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Abstract 
Flutter prediction of complex aircraft configurations can be improved with engineering tools that allows 

the understanding of its modal coupling mechanism. The use of new types of dedicated sensors together 

with modal filters may help flutter prediction. Smart structures technology, as the concept of piezo-fiber 

composites (PFCs), can be conceived to act as sensor within a structure with the advantage of having an 

optimized topology to improve modal identification. This work presents an investigation on the sensor’s 

design to predict the mechanism of flutter for an aeroelastic system with piezo-fiber composite sensors. 

Aeroelastic simulations are performed to extract signals following an evolution in free-stream velocities. 

The finite element method is used to model both wing structure and PFC bonded to it, considering an 

appropriate mesh to couple with the aerodynamic one. Sensor performance was analyzed according to 

laminate topology and positioning influence. 

1 Introduction 

Intending to analyze aeroelastic phenomena, specially flutter, the modal analysis can contribute with 

mechanism details understanding and improve the prediction not only for a wing but also for more 

complex assemblies. The necessary measures to do this analysis require an appropriate sensor that 

improves the structural signal sensibility and its acquisition.     

Some piezoelectricdevices can be assembled to create a sensors embedded in structures, especially, with 

composites materials. This application is broadly used in SHM (structural health monitoring) to do a real-

time investigation of composites fracture mechanisms, improving the safety of composites application [6]. 

The PZT coupling effect can also be simulated by Finite Element Method (FEM) that corresponds as an 

important tool to be joined with optimization algorithms and obtain a robust project of modal filters. 

Several studies and efforts to improve the type of elements used in FEM are developed to obtain better 

results and model validation. Lam [7] developed an element based on classical laminated plate theory to 

composites containing PZT’s. The aim of this element was active vibration control problems, which uses 

the Hamilton’s Principle for basics formulation. 

Abreu [3] had developed an important tool to vibration control projects that is a numerical method using 

finite element formulation, based on Kirchhoff’s plate model. This methodology is applied in PZT’s 

composites laminates, and has offered good results comparing with commercial FEM software’s.   

So, while efforts have been done to improve the FEM techniques and its results, which simulate PZT 

embedded in composite structures, the modal filter concept was developed and new technologies would be 

achieved for structural dynamics analysis. Modal filters are a technique that makes the structure sensor 

captures a specific modal data with less possible contamination for the other modes. The two types of 

filters configuration are arrays of discrete sensors, which is the most used method, and continuous 

distributed sensor as a films bonded in all structure. 

Preumont [1] had done a comparison between two types of modal filters. For the discrete configuration he 

used a glass plate with 32 bonded sensors and would obtain the FRF’s point to point, relating the position 
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of each sensor with some weighting coefficients, and so, would compare the FRF with an expected modal 

filtered answer. Using distributed sensor, he could determine the band frequency which this method was 

most efficient. This work also provides a modal filter methodology of design. 

Several works in discrete modal filters topic was done and generating important methodologies of filters 

design, as the methodology developed by Pagani [2]. He did an optimization of location and topology of 

the PZT sensors also determining the minimum number of sensors to observe the target modes. He used 

the software ANSYS to build the finite element model of a plate to do sensor array analysis. Using the 

Genetic Algorithm (GA) the author could develop a robust technique. 

Considering the aeroelastic analysis scope, the PFC sensors can be used at some tests and data acquisition 

activity, even more in the aeronautical structure context due its adequate assemblage with composites. 

Flutter tests, for example, have been using accelerometers and strain gauges as instrumentation for 

decades [10], and this technology can improve with PFC sensors identifying the modal flutter mechanism 

as a health monitoring concept. That idea can be implemented separating the structural dynamics, which 

defines the sensor acquisition,from aerodynamics. 

The proposed separation can be done solving the model uncoupled equation of motion, which can use a 

finite element analysis to obtain the model displacement and transfer this to an aerodynamic solver to 

actualize the time evolution of model response [4]. So, the different analysis can be separated and change 

information to reproduce the aeroelastic motion, which facilitates the model characterization. 

This work have the purpose of use the structural dynamical separation of aerodynamic concept as an 

advantage to improve he PFC modeling and analyze its performance at flutter condition. It was used a 

finite element analysis in Abaqus™ software to obtains the structural parameters and one aerodynamic 

solver, based on Vortex Lattice Method (VLM) to calculate the load excitation. One aluminum plate with 

PZT embedded in composite, which group works as a sensor was considered to study. The post processing 

furnishes aeroelastic modes and physical states visualization in time and frequency domain to determine 

the flutter mechanism. The PFC response was also analyzed to study its performance working in flutter 

detection.  

2 Model characterization  

2.1 Equation of Motion 

The first idea assumed to create the aerolastic analysis is to consider a separation between structural 

dynamic and aerodynamic model [4], which allows a better visualization about modal mechanisms of 

flutter.This consideration also permits the option to choose the frequency or time domain of response, 

which is not common in the most popular aeroelastic methods of analysis. 

Then, to obtain the equation of motion that represents the proposed idea, a modal analysis is proposed 

starting of equation (1), which despises the damping factor: 

                                                                                          ̈                                                                (1) 

Considering the modal transformation illustrated by equations (2) and (3), is obtained the follow equations 

[8], where “ ” is the displacement at global coordinates, “ ” is the displacement at modal coordinates, 

“, -” is the modal matrix, ”M” is the model’s mass matrix, “K” is the model’s stiffness matrix and “F” is 

the load excitation. 

                                                                                  ̈   , - ̈                                                              (2) 

 

                                                                                    , -                                                               (3) 

 

                                                         , -  , - ̈  , -  , -  , -                                             (4) 
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                                                                       ̅ ̈   ̅   , -                                                          (5) 

 

The orthogonal property of modal matrix becomes the mass ( ̅) and stiffness ( ̅) matrix diagonal, which 

turns the equation of motion simplified as equation (6). 

 

                                                                    ̈  ,  
 -   , -                                                         (6) 

 

Then, is possible to associate the structural dynamic parameters with natural frequencies “  ” and the 

modal matrix, that can be obtained by a finite element method using a modal analysis. The load excitation 

can be interpreted as an aerodynamic loading (L) that needs an aerodynamic analysis using a vortex lattice 

method. Correlations between structural dynamic and aerodynamicdiscretization is done using the 

appropriate reference matrix (G), as the equation (7) example. 

 

                                                                         , -   , -                                                               (7) 

 

Figure (1) can illustrate al the process to obtain the modal analysis using finite element method with 

aerodynamic solver. 

 

 

Figure 1: Relation of structural dynamic aerodynamic model  

2.2 Structural Dynamic Model 

Geometric model consists in an aluminum rectangular plate that reproduces a simplified wing with a 

rectangular PFC sensor installed on desired wing region. A modal analysis using finite element method 

(FEM) was used to obtain the sensor and all the plate displacement and natural frequencies, and that, the 

modal matrix can be determined using the displacement obtained. Sensors are constituted by glass fiber 

laminate that has some piezoelectric ceramics strips embedded on the laminate surface, that compound the 

sensor tailoring configuration.  

The sensor configuration can be exhibited in figure 2. It has seventeen strips of PZT, with 0,38mm of 

thickness, which is distributed along the top surface of composites part. This part is compounded by two 

glass fiber layers with 0,5mm of thickness each one, that also is characterized as a unidirectional laminas. 

The composite matrix is considered isotropic, and the connection between the composites and PZT’s is 

perfectly bonded. Other sensor dimensions can also be illustrated by figure below. 
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Figure 2: Sensor dimensions 

 

 
So, sensor is installed in some specific position on plate, which has rectangular dimensions of 200mm x 

800mm and 2mm thickness. 

The electrical signal provided by PZT’s strips can be obtained by coupled effect which relates electric 

field whit mechanical deformation.  

Piezoelectric material has its properties divided in dielectric, elastic and piezoelectric. Some 

simplifications are considered for this work defining the PZT’s properties as a dielectric orthotropic, 

elastic orthotropic and transversely isotropic. Properties are specified in table (1). Then, equation (8) is the 

matrix to specify the material:    
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 (8) 

 

The glass fiber layers were defined as elastic orthotropic and transversely isotropic, due the unidirectional 

lamina consideration. Classical laminate theory was used to calculate the glass fiber composites 

interactions; so, the anisotropy of material was characterized as an orthotropic and transversely isotropic 

material, whoseengineering constants are defined in table (2). 

 

Piezoelectric strips properties Value Unit 

    127,20 GPa 

    80,212 GPa 

    84,670 GPa 

    117,44 GPa 

    22,989 GPa 
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Table 1: Piezoelectric properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2: Glass Fiber properties 

 
At table (1), number “3” represents the piezoelectric fiber direction. Tables (1) and (2) are obtained by 

[11].  

The aluminum plate was considered isotropic with Young modulus 23,1GPa and Poisson ratio of 0,33. 

These properties refer to AL 2024 T3, [9]. 

Due the several analyses required for the composites fiber angle optimization, some model simplifications 

are necessary to reduce the computational cost and the feasibility of analysis.     

Then, this model is geometrically simplified as illustrated in figure (3), as well as, the type of element, the 

mesh configuration and boundary conditions. The main FEA objective is to obtain the natural frequencies 

and the displacement field, used to calculate the modal matrix. Boundary conditions were set to get the 

desired results, fixing one plate extremity in all degrees of freedom, as a wing root connection. 

 

 
Figure 3: Sensor assembly 

 
The voltage output should be guaranteed applying the 0 volt condition on the strips bottom region of 

contact with the composites layers and another equipotential condition should be applied to the top of the 

    23,474 GPa 

    -11,338      
    17,034      
    22,145      
    27,71e-9 F/m 

    33,64e-9 F/m 

Glass Fiber properties Value Unit 

    25 GPa 

    25 GPa 

    5 GPa 

    4 GPa 

    4 GPa 

    4 GPa 

    0,1 GPa 

    0,1 GPa 

    0,1 GPa 
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strips. These conditions were in according to the polarization direction of the piezoelectric strips. So, the 

voltage output can be obtained. 

It is also important to specify the type of contact between sensor and plate, which should be perfectly 

bonded.  

Shell element type S8R was done to characterize the laminate, using 6 degrees of freedom per node and a 

quadratic geometric order. The aluminum plate also used a shell element type with 6 degrees of freedom 

but, with geometric linearity (S4R). Only PZT strips was characterized with solid hexagonal element type 

with 4 degrees of freedom (3 degrees related with translation and one electrical). The purpose to use shell 

is to consider the plate and laminate’s rotation.  

There are two unidirectional glass fiber layers, whose its angle of fiber align can be set in the python 

routine which describes all commands to set the finite element model in Abaqus™. 

2.3 Aerodynamic Load  

Aeroelastic representation is basically defined by the aerodynamic load that is obtained with the Vortex 

Lattice Method (VLM)  [5]. The VLM consists of distributing plane vortex singularities over a lifting 

surface and its wake. The plane vortex singularities satisfy the Laplace equation and when it is combined 

with the uniform stream incompressible and potential flows around the wing the aerodynamic loading can 

be calculated. Here, to implement the VLM, the wing has been represented by a lifting surface without 

thickness and discretized in quadrilateral elements (panels). A vortex ring is associated with each panel, 

being the leading segment of each vortex ring placed on the panel quarter chord line and its control point 

placed at the center of the three-quarter chord line. To guarantee that the flow streamlines pass over the 

lifting surface, it is necessary to satisfy the boundary condition of zero normal velocity on the wing 

surface. This boundary condition is applied at the control points and it results in the correct values for the 

vortex singularities (circulation  ). 

The boundary condition in each panel can be expressed as in equation (9): 

 

                                                                     (        ) * +                                                (9) 

 

where the gradient of the potential velocity “ ” corresponds to the perturbed velocities induced by the 

wing vortex singularities, “  ” corresponds to the velocity of the wing motion (the free-stream velocity 

relative to the wing plus the velocities of the wing structural deformations), “  ”corresponds to the 

velocities induced by the wake, and “ ” is the normal vector. 

The velocity “V” induced by each straight vortex segment, extending from point 1 to point 2, at an 

arbitrary point “P”, obeys the Biot-Savart law that is: 

 

                                                              
 

  

     

|     |
 
(      ) .

  

|  |
 

  

|  |
/                                      (10) 

 

where, “  ”and “  ”  are the vectors that define the position of point “P” in relation to the points 1 and 2. 

The gradient of potential velocity can be defined as a function of velocity and circulation. Then, using the 

boundary condition is possible to solve a linear system and obtains the velocity field. These results can be 

used to calculate the pressure by Bernoulli equation’s and so determines the aerodynamic load. 
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3 Methodology of Analysis 

3.1 PFC configuration 

After define the engineering tools to obtain the flutter analysis, is important to define the PFC topology, 

which is set according with the composite laminate angle of each layer, and the position to be installed in 

the plate. The work approach is to consider some basic lamina angle’s set, and then, determine the 

topology sensibility. Then, considering the effect of angle and positioning change, is possible to compare 

and determine the configuration of PFC that can obtains the best signal to reveal the flutter coupling 

modes effect. 

The laminate configuration used in each position was: [0/45], [0/90] and [-45/45] degrees. 

As aerodynamic load requires an appropriated flux condition, some velocities was adopted to obtain the 

response. The speed range was set from low values until the flutter speed, corresponding to 05, 10, 15, 25, 

28, 30 and 32m/s. 

Figure (4) illustrate the positions analyzed. 

 

 

Figure 4: PFC’s position analyzed (black bar represents the wing root) 

3.2 PFC performance 

Flutter prediction can be done using the finite element method considering results at modal domain. But, 

the purpose of this work is to determine if the PFC configuration affects the electric signal obtained, which 

is the output of PFC sensor’s function. Then, the first step to evaluate the sensor performance is to 

determine the modal mechanism in flutter condition, like which modes is involved in flutter condition. 

After determine the critical modes, is possible to set the frequency band that flutter occurs and compare 

the physical states response of sensor which reveal the largest power signal. 

4 Results 

4.1 Coupling mode identification 

The modal response was obtained for each configuration, and the voltage of sensor was plotted in each 

velocity as commented in section 3.1. Modal response was evaluated in the frequency domain, but, at the 

same time, the time response was checked to reveal how far the flutter speed is to happen. It was 

considered the first 5 modes that generated a large number of graphics to analysis due each position 

correspond to 3 topologies evaluated in 8 velocities. So, only the “Position 2” graphics was showed, 

moreover the response at other position had the same behavior. 

Then, it was possible to identify the flutter speed at 32m/s, according whit the figures bellow. 
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Figure 5: Modal response in airspeed 5 and 10m/s (frequency domain) 

 

 

Figure 6: Modal response in airspeed 28m/s (frequency domain) 
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Figure 7: Modal response in airspeed 30m/s (frequency and time domain) 

 

 

Figure 8: Modal response in airspeed 32m/s (frequency and time domain) 

 

According with mode response evolution from figures (5) to (8) is possible to identify that second and 

third mode had a coupling effect proportional with the flutter speed proximity.  It means that the PFC 

sensor needs to work whit best performance in the frequency band which contains those modes.  

Further than second and third mode mechanism of coupling, is possible to evaluate the other coupling 

relation for each pair combination of modes using a specific metric that relates the level of correlation 

between modes. This metric consider a modal filtering that use an ideal function representing the modal 

response without any contamination for other modes. Equation (11) reproduces the isolated mode function 

[1]. 

 

                                                                 ( )  
     

 

  
            

                                                    (11) 
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In equation (11), the damping factor of a specific mode “i” is “  ”, the natural frequency of mode “i” is 

”   ”, and “  ( )” is the magnitude of mode “i” in frequency “ ” domain. 

When the modal response matrix “  ( )”, considering the five first modes, is multiplied by the    ( )  
function, as in equation (12), is possible to analyses the evolution of modal contamination according with 

airspeed. Figure (9) shows a better visualization of modal contamination in the specific case of “Position 

2”; laminate [0/45]. Only this configuration was showed due the similarity between all cases, which also 

reveals that, the modal contamination change predominantly according with airspeed related with 

aerodynamic load. 

 

                                            

{
 
 

 
 
  ( )
  ( )
  ( )
  ( )
  ( )}

 
 

 
 

*  ( )   ( )   ( )   ( )   ( )+                        (12) 

 

       

Figure 9: Modal matrix metric representing the possible modal contaminations 

It is important to explain the metric used to characterize the graphic bars intensity, which considers the 

sum of normalized amplitudes for each spectrum that represents a specific modal coupling combination.  

According with a 5 x 5 matrix resultant of equation (12) after the metric calculation, figure (9) graphics 

reveals all combination of modal contamination between it selves, and shows that, for low speeds the 

metric matrix is diagonal due the low level of modal coupling. According with the speed increase, the 

matrix loses its diagonal characteristic and grows up the values of amplitudes, especially at the second and 

third modes region of matrix. 

Another important data is the low sensibility of angle layer change that is possible to note from figures 

(10) to (12), using the frequency response for the physical state. The sensibility of sensor is largest whit 

the position change, as is showed at figure (13). 
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Figure 10: Physical state response at “Position 1”, case [0/45] 

 

 

 

 

Figure 11: Physical state response at “Position 1”, case [0/90] 
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Figure 12: Physical state response at “Position 1”, case [-45/45] 

 

 

 

 

Figure 13: Physical state response at “Position 2”, case [0/90] 

4.2 PFC performance evaluation 

The modal analysis determined that mechanism of flutter is characterized by the coupling between the 

second and third modes, therefore, the PFC sensor need to obtain the best performance at this range of 

frequency. Measuring aeroelastic degrees of freedom needs the appropriate signal power of PFC sensor, 

then, this parameter need to be maximized to improve the precision of response reading. 

Intending to compare the position and topology configuration, graphics representing the sensor signal 

power by the velocity flutter range was done. This graphics shows the sensor response reveals small 

changes for the laminate topology, whereas the position is significant for PFC performance. 

Figures (14) shows the configurations only for the second mode, and reveals that “Position 2” obtains the 

largest power for every speed, and figure (15) reveals that the “Position 3” is the most adequate to obtains 

the response for the third mode for every speed.   
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Figure 14: PZT performance at second mode 

 

 

Figure 15: PZT performance at third mode 

5 Conclusion 

This work has presented the PFC sensor performance analysis in the flutter detection role. The 

piezoelectric interaction with composite laminate was reproduced using FEM, and, a modal analysis 

furnished the appropriate structural parameters to set the equation of motion, while the aerodynamic load 

was updated along the time iteration.  

First step of modal mechanism identification revealed that the third mode dominated the second one, 

which pointed the frequency band of sensor performance analysis. It was also possible to note the energy 

flux from one mode for the other according with the flux increasing. Then, the sensor evaluating showed 

that the topology made little changes at performance, while position was more significant indicating that 

“Position 2” was more appropriated to obtain the second mode signal, and the “Position 3” do the same for 

the third mode acquisition.  

Future works can be done using an optimization method associated with structural analysis, as well as, 

develop a sensorconfiguration exploring the laminate’s angle relation options. 
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