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Abstract. Using fiber optic sensors in the aviation industry is a relevant 
and promising technology that can significantly improve the safety and 
efficiency of air travel. Fiber-optic sensors make it possible to warn of 
potential breakdowns, detect defects in the structure on time, reliably 
respond to their presence and give timely feedback during operation, which 
leads to real-time clarification of the state of the aircraft and the need for it 
to undergo convenient maintenance [1]. In aviation technology, polymer 
composite materials (PCM) are significantly increasing, in which fiber 
optic sensors are easily integrated [2]. Adhesive bonding plays a 
significant role in the durability of a sensor attached to or embedded in a 
PCM structure. Modelling the adhesive bond between a fiber optic sensor 
and a composite material makes it possible to determine the optimal 
physical and mechanical characteristics of the adhesive to increase the 
durability of the fiber optic sensor and thereby improve the quality of 
designing aircraft structures [3]. This paper presents the influence of 
various physical and mechanical properties of the adhesive on fatigue life 
to determine the optimal parameters for connecting an optical fiber to a 
composite panel. The results of computer simulation on the Simcenter 
software platform are presented, in which stresses, the number of cycles to 
failure that occur in an adhesive joint under various loads, and the physical 
and mechanical properties of the adhesive are calculated.

1 Introduction

Due to the widespread use of composite materials in the aviation and aerospace 
industries, the task of creating an integrated system for continuous monitoring of the state 
of the structure, capable of detecting damage in critical structural elements, is necessary as 
part of improving flight safety and more efficient maintenance of aviation equipment [4]. 
The most promising and dynamically developing non-destructive testing method for 
constructing such systems are fiber-optic sensors (FOS) [5]. The inherent advantages of 
FOS include their size, the ability to operate in a wide temperature range, immunity to 
electromagnetic interference, the ability to multiplex, and fire safety [6]. 
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 An essential aspect of using FOS for monitoring the state of a structure made of 
polymer composite materials (PCM) is the adhesive connection between FOS and 
composite products [7]. So, for example, in [8], it is noted that the deformations recorded 
using FOS need to be more representative of the levels of deformation in a structural 
element. The optical fiber deformation caused by applying a load to the base material is 
transmitted through the adhesive layer and protective coating. It is subjected to shear at the 
boundaries of the materials (Fig. 1). In other words, part of the energy transferred to the 
FOS goes into shear deformation, which causes the difference in the readings of the 
deformation values. Accordingly, this should be kept in mind to assess the actual 
deformations of the base material. 

 
Fig. 1. Analytical model of a FOS attached to a surface. 

In this work, the influence of the elastic modulus of the protective coating and the 
length of the attached FOS on the deformation transfer from the base material to the FOS 
was studied. As a result of the study, it was concluded that the longer the bonded material 
and the more complex the coating, the greater the deformation is given to the optical fiber. 

In [9], the influence of four geometric parameters of the adhesive layer - the width of 
the adhesive joint, the upper and lower thickness, and the length of the glued area on the 
transfer of deformations of the FOS glued to the surface (Fig. 2) was studied. 

 
Fig. 2. Adhesive joint parameters. 

The authors of this scientific work have identified two critical parameters that affect the 
completeness of the transfer of deformation. So, for example, at thicknesses of 0.1 mm and 
0.5 mm of the adhesive layer between the FOS coating and the base material, the 
percentage of strain transfer to the FOS was 86% and 73%, respectively. Another important 
parameter was the length of the glued area of the VOD, which confirms the conclusions of 
the studies [8]. 
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The authors of this scientific work have identified two critical parameters that affect the 
completeness of the transfer of deformation. So, for example, at thicknesses of 0.1 mm and 
0.5 mm of the adhesive layer between the FOS coating and the base material, the 
percentage of strain transfer to the FOS was 86% and 73%, respectively. Another important 
parameter was the length of the glued area of the VOD, which confirms the conclusions of 
the studies [8]. 

When analyzing scientific papers on the fatigue life of fiber optic sensors, in [10-11], 
the influence of the physical and mechanical properties of the protective coating of FOS 
(acrylate, polyimide, etc.) on the fatigue strength of FOS was studied. Scientific works that 
directly consider the physical and mechanical characteristics of the adhesive layer 
(adhesive) are in significant short supply, which determined the topic of this study. 

This work aims to study the influence of the physical and mechanical characteristics of 
the adhesive on the fatigue life of the adhesive joint of a composite panel and a fiber-optic 
Rayleigh sensor. Different mechanical factors of the bond and the composite panel lead to 
uneven deformations in the area of their connection under the action of cyclic loads, which 
in turn leads to delamination and further destruction of the adhesive layer after a certain 
number of loading cycles. An analysis of the mechanical properties and the suitable 
adhesive can provide a strong and stable joint with minimal problems in terms of strain 
compatibility.  

2 Model specification 

The object of modelling was the zone of an elementary sample from PCM for 
compression tests according to the ASTM 6641 standard, with a FOS glued to it with an 
adhesive film. 

It is assumed that the simulation of FOS along the entire length of an elementary sample 
is unwise from the point of view of saving computational power and time. Therefore, in this 
study, a global-local modeling technique was applied, in which, for a complete assessment 
of the stress-strain state of the adhesive joint, a detailed local finite element model (FEM) 
was prepared, including a FOS, a sticky film, and a section of a composite sample. The 
simulation was carried out in the SimCenter software package using the Samcef solver for 
static calculations and Specialist Durability - W. Van Papaegem for fatigue life 
calculations. 

In the course of the work, two models were prepared: 1) a global model of a sample 
made of PCM 140x12 mm, with a symmetrically balanced stacking [45/0/-45/0/90]s, with a 
sample thickness of 1.8 mm. 2) a local detailed model of the sample zone with a 6x6 mm 
FOD with identical laying. Finite element models are shown in Fig. 3. 

 
Fig. 3. FEM of global and local models. 

3 Global model 

A layer-by-layer model of the composite material was adopted, which does not consider 
each layer's behavior separately, with a glued "Tie" type contact between the layers. The 
global model is necessary only to remove the resulting displacements obtained from the 
stress-strain state during sample compression and their further transfer to the local detailed 
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model. The mechanical properties of the package are given in Table 1. The table contains 
the following designations: 

E1 is Young's modulus along the fibers; 
E2 - Young's modulus across the fibers; 
G12 is the shear modulus along the layer plane; 
ρ is the density of the material; 
μ - Poisson's ratio. 

Table 1. Package properties from PCM. 

E1, MPa E2, MPa G12, MPa ρ, kg/m3 μ 
132380 10760 5650 1600 0,24 

4 Local model 

A layered model of the material was also chosen, in which the nodes of the layers of the 
package are sewn “knot to knot” since the area of interest is an adhesive joint. In this 
model, cohesive contact was used between: the surface of the FOS and the sticky film, the 
adhesive film, and the upper layer of the sample. The criteria for fracture and crack growth 
were specified for the cohesive contact. The mechanical properties of the adhesive are 
shown in Table 2. 

Table 2. Adhesive properties. 

E, MPa ρ, kg/m3 μ 
3144 1300 0,33 

In this work, a Rayleigh-type distributed fiber-optic sensor was chosen as a sensitive 
element of the structure state monitoring system. The mechanical properties of the fiber 
optic sensor are shown in Table 3. 

Table 3. Properties of the fiber optic sensor. 

E, MPa ρ, kg/m3 μ 
86900 2400 0,29 

The FEM of the local model is shown in Fig. 4. 

 
Fig. 4. FEM local model. 

To carry out a static calculation of the prepared global model, boundary conditions were 
used: rigid termination in all degrees of freedom from one end and a compressive load P = 
1000 N from the other (Fig. 5). 
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Fig. 5. Boundary conditions for calculating the global model. 

5 Simulation results 

5.1 Static calculations 

A static calculation was carried out according to the described design case of loading a 
PCM sample. Fig. 6 shows the displacement field due to the action of a compressive load. 
Figures Fig. 7 – Fig. 8 show the stress-strain state of the sample. 

 
Fig. 6. The displacement field of the global model at P=1000 N, mm. 

 
Fig. 7. Maximum and minimum main deformations of the global model, mm/mm. 
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Fig. 8. Average stresses according to von Mises of the global model, MPa. 

The field of displacements of the calculation zone for calculations of a detailed local 
model and the average stresses according to Mises are presented in Figures Fig. 9 – Fig. 12. 

 
Fig. 9. The displacement field of the computational zone for the local model, mm. 

 
Fig. 10. Average von Mises stresses of the design zone for the local model, MPa. 

 
Fig. 11. Principal stresses along the X-axis of the calculation zone for the local model, MPa. 
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Fig. 12. Principal stresses along the Y-axis of the computational zone for the local model, MPa. 

Further, after conducting a static calculation on the global model, using the global-local 
modeling technique, a fixed estimate of a detailed local model was carried out, which 
consists of transferring the calculation zone's displacement field. The nodes to which the 
stress-strain state was transferred are shown in Fig. 13. The transferred displacement field 
will be the boundary conditions for calculating the detailed local model. 

 
Fig. 13. A set of nodes for transferring VAT from the global model to the local one. 

A static calculation of the local FEM of the sample was carried out to verify the 
correctness of the SSS transfer technique. The calculation results are shown in Figures Fig. 
14 – Fig. 17. 

 
Fig. 14. The displacement field of the local model, mm. 
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Fig. 15. Average stresses according to von Mises of the local model, MPa. 

 
Fig. 16. Principal stresses along the X axis of the local model, MPa. 

 
Fig. 17. Principal stresses along the Y axis of the local model, MPa. 

According to the calculation results, the global-local modeling technique works 
correctly. The SSS of the computational zone of the global model was compared with the 
SSS obtained on the local model in terms of the displacement field, average von Mises 
stresses, and principal stresses along the X and Y axes of the global coordinate system. The 
resulting SSS is identical to the SSS of the worldwide model within the limits of acceptable 
errors, summarized in Table 4. 

Table 4. Summary table of errors in the calculation of the local model. 

 Displacements, 
mm 

Average stresses, 
MPa 

Principal 
stresses in OX, 

MPa 

Principal 
stresses in OY, 

MPa 
Global model 0.00171243 40.76 9.57 2.06 
Local model 0.00171149 38.99 9.57 1.99 

Errors, % 0.05% 4.3% 0% 3.3% 
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5.2 Fatigue Life Calculation 

After the global-local modeling technique was worked out, the calculation of the local 
FEM for fatigue life was carried out, a detailed description of which is given in the previous 
section. 

The fatigue life calculation method consists of the solver using a reference static 
calculation, imposing a loading sequence diagram on it. At the same time, the parameters 
for stopping the analysis are set in the form of the limiting loss of stiffness of the material 
elements. Each time this criterion is reached, the solver recalculates the static calculation to 
update the SSS of the material and then continues the fatigue life calculation with the 
updated SSS of the sample. 

For the area of interest, the adhesive joint at the border of the sticky film and the surface 
of the sample, the number of cycles before failure, and the degradation of the material 
stiffness under cyclic loads were calculated. Rigidity degradation is a relative value 
measured in the range [0...1], where 0 is an undamaged material, and 1 is its destruction. 

Figures Fig. 18 – Fig. 29 show the results of calculations for the fatigue life of the 
adhesive layer adjacent to the sample surface and the upper layer of the sample material 
along the X, Y, and XY axes. 

 
Fig. 18. Stiffness degradation of the sample material along the X axis. 

 
Fig. 19. Stiffness degradation of the sample material along the Y axis. 
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Fig. 20. Degradation of sample material stiffness along the XY axis. 

 
Fig. 21. Adhesive stiffness degradation along the X-axis. 

 
Fig. 22. Adhesive stiffness degradation along the Y-axis. 

 

Fig. 23. Adhesive stiffness degradation along the XY-axis. 
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Fig. 20. Degradation of sample material stiffness along the XY axis. 

 
Fig. 21. Adhesive stiffness degradation along the X-axis. 

 
Fig. 22. Adhesive stiffness degradation along the Y-axis. 

 

Fig. 23. Adhesive stiffness degradation along the XY-axis. 

 
Fig. 24. Number of cycles to failure for sample material (V-1). 

 
Fig. 25. Number of cycles to failure for sample material (V-2). 

 
Fig. 26. Number of cycles to failure for sample material (V-4). 

 
Fig. 27. Number of cycles to failure for adhesive (V-1). 
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Fig. 28. Number of cycles to failure for adhesive (V-2). 

 
Fig. 29. Number of cycles to failure for adhesive (V-4). 

6 Conclusions 

Thus, within the framework of this work, a global-local modeling technique was 
developed, which can significantly reduce the calculation time and the required computing 
power. A detailed local model allows a detailed analysis of the SSS at the boundaries of the 
components. 

According to the results of fatigue life calculations, it can be concluded that the 
adhesive joint with the selected characteristics satisfies the requirements of static and 
fatigue strength. The adhesive withstands a sufficiently large number of loading cycles and, 
accordingly, can be recommended for use in adhesive joints for fastening fiber-optic 
sensors and supply cables of the aircraft structure condition monitoring system. 

Also, according to the calculations of the degradation of the adhesive joint stiffness, 
special attention should be paid to the initial and final sections of the gluing of the fiber-
optic sensor since damage accumulates in these local zones. Therefore, in these places, the 
destruction of the adhesive layer or its peeling will begin, which will lead to incorrect 
readings of fiber-optic strain gauges. 

Proceeding from these remarks, when mounting FOS on PCM products, the technology 
must be strictly observed - phased preparation of the gluing surface to achieve high 
adhesive strength between the surface and the adhesive. The durability of the adhesive joint 
largely depends on the mechanical characteristics of the bond, the variability of which will 
be considered in future studies.  
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