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Abstract. Piezoelectric Wafer Active Sensors (PWAS) are convenient enablers for generating and receiving ultrasonic 

guided waves. The wide application of composite structures has put new challenges for the Structural Health Monitoring 

(SHM) and Nondestructive Evaluation (NDE) community due to the general anisotropic behaviors and complicated 

guided wave features in composites. The excitability of guided waves in composite structures directly influences the 

implementation of active sensing systems to achieve the best interrogation of certain sensing directions. This paper 

presents a hybrid modeling technique for studying the excitably of guided waves in composite structures with PWAS 

transducers. This hybrid technique comprehensively covers local finite element model (FEM), semi-analytical finite 

element (SAFE) method, and analytical guided wave solutions. Harmonic analysis of a small-size local FEM with non-

reflective boundaries (NRB) was carried out for obtaining guided wave generation features in plate structures. The 

PWAS transducers were modeled with coupled filed elements. Thus, the FEM can fully capture the geometry and 

material property effects of PWAS transducers and their influence on the guided wave excitation. SAFE method was 

used to obtain the complicated guided wave features in composites such as dispersion curves and modeshapes. The SAFE 

procedure was coded into MATLAB Graphical User Interface (GUI), and the software SAFE-DISPERSION was 

developed. To study the excitability of each wave mode, we considered all the possible wave modes being generated 

simultaneously and propagating independently. The analytical wave expressions based on the exact guided wave solution 

with Hankel functions were used to join the SAFE method and the local FEM. Formulated in frequency domain, the 

hybrid model is highly efficient, providing an over determined equation system for the calculation of mode participation 

factors. Case studies were carried out: (1) the Lamb wave excitability in an aluminum plate was investigated and 

compared with classical pin force models to show the feasibility of the hybrid technique; (2) the guided wave excitability 

in a woven glass fiber composite (GFRP) plate was studied with circular and square PWAS transducers. The paper 

finishes with summary, conclusions, and suggestions for future work. 

INTRODUCTION 

Piezoelectric wafer active sensors (PWAS) are widely explored in structural health monitoring (SHM) and non-

destructive evaluation (NDE) procedures for generating and receiving guided waves [1]. Their advantages over 

conventional ultrasonic transducers are found in their small size and light weight characteristics, making them more 

suitable for the purpose of permanent installation and real time monitoring. Besides, PWAS transducers work in the 

in-plane mode and generate long propagating Lamb waves in plates, enabling them to interrogate large areas of 

structures, while conventional ultrasonic transducers can only perform thickness direction point inspections. 

The increasing use of composite components in structures brought new challenges to the SHM and NDE 

community, because composite materials usually have anisotropic properties and exhibit directional mechanical 

behaviors. The importance of studying guided wave excitability in composite structures can be seen in two aspects: 

(1) to optimize directional sensing capability of SHM/NDE system; (2) to reduce sensing signal complexity for ease 

of signal interpretation. Due to the general anisotropic material properties of composites, guided waves excited by 

the transducers will be strong in certain directions and week in some others. This effect needs to be fully understood 

to excite strong interrogating field in the direction of interest. Besides, the nature of guided waves in composites is 

multi-modal and dispersive. This will introduce complicated wave packets in the sensing signals. By choosing the 



appropriate PWAS size and excitation frequency, one can diminish the participation of other wave modes, achieving 

a single wave packet in the interrogating field. This will considerably reduce the sensing signal complexity. 

The excitability of guided waves in metallic structures has been explored with analytical approach and 

experimental verifications [2, 3]. But this topic becomes more challenging in the case of composites. Analytical 

approaches have been proposed using the pin-force model and 3-D Green’s function method [4, 5]. But in these 

models, the distribution of traction field between the PWAS and the plate is hard to be determined and is usually 

assumed to be pin-forces around PWAS edges. This estimation is accurate when the PWAS thickness is small 

compared with plate thickness and when the adhesive layer is thin enough to be considered as ideal bonding. In 

other words, the analytical models cannot capture the local dynamics of the PWAS transducer and the adhesive 

layer, while these local dynamics may exert considerable influence on the excitability of guided waves. In addition 

to the analytical methods, numerical modeling techniques provide an alternative way to study this topic. Numerical 

methods, such as spectral element method (SEM), local interaction simulation approach (LISA), and FEM have 

been investigated to study the guided wave generation by PWAS transducers [6, 7, 8]. They have shown the 

capability of capturing the local dynamics of PWAS and adhesive. The first two techniques have not reached their 

mature stage, while the FEM has been widely examined by experiments for reliable results. However, full scale 

transient modeling is computational expensive and may become prohibitive for high frequency, short wavelength, 

long propagating waves in laminate composites. This paper presents a hybrid modeling technique, combining local 

FEM, SAFE method, and global analytical expression together, to solve the excitability of guided waves in 

composite structures. 

GUIDED WAVES IN COMPOSITE PLATES AND SAFE-DISPERSION 

In this study, the semi-analytical finite element (SAFE) method was adopted to obtain the dispersion curves and 

modeshapes of composite plates. The SAFE method has been intensively explored as a powerful method to compute 

the numerical solution of waves in waveguides with arbitrary cross-sections and composite structures [9, 10]. The 

SAFE method uses finite elements to discretize the cross-section of the waveguide, while the wave propagation 

direction is expressed with analytically. This semi-analytical formulation finally reaches a stable eigenvalue problem. 

The eigenvalues are the wavenumbers; the eigenvectors are the corresponding modeshapes. The SAFE procedure 

was coded using MATLAB Graphical User Interface (GUI), and the predict tool SAFE-DISPERSION was 

developed to obtain the guided wave solutions for plate structures. Figure 1 shows the material properties input 

panel and the main interface of SAFE-DISPERSION. 

 

 
FIGURE 1. SAFE-DISPERSION GUI: (a) material properties input panel; (b) main interface. 
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The composite material in this study is woven glass fiber reinforced polymer (GFRP) which is widely used in 

naval applications. The material stiffness matrix GFRPC  is given in Eq. (1). The density GFRP  is 1960 kg/m3. The 

laminate composite is 1-mm thick, constructed with 6 woven GFRP plies with the same stacking orientation. 
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Figure 2a shows the SAFE solution of phase velocity dispersion curves in 0 degree direction with respect to fiber 

orientation. It can be noticed that the solution can capture the symmetric modes, anti-symmetric modes, and shear 

horizontal modes. The wave velocity varies with propagation direction due to the anisotropic material properties of 

the woven GFRP plate. The directivity plot of phase velocity at 200 kHz is shown in Fig. 2b as an illustrative 

example. It can be observed that the velocities of symmetric and antisymmetric modes reach maximum along the 

0/90 fiber direction and minimum in 45  degree directions, while the shear horizontal mode has highest velocity in 

45  degree directions and lowest velocity in 0/90 fiber directions. 

 

 
FIGURE 2. (a) Dispersion curves in 0 degree direction; (2) Phase velocity directivity plot at 200 kHz. 

SMALL-SIZE FEM WITH NON-REFLECTIVE BOUNDARY 

A small-size FEM with non-reflective boundary (NRB) was used to model the guided wave excitation procedure. 

Figure 3a shows the schematic of the FEM. The size of the FEM was minimized by adopting NRB and symmetric 

conditions. Frequency domain harmonic analysis was carried out, so that we can get the solution for all the 

frequencies of interest with only one run the FEM. The NRB makes it possible to simulate continuous propagating 

waves rather than standing waves with the small-size FEM. The NRB was constructed using COMBIN14 spring 

damper elements available in ANSYS. The damping parameter distribution is shown in Fig. 3b. For detailed 

description of the NRB construction, readers are referred to Ref [11]. The sensing boundary picks up the outward 

propagating waves arriving at the sensing nodes. PWAS was modeled using the coupled field elements which couple 

the electrical and mechanical behavior through piezoelectric constitutive equations. Thus, the small-size FEM can 

capture the complex PWAS dimension and the local dynamics of PWAS and adhesive layer. The model is highly 

efficient due to its small-size and frequency domain solving scheme. 
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FIGURE 3. (a) Small-size FEM with NRB; (b) NRB constructed with COMBIN14 spring-damper elements. 

EXTRACTION OF EXCITABILITY INFORMATION FROM SMALL-SIZE FEM 

The difficulty of extracting excitability information from the small-size FEM is that the wave motion is no 

longer uncoupled among the wave modes in composites. For instance, the modeshape of SH0 mode shows not only 

the primary u  displacement component, but also the ru  component. S0 mode shows the primary ru  displacement 

component, the u  component, and also zu  component as well. 

 

 
FIGURE 4. Extraction of excitability information from the small-size FEM. 

To extract the excitability information, we assumed that the guided wave modes are generated by PWAS and 

propagate into the structure simultaneously as shown in Fig. 4. The outward propagating 2-D wave field has been 

shown to follow Hankel function pattern [1, 12]. The total displacement components picked up at the sensing 

boundary are the superposition of displacements from all the wave modes. For example,  FEM

rU z  represents the ru  

displacement component from FEM solution at a thickness location z  and consists of the superposition of ru  

components contributed by S0, A0, and SH0 mode. At discretized thickness-wise locations, this relationship can be 

expressed as shown in Eq. (2) below, i.e., 
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where ma  is the mode participation factor of the mth wave mode;  m

r nz  is the ru  component of the mth wave 

modeshape at location nz ;  1

1H  is Hankel function of the first kind and order one describing an outward 

propagating 2-D wave field; m  is the wavenumber of the mth wave mode; 0r  is the distance between the PWAS 

center and the sensing boundary. Similar relationship can be obtained for u  and zu  displacement components. 

These relationships are described using the analytical expressions. The modeshapes and wavenumbers can be 

calculated using the SAFE method. The  FEM

rU z  are calculated from the small-size FEM. Thus, we arrive at a 

series of linear equations with the mode participation factors as the only unknown quantities. Since the number of 

equations is greater than the number of unknowns and increases as we further discretize the thickness direction in 

the small-size FEM, we finally obtain an over-determined equation system, which is solved with least square 

method using MATLAB. The equation system is expressed in matrix form as 

 

 
FEMH A U     (3) 

 

where   is the modeshape matrix; H  is the 2-D wave propagation matrix; A  is the unknown mode participation 

factor vector to be solved; 
FEMU  is the FEM solution vector. These matrices and vectors are given as follows. 
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The displacement amplitude for the mth wave mode can be calculated using the calculated mode participation 

factor and the corresponding modeshape. 
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CASE STUDIES 

Three groups of cases studies will be shown based on the hybrid method described in the previous sections: (1) 

excitability of guided waves by a circular PWAS on a 1-mm thick aluminum plate verified with analytical solution; 

(2) excitability of guided waves by a circular PWAS on a 1-mm thick woven GFRP plate; (3) excitability of guided 

waves by a rectangular PWAS on a 1-mm thick woven GFRP plate. 

Circular PWAS on a 1-mm Thick Aluminum Plate 

In this case study, five situations are considered: (1) pin force excitation; (2) 0.2 mm thick PWAS with ideal 

bonding condition; (3) 0.2 mm thick PWAS with 30 μm adhesive layer; (4) 0.2 mm thick PWAS with 60 μm 

adhesive layer; (5) 0.5 mm thick PWAS with 30 μm adhesive layer. The pin force excitation model is used to 

compare with the analytical solution given in Eq. (9). For more details of the derivation, readers are referred to Ref 

[1]. The PWAS and the adhesive layer thickness changes aim at demonstrating the capability of the hybrid model to 

capture the local dynamics of the transducer and bonding agent. The density, Young’s modulus, and Poisson’s ratio 

of the bonding layer were taken as 1700   kg/m3, 5E   GPa, and 0.4   as suggested by Ref [13]. 
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FIGURE 5. Tuning curves of case studies: (a) analytical solution vs hybrid model; (b) effects from PWAS and adhesive. 

Figure 5a shows the comparison between the hybrid model with the analytical solution for the in-plane 

displacement. It should be noted only four elements (five FEM nodal solutions) were used across the thickness for 

this case study. It can be observed that the hybrid model compared well with the analytical solution especially for 

A0 mode. For high frequency range, the hybrid model deviates from the analytical solution, because more elements 

are needed to accurately depict the modeshape across the plate thickness. However, it can be noticed that the tuning 

behavior and the rejecting point (at 252 kHz) compared well. Figure 5b shows different cases with various PWAS 

and adhesive layer thickness. It can be seen that the hybrid model is capable of capturing the local dynamics of 

PWAS and adhesive. When the PWAS and adhesive layer effects are considered, the A0 rejecting point shifts 

toward higher frequencies, and the rejecting effect becomes weaker. This rejecting point shift effect agrees with the 

observation in Ref [14]. At lower frequency range, the thicker PWAS/adhesive will reduce the excitability for both 

S0 and A0 modes, but the excitability of S0 becomes stronger at higher frequency range (300 kHz-600 kHz) due to 

the local dynamical effects. It should be noted that the dynamics of PWAS and adhesive cannot be fully captured by 

conventional pin force models. On the other hand, our hybrid model uses a small-size multi-physics FEM to handle 

this complex transducer structure interactions. 
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Circular PWAS on a 1-mm Thick Woven GFRP Plate 

Figure 6a shows the setup of the composite case study, which investigates the excitability of guided waves by a 

circular PWAS (7-mm diameter and 0.5 mm thick) bonded on a 1-mm thick woven GFRP plate. It also shows the 0 

and 30 degree directions. Figure 6b and Fig. 6c show the mode participation factor of S0, A0, and SH0 modes in the 

0 and 30 degree directions respectively. It can be noticed that along 0 degree direction, only S0 and A0 wave modes 

are excited, while SH0 mode cannot be excited. In the 30 degree direction, not only S0 and A0 wave modes are 

excited, but also SH0 wave mode as well. 

 

 
FIGURE 6. (a) Circular PWAS on the woven CFRP plate (arrows showing 0 and 30 degree directions); (b) mode participation 

factor for 0 degree direction; (c) mode participation factor for 30 degree direction. 

 
FIGURE 7. Directivity plots of mode participation factors for S0, A0, and SH0 modes excited by circular PWAS. 
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Figure 7 shows directivity plots of mode participation factors for S0, A0, and SH0 modes excited by the circular 

PWAS at 100 kHz and 200 kHz. It can be observed that strong S0 and A0 wave modes are excited along 0 and 90 

directions, while no SH0 waves are excited in 0, 45, and 90 directions. The amplitude of S0 and A0 waves are weak 

in 45  degree directions. 

Rectangular PWAS on a 1-mm Thick Woven GFRP Plate 

Figure 8a shows the setup of the composite case study, which investigates the excitability of guided waves by a 

rectangular PWAS (7mm by 8mm and 0.5 mm thick) bonded on a 1-mm thick GFRP plate. 

 

 
FIGURE 8. (a) Rectangular PWAS on the woven CFRP plate (arrows showing 0 and 30 degree directions); (b) mode 

participation factor for 0 degree direction; (c) mode participation factor for 30 degree direction. 

 
FIGURE 9. Directivity plots of mode participation factors for S0, A0, and SH0 modes excited by rectangular PWAS. 
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Figure 8b and Fig. 8c show the mode participation factor of S0, A0, and SH0 modes in the 0 and 30 degree 

directions respectively for the rectangular PWAS case. It can be noticed that along 0 degree direction, only S0 and 

A0 wave modes are excited, while SH0 mode cannot be excited. In the 30 degree direction, not only S0 and A0 

wave modes are excited, but also SH0 wave mode as well. 

Figure 9 shows the directivity plots of S0, A0, and SH0 wave modes excited by the rectangular PWAS at 100 

kHz and 200 kHz. Since the PWAS shape is rectangular with two different sizes in 0 and 90 directions, the tuning 

effects are different along these two directions. Such behavior is very obvious for the case of A0 wave mode. At 100 

kHz, the strongest A0 waves are excited in 90 degree direction. However, at 200 kHz, the strongest A0 waves are 

excited in 0 degree direction. Strong S0 waves are excited along 0 and 90 degree directions, but the amplitudes in 

these two directions differ from each other. SH0 wave modes cannot be excited in 0 and 90 degree directions. 

CONCLUSIONS AND FUTURE WORK 

The small-size FEM with NRB can be used to extract guided wave excitation information in a highly efficient 

manner. The hybrid model comprehensive combines the FEM, SAFE method, and analytical solution. The hybrid 

model result compares well with analytical solution for the aluminum plate. This method can capture the dynamics 

of PWAS transducers and the adhesive layer. Only S0 and A0 waves can be excited by the extensional PWAS 

transducers in the aluminum plate. However, SH0 mode can be excited by the extensional PWAS in the woven 

GFRP composite plate. The case studies demonstrated the capability of this hybrid method to investigate the 

excitability of guided waves by complex dimension PWAS transducers on composite structures. 

For future work, study of the influences on computational accuracy should be carried out. Experimental 

validation with pitch-catch and laser vibrometry should be performed. This work should be extended to combine 

with global analytical solution to form hybrid global local models for wave generation and propagation in 

composites. 
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