected by the steel tubing (to prevent additional load from the flowing water). A 
gradual water heating was measured using the PT100 thermocouple, connected to the HBM 
Spider8 measuring device. The data from the FBG sensors were captured using the 
interrogation unit (Safibra FBGuard). 
The strain sensitivity coefficients Kε were determined from the measured wavelength changes 
depending on the Bragg grating area mechanical strain (measured by the external video 
extensometer) during the tensile loading. 
The comparative values for the ORMOCER® coating material were taken from [3], the 
values for optical fibers, coated with acrylate, were taken from [4, 5]. The comparative 
tensile modulus values were calculated using the simple rule of mixtures, with the following 
values used: EGLASS = 73 GPa [6], EACRYLATE = 0.7 GPa [7], EORMOCER = 2 GPa 
[8]. For comparison of the literature and experimental values see Table 1. 
The FBG sensors with ORMOCER® coating were chosen for further use, because of their 
ability to reach elongation of about 5 %, which is much more than the required value of 
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0.6 %. Moreover they can survive curing temperature up to 200°C, which is enough even for 
the potential use of a prepreg manufacturing technology. Calibrated values of temperature 
and strain coefficients were used during the data evaluation process. 
 
 

Coating material ACRYLATE ORMOCER® 

Parameter literature experiment literature experiment 

Fmax [N] - 9.8 ± 3.2 > 50 48.6 ± 3.3 
ε max [µm/m] 3000 - 9000 11644 ± 3819 > 50000 49948 ± 7896 

Kε [(pm/m)/(µm/m)] 0.66 0.55 ± 0.13 0.78 0.68 ± 0.02 
KT [(pm/m)/°C] 5.67 5.66 ± 0.10 6.5 6.33 ± 0.17 

     

 analytical experiment analytical experiment 

E [GPa] 18.1 17.5 31.2 34.1 

Table 1: Comparison of the literature and experimental values and FBG sensors coefficients. 

4. IMPLEMENTATION OF THE FBG SENSORS INTO THE MODEL-SAMPLES 
OF THE WING SPAR 

The influence of the integrated optical fiber on the strength and fatigue properties damages 
was verified on the thick-walled unidirectional (UD) C/E samples. Experimental specimens 
were made of the unidirectionally oriented T700 carbon fibers in the shape of a 700 mm long 
beam, with 20×30 mm cross section. The matrix used was the Hybtonite anhydride resin. 
The particular strain sensor locations are shown in Fig. 1.  

 

  
Figure 1: Cross sections of the specimens with locations of strain sensors and configuration of the experiment 

The DTG-LBL-830 FBG sensors with ORMOCER® primary coating (ø 0.195 mm) were 
placed parallel to the longitudinal specimen axes in two configurations:  

• glued on the surface in the central part of the UD specimens; 
• embedded between the unidirectional carbon fibers in the UD specimens.  

The HBM 1-LY11-6/350 strain gages were placed next to the FBG sensors in the specimen 
central parts and were used for comparison. All surface-mounted sensors were glued using 
the HBM X60 two-component adhesive. 
The fatigue experiments were carried out using a standalone hydraulic actuator IST-PL40N 
with the 40 kN load cell and the displacement range up to 125 mm. Specimens were loaded 
using the 4-Point Bending (4PB) loading device. The passive part has the support span of 
600 mm and the loading part with the span of 200 mm. The specimens were loaded by the 
force controlled load with the frequency of 5 Hz and asymmetry of the loading cycle near of 
R=0.1 until the final fracture.  
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The fatigue S-N curves are pictured in Fig. 2 for UD specimens. The specimens with or 
without the embedded optical fibers are compared on the basis of number of cycles to the 
final fracture. It is shown that the embedded optical fiber with outer diameter of 0.195 mm 
has no influence on the fatigue life of UD carbon composite specimens. Of course, the total 
number of specimens tested is quite low (which is because of high costs of such long term 
fatigue tests), but it is obvious that the scatter of results is small. 

 
Figure 2: Fatigue S-N curve for UD Carbon/Epoxy specimens. 

5. IMPLEMENTATION OF THE FBG SENSORS INTO THE BONDED JOINTS 

The composite specimens with single-lap bonded joint were designed to evaluate the 
influence of the optical fiber with ORMOCER® primary coating on a shear strength and 
fatigue properties of such a type of joint. The base parts of all the specimens were made of a 
Carbon/Epoxy composite using the prepreg/autoclave technology. The single-lap bonded 
joints were made using HYSOL EA 9394 two component adhesive, which is commonly used 
for bonding the large and uneven surfaces of composite aircraft parts.  

The configurations and dimensions of specimen tested are pictured in Figure 3. Glass beads 
(with the outer diameters of 0.200 mm to 0.315 mm) were added into the adhesive to secure 
the minimal thickness of 0.2 mm at least. The following configurations of optical fibers in the 
joint were tested: 

• conf. A: no optical fibers in the joint (basic configuration) 
• conf. B: one longitudinal fiber, oriented in the loading force direction  
• conf. C: three longitudinal fibers, oriented in the loading force direction   
• conf. D: one longitudinal fiber fixed with a cyanoacrylate adhesive 
• conf. E: one transverse fiber oriented perpendicularly to the loading force 
• conf. F: two transverse fibers oriented perpendicularly to the loading force 

The configuration D was designed to confirm that the small drops of cyanoacrylate adhesive, 
used for fixation of long fiber optic sensors before applying epoxy adhesive, don’t cause 
flaws in the adhesive joint. Such a procedure is used to fix the optical fibers into large 
adhesive joints among the spar caps and shear web.  
Quasi-static tests of bonded joint shear strength were performed. The specimens were loaded 
with the tensile force having controlled displacement until the final damage. The adhesive 
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joint fatigue shear properties were tested using the cyclic tensile shear loading until the joint 
crack formation. The maximum tensile force during one cycle corresponded to the 20 % of 
maximum tensile force reached during the quasi-static tests of specimens without optical 
fibers. 
The influence of the embedded optical fibers on the shear strength was tested using 37 
specimens, their fatigue properties were examined using 47 specimens. The results are shown 
in Table I (more details can be found in [11]). 
 

 
Figure 3: Configuration of bonded single lap joint specimens. 

 

bonded joint 
configuration 

number of specimens, shear 
strength/fatigue life 

τ
MAX

 [MPa] N [1] 

A (without OF) 13/19 17.6 ± 2.2 386014 ± 235279 

B (1 x OF) 5/5 17.1 ± 1.7 521738 ± 280770 

C (3 x OF) 4/6 21.2 ± 1.2 817163 ± 265337 

D (1 x OF) 5/5 18.7 ± 1.7 584327 ± 232513 

E (1 x OF) 5/7 17.9 ± 2.3 377680 ± 107822 

F (2 x OF) 5/5 19.9 ± 1.6 572858 ± 280608 

Table 2: Summary of the fatigue resistance of the bonded single lap joints. 

Statistical methods of the F-test and unpaired t-test (with the significance level of 0.05) were 
performed to test two hypotheses:  
1. Optical fibers have no influence on the adhesive joint shear strength;  
2. Optical fibers have no influence on the adhesive joint fatigue life.  
The two hypotheses were not rejected. No negative influence of embedded fiber on the 
single-lap bonded joint shear strength was investigated. Moreover, it was found that 
embedded optical fibers do not reduce the fatigue life of this type of bonded joint. Especially 
the specimens with the optical fibers embedded in the loading direction reached higher levels 
of the fatigue life than those without fibers. This could be explained by a more even thickness 
of cured adhesive, secured with the fibers acting as additional spacers. 

6. MANUFACTURING AND TESTING OF THE COMPLETE MAIN WING SPAR 
WITH FBG SENSORS 

The two-seat UL all-composite Phoenix Air S-LSA Motorglider (see Figure 4) was chosen to 
demonstrate the application of embedded sensors for the SHM. The objective of the first step 
was to design and produce a chosen part of the primary structure (the wing with the 
cantilever beam design) with the embedded sensor system, including the necessary specimen 
testing. In the second step, the static strength test was performed and the experimental results 
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were compared with the results from the analytical and numerical models of the wing.  
 

 

Figure 4: Locations of the FBG sensors and strain gauges on the wing beam. 

The third step will be focused on a flight tests and extensive data collection, which are 
necessary for the future SHM system model development. As a critical place, that is suitable 
for the monitoring, the wing cantilever beam end was chosen, i.e. especially the area where 
the root rib is connected to the upper spar cap and the adjacent adhesive joint of shear web 
and spar caps are connected, using a difficult manufacturing technology.  
The location of sensors is schematically shown in Figure 4.  
The wing was placed in the fixture that simulated the second wing influence and the fuselage. 
The bending moment, acting in a vertical plane, was applied by hydraulic actuators, together 
with the additional bending moment, acting in the horizontal axis (from the trailing edge to 
the leading edge). 

 

 Figure 5: Strain distribution during the torsional stiffness test. 
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Two configurations of the embedded FBG sensors were used for the strain monitoring of the 
spar caps and adhesive joints. The first configuration was prepared for the torsional stiffness 
test (upside-down flying position) and the second for the bending test. The data from the 
FBG sensors were captured using the Safibra FBGuard 4-channel optical interrogator with 
the frequency of 2 samples per second. Surface-mounted strain gauges were used as a 
reference for the FBG sensors. The strain gauges were connected to the ESAM Traveller CF 
32-channel data acquisition system. The data signals were captured to PC units. Very good 
agreement between the strains indicated by the FBG sensors embedded in the upper spar cap 
and the strain gauges, which are situated on the sides of this cap, can be seen in the Figure 5 
(for the case of torsional stiffness test). 

7. MEASUREMENT OF THE LOADING SPECTRA ON THE ULTRALIGHT 
AIRCRAFT   

Individual monitoring of every particular UL Airplanes operation can provide very precise 
information about the fatigue damage cumulation and allows plane residual life prediction.  
However, such wide spread of UL Airplane operation monitoring of all critical points cannot 
be monitored in real operations for each aircraft. The simple and permanently accommodated 
unit must be installed on the board. Such registration unit is called “fatigue-meter”. Basically 
it is small computer which measure the operational “g”, i.e. the multiple of gravitational 
acceleration. In this way, the measured “g” spectrum can be directly used for the calculations 
of the fatigue residual life of structure. Correlations between the local stresses in the critical 
locations and “g” spectrum in the center of gravity are necessary to prove for such type of 
predictions. Both type of monitoring on the board of UL airplane Phoenix Air S-LSA Motor 
glider are realized in this time, to find such correlations formulas or exclude critical points, 
where individual local FBG monitoring system must be applied.  

The "g"spectrums of the UL Airplanes TL-96 STAR & P-92 ECHO

(evaluated on 4th of October 2002)
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Figure 6: Comparison of parametric "g" spectrums [12]. 

TOWING 
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The one parametric “g” spectrum can be also used for the first comparison of the operation 
loading of different UL aircrafts. One example of such comparison for the Czech aircrafts is 
in the Figure 6 [12]. 

Figure 7 shows the scheme of the fatigue live monitoring system. One of the main parts of 
this mathematical model is description of the fatigue properties of Airplane structure, 
respectively its critical places. Due to the fact that in the UL Airplane category the fatigue 
tests or approval are not required by the nowadays regulations, there are very few 
information about the fatigue properties of UL airplanes structures. One of the ways how to 
solve this problem is to collect and publish the catalogue of the known S-N curves used in the 
aerospace industry for small aircrafts. Those S-N curves describe the common critical parts 
of the Airplanes structure (e.g. riveting, composite wing spars, wing joints…). Using by such 
catalogue, it will be possible with some appropriate accuracy at least estimate the fatigue 
behavior or S-N curve of particular UL airplane structure.  
“Local” or “Nominal” stresses of the structure critical place have to be defined using by 
complex FEM models and calculation. The result of the FEM calculation has to be 
consequently verified by strain-gauge and FBG sensor measurement. The fatigue damage 
calculation can be done according to several well known methods see [13] such as: Nominal 
Stress Approach (NSA), Local Elastic Stress Approach (LESA) or Local Elasto-Plastic Strain 
and Stress Approach (LPSA). 

 
Figure 7: Scheme of the in fatigue live monitoring system [12]. 

 

Operational strain-
Gauge and FBG 
measurement 

Fatigue-meter 
measurement 
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8. CONCLUSIONS 

FBG sensor system can be very effective tool for fatigue damage monitoring or SHM of 
composite ultra-light aircraft parts or structures. It was confirmed that optical fibers can be 
embedded directly into the composite structure by the manufacturing process or can be also 
co-bonded into the bonded joins or implemented on the surface of the part, in a similar way 
as the strain gauges and that they can give appropriate signal for such monitoring unit. 
Integration of FBG sensors into the composite structures or their joints requires proper choice 
and experimental verification of the properties of optical fibers and sensors. Tensile 
mechanical properties of optical fibers with two coating materials were tested. Limit values 
of load and strain at break were obtained, as well as tensile modulus. Calibration values of 
strain and temperature sensitivity for both, acrylate coated and ORMOCER® coated FBG 
sensors, were measured. ORMOCER® was chosen as the most suitable coating material for 
embeddable FBG sensors, because of high mechanical and temperature durability. 
Experiments on the model-samples of the wing spar confirmed the ability of integrated FBG 
sensors to survive manufacturing of the composite wing structure as well as the operational 
loading. The experimental research showed also that the tested FBG sensors have comparable 
or better fatigue durability than the conventional resistive foil strain gauges. It was found that 
embedded optical fibers with ORMOCER® primary coating and outer diameter 0.195 mm 
has no influence on the fatigue behavior of UD Carbon/Epoxy composite and also had no 
negative effect on the static and fatigue shear strength of single-lap bonded joint.  
Two-seat ultralight all-composite Phoenix Air S-LSA Motorglider was chosen to demonstrate 
use of embedded sensors for SHM. As a critical place, which is suitable for monitoring, the 
end of cantilever wing beam and the root rib area were chosen and static test of the aircraft 
wing was performed. Very good correspondence between the strains indicated by the FBG 
sensors embedded in the upper spar cap and the strain gauges, which are situated on the sides 
of this cap, was demonstrated.  
The ultralight Phoenix Air S-LSA Motorglider is now also monitored during his operational 
load. One parametric “g” spectrum give comparison of operational vertical acceleration with 
other types of UL aircrafts. Correlations between the local stresses in the critical locations 
and “g” spectrum in the center of gravity will be found to recalculate loading of non-
monitored critical places.  
Complex scheme and algorithms for airplane structure fatigue calculation and residual life 
estimation were proposed, based on the different fatigue design concepts. 
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