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ABSTRACT 
This paper proposes a dense spray-coating active sensing 

arrays for composite structural health monitoring via the guided 

wave generation and reception. The actuation-sensing capability 

is realized by integrating piezoelectric nano-powder into a 

hosting matrix, followed by the formation of an active material 

layer on the composite surface through a spraying process. The 

selective actuation and sensing of a certain guided wave mode 

can be achieved through the optimization of electrode 

configuration, in conjunction with dispersion effect. This 

research initiates with the analysis of the dispersion curves of 

composites so as to determine electrode parameters. 

Subsequently, three-dimensional numerical models in several 

array patterns, such as inter-digital (IDT) type, comb types and 

irregular annular array, are meticulously constructed. Single-

mode generation at one direction is achieved through the 

meticulous design of the spatial distribution of array electrodes 

coupled with wavelength modulations in IDT array and comb 

array. At the same time, omnidirectional single-mode generation 

of irregular annular array is conducted through the electrode 

spatial distribution coupled with all direction wavelength 

modulations. Ultimately, the electrode configurations are 

numerically investigated through exciting an anti-symmetric and 

a symmetric type guided wave mode in a multilayer composite 

plate. The numerical simulation shows that the proposed spray-

coating sensing arrays system possesses great potential for 

future composite damage detection applications. The paper 

finishes with summary, concluding remarks, and suggestions for 

future work 

Keywords: spray-coating active sensing arrays; composite 

structures; guided waves, wave mode control 

 

1. INTRODUCTION 
 Composite materials have been escalated utilization in the 

fabrication of aerospace components [1, 2], wind turbines [3-6], 

and marine equipment due to their remarkable stiffness-to-

weight ratio, exceptional strength, corrosion resistance, reduced 

weight, and enhanced mechanical properties [7, 8]. These 

materials are steadily emerging as substitutes for metallic 

counterparts, finding widespread application across various 

sectors such as the fabrication of chemical containers, pressure 

vessels, machine spindles, power transmission shafts, and robot 

arms [9]. Despite the burgeoning popularity, composites present 

complexities in manufacturing, and detecting damage for these 

materials proves the challenging. Defect detection assumes a 

pivotal role in assessing the longevity and dependability of 

composite materials. Various researchers have explored 

techniques to discern internal damage in composite structures, 

including methods such as X-ray analysis [10, 11] optical testing 

[12-14], magnetic particles [15], infrared thermography [16, 17], 

and ultrasonic testing [18-20]. Of these methodologies, 

ultrasonic guided wave technology stands out for its exceptional 

reliability in evaluating the structural integrity and safety 

performance of composite materials [21]. Its capability to scan 

the cross-sectional area of a structure renders advantageous for 

detecting damage in advanced composite materials [22, 23]. 

Detecting and evaluating the structural integrity of 

composite materials via ultrasonic guided waves proves 

challenging due to the multilayered structures with anisotropic 

velocity distributions [24]. Moreover, damage manifested at 

various locations across different components, leading to 

complex acoustic wave propagation mechanisms. This 

complexity complicates the tracking of all damaged parts [25]. 

Therefore, selecting a sensitive and single wave mode ultrasonic 
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guided waves becomes essential for composite structural damage 

identification. 

Lead zirconate titanate wafers (PZTs) [26, 27] and macro-

fiber composites (MFCs) [28] are commonly used for the 

damage detection, adhesive bonded on the surface of the 

structures. Giurgiutiu et al. have conducted comprehensive 

research on the coupling mechanism of PZTs and mode tuning 

by dimensions and bonding quality through both theoretical and 

experimental studies [29]. Multiple PZTs were arranged in either 

a comb or inter-digital shape, enabling mode control through 

phase matching by adjusting the pitch or time delay [30-32]. 

Mańka et al. have developed an interdigital transducer (IDT) 

comprising a series of densely distributed discrete electrode 

strips to achieve directional narrowband wave generation [28]. 

However, the fragility and limited lifespan of piezoceramic-

based transducers render them susceptible to failure in 

applications. Moreover, mode control through array transducers 

presents several drawbacks, impeding the practicality. 

On the other hand, flexible piezopolymer-based transducers 

have non-brittle for offering versatility and could be effectively 

applied on curved structures [33]. Polyvinylidene fluoride 

(PVDF) stands out as the most extensively researched 

piezopolymer for Structural Health Monitoring (SHM) 

applications [34-37]. Conventional PVDF transducers typically 

take the form of standalone thin films or membranes. Before the 

installation via adhesive bonding onto structures, there are 

various necessary functionalization procedures such as phase 

transformation and polarization. However, these processes are 

intricate and demand meticulous control and monitoring, 

significantly escalating costs. Additionally, the inherently low 

piezoelectric constants and compliant nature of PVDF pose 

challenges in generating large amplitude guided waves. 

Therefore, the exploration of novel dense spray-coating sensing 

arrays which improve actuation and sensing capabilities and 

cost-effectiveness, holding promise for enhancing SHM 

performance in composite structures. 

This paper proposes the utilization of dense spray-coating 

active sensing arrays for composite structural health monitoring 

via guided wave generation and reception. The actuation-sensing 

capability is achieved by integrating piezoelectric nano-powder 

into an epoxy matrix, followed by applying an active material 

layer onto the composite surface through a spraying process. The 

research commences with an analysis of dispersion curves of 

composites to determine electrode parameters. Subsequently, 

meticulous construction of three-dimensional numerical models 

is utilized for several array patterns, including inter-digital (IDT) 

type, comb types, and irregular annular arrays. Single-mode 

generation in a specific direction is accomplished through the 

careful design of array electrode spatial distribution coupled with 

wavelength modulations in IDT array and comb array 

configurations. Meanwhile, omnidirectional single-mode 

generation in irregular annular arrays is achieved through 

electrode spatial distribution combined with wavelength 

modulations in all directions. Finally, the electrode 

configurations are numerically investigated by exciting both 

anti-symmetric and symmetric guided wave modes in a 

multilayer composite plate. 

 
2. SPRAY-COATING ACTIVE SENSING ARRAYS 

DESIGN 
This section provides the arrays design procedure, including 

the mode selection, the optimization of electrode configuration 

and the coating construction. Single-mode generation is 

achieved through the meticulous design of the spatial 

distribution of array electrodes coupled with wavelength 

modulations. 

 

2.1 Mode selection 
The selection of guided wave modes for inspection is 

influenced by various factors, including dispersion, attenuation, 

and surface displacement [38]. In this research, the plies of the 

plate were oriented [0, 90, 0, 90, 90, 0, 90, 0], with each layer 

being 0.15mm thick as depicted in FIGURE 1. The SAFE 

dispersion analysis software was employed to generate 

dispersion curves of Lamb modes [39]. FIGURE 2 illustrates the 

phase velocity and group velocity dispersion curves for a 1.2 mm 

thick CFRP composite plate in 0 direction. The array coating 

could be tailored to excite a specific wavelength in the plate. 

 

 
FIGURE 1: THE CARBON FIBER ORIENTATION 
 

In a typical plate like structure infinite number of mode and 

frequency points exists with each having its own unique 

characteristics. For the analytical analysis, the wavelength, λ, of 

any wave mode is given by, 

 
pc

f
 =  (1) 

 

where 
pc   is the phase velocity of the mode and f   is the 

frequency. Equation (1) may also be written 

 
pc

d fd


=  (2) 

 

where d   is the plate thickness. Hence, for a specified plate 

thickness, these lines were represented a constant wavelength, 

intersecting with the dispersion curves of different modes, and 

the modes could be excited using a transducer tailored for this 

wavelength. A wavelength of 16 mm is seen intersecting several 

guided wave modes in FIGURE 2. In the composite plate, the S0 
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mode was exhibited the phenomenon with a phase velocity of 

4889.6 m/s at 305.6 kHz and an A0 mode with a phase velocity 

of 684.8 m/s at 43 kHz. The two modes exhibit distinct surface 

displacement profiles, as illustrated in FIGURE 3, with the A0 

mode displaying significant out-of-plane displacement and the 

S0 mode showing notable in-plane displacement. These differing 

characteristics could be exploited for condition monitoring 

applications. The penetration power of A0 mode was constrained 

by its leakage into structures, whereas the S0 mode boasted 

significantly higher penetration power with less leakage. 

 

 
FIGURE 2: DISPERSION CURVES OF A 1.2 MM THICK CFRP 

PLATE SHOWING A WAVELENGTH 16 MM INTERSECTING 

SEVERAL MODES WITH THE S0 AND A0 MODE BEING 

MARKED. (A) PHASE VELOCITY; (B) GROUP VELOCITY 

 

2.2 Design of electrode configuration 
The design of the electrode configuration was inspired by 

the annular array transducers [40] and interdigital transducer 

[41] [42]. By exciting all the elements with the same amplitude, 

guided wave mode control was achieved by adjusting the spacing 

between the elements. Two distinct array patterns were 

investigated, namely the comb and interdigital (IDT) types, as 

depicted in FIGURE 4. For the comb type electrode array, 

voltage was applied on the same side of the adjacent electrode. 

Whereas for the IDT type array, voltage was applied on adjacent 

electrodes in the form of voltage difference. 

 
FIGURE 3: WAVE STRUCTURES ACROSS THE CROSS 

SECTION OF AN 1.2 MM THICK CFRP PLATE. (A) A0 MODE AT 

43 KHZ; (B) S0 MODE AT 305.6 KHZ 

 

The annular elements were assumed to have a width d , 

the separation between the center of the elements was a  for the 

comb type array and 2a /   for the IDT type array. For the 

comb and IDT transducer configurations, the parameters to 

optimize the array factor were as given in equations (3) and (4) 

respectively [40] 

 

 2a , d /  =  (3) 

 0 2a , d /     (4) 

Here   was the wavelength, The element widths used in the 

design were 2/   and 4/   for comb and IDT 

configurations respectively. 
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FIGURE 4: AXI-SYMMETRIC REPRESENTATION OF THE 

ARRAY TRANSDUCER ON PLATE. (A) COMB TYPE 

CONFIGURATION; (B) IDT TYPE CONFIGURATION 
 
2.3 Coating construction 

The customized piezoelectric dense spray-coating active 

sensing array was characterized by the absence of intricate 

assembly processes, without involving sintering under high-

temperature environments during fabrication compared with 

piezoelectric ceramics. The fabrication method entailed blending 

PZT powder and epoxy resin at a weight ratio of 5:1, with the 

epoxy resin composed of resin (HF-005) and hardener (HF-006) 

sourced from Wuxi City Huifeng Electronic Co., Ltd. A 

meticulous preparation protocol was involved ultrasonication to 

ensure thorough dispersion, followed by even spraying onto the 

composite surface using vacuum-based equipment. Curing 

proceeds was accomplished at a constant 60 degrees Celsius for 

4 hours. To polarize the piezoelectric active sensing array, the 

electrodes was undergone silver screen printing at room 

temperature for 45 minutes. Poling was executed using a high-

voltage amplifier submerged in air, applying 30 kV for 5 cycles. 

The manufacturing flow is illustrated in FIGURE 5, showcasing 

the versatility of designing various electrode shapes at any 

position on the coating surface to achieve desired actuation and 

sensing effects. These piezopolymer coatings exhibited 

exceptional performance as a novel sensing network 

configuration, characterized by the lightweight, ultrathin, 

flexible, rapid-prototyping, and adhesive-free attributes, 

ensuring high adaptability and consistency. 

 

 
FIGURE 5: SCHEMATIC DIAGRAM FOR THE FABRICATION OF THE DENSE SPRAY-COATING ACTIVE SENSING ARRAY AND THE 

PROCEDURE OF DAMAGE DETECTION 

3. FINITE ELEMENT MODELING 
In this study, a comprehensive three-dimensional finite 

element (FE) model was developed using COMSOL 

Multiphysics. The FE model was integrated structural mechanics 

and electrostatics to evaluate the directional actuation efficacy of 

the piezoelectric dense spray-coating active sensing array. 

Combining the comb and IDT type sensing patterns, the 

generation and reception characteristics for ultrasonic wave 

active sensing was investigated. Furthermore, the 

omnidirectional irregular annular array model was employed to 

validate the capacity for single-mode guided wave generation on 

the composite in all directions. 

 

3.1 Numerical simulation of the comb/IDT type arrays 
In this scenario, a 280 mm × 280 mm CFRP composite plate 

with a thickness of 1.2 mm was served as the propagation 

medium. The entire surface of the CFRP plate was then modeled 

with a dense spray-coating active layer comprising piezoelectric 

materials, measuring 0.15 mm in thickness. Sensing array 

patterns were subsequently implemented on the coating layer, 
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meticulously designed through standard tuning by wavelengths 

16mm = . 

As depicted in FIGURE 6 and FIGURE 7, the sensing 

patterns were intricately printed on the top and bottom surfaces 

of the piezoelectric material, serving as the electrodes, and 

meticulously coated onto the CFRP plate. Each configuration 

exhibited unique surface displacement patterns on the 

piezoelectric material, directly impacting the generation of 

guided wave modes. The polarization direction for the 

piezoelectric element was assumed to be in the z-direction. 

Mechanical damping within the piezoelectric material was 

simulated using an Isotropic Loss Factor with a value of ηs = 

0.006, considering a Mechanical Quality Factor (Qm) of 80. 

Employing the Equivalent Average Parameter (EAP) method, 

overall and nominal quantities of the piezoelectric material were 

utilized to mimic the coating materials property. Perfectly 

Matched Layer (PML) conditions were applied at the four plate 

boundaries to prevent wave boundary reflections. As for the 

boundary conditions of the electrodes, the bottom surface of the 

piezoelectric layer was grounded, while an electric potential 

boundary condition was applied to the top part. Zero charge 

boundary conditions were applied to the remainder of the 

piezoelectric element. The displacement information from the 

sensing points on the upper and lower surfaces of the composite 

plates was obtained for the mode analysis. 

 

 

 
FIGURE 6: THE 3D MODEL GEOMETRY OF THE COMB TYPE SENSING 

 

 
FIGURE 7: THE 3D MODEL GEOMETRY OF THE IDT TYPE SENSING 
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In the numerical meshing process, Free triangular elements 

were employed to mesh the piezoelectric layer domains, while 

free quad elements were used for the CFRP plate. To streamline 

computational complexity, a swept mesh in the z-direction was 

implemented for the CFRP, with a mesh size set at 10 times the 

shortest possible wavelength of the A0 mode. It's worth noting 

that the PML domains were meshed using swept mesh elements 

with increasing mesh size at a low growth rate of 1.2, ensuring 

satisfactory mesh element quality. Simulation utilized Hanning 

windowed tone burst signals with 5 cycles and 100 V amplitude 

to excite the actuation electrode, with 43 kHz corresponding to 

A0 mode excitation and 305.8 kHz corresponding to S0 mode 

excitation. 

 

 
FIGURE 8: MODE ANALYSIS BY THE COMB TYPE SENSING ARRAY. (A) 43KHZ; (B) 305.8KHZ 

 

 
FIGURE 9: MODE ANALYSIS BY THE IDT TYPE SENSING ARRAY. (A) 43KHZ; (B) 305.8KHZ 

The surface displacement on the CFRP plane for both 

configurations was recorded to analyze the modes. FIGURE 8 

displays the A0 and S0 modes during excitation for the comb 

pattern model, while FIGURE 9 depicts the results from the IDT 

pattern model. Comparing the single-mode generation capability 

of the two configurations, it was evident that both excel in S0 

wave generation. However, the comb type electrode efficiently 

excited only the S0 mode, with a larger S0 wave appearing in the 

A0 mode generation. Notably, the A0 mode was significantly 

higher in the comb type excitation compared to the IDT type. 

This disparity was arisen from the polarization direction of the 

piezoelectric material and the applied electric field, resulting in 

higher surface displacement for the comb type electrode model. 

The predominant out-of-plane loading in the comb configuration 

was poorly coupled to modes with significant in-plane 

displacement at certain frequencies. Considering all aspects, the 

IDT type was emerged as the optimal electrode pattern for 

single-mode excitation. 

 

3.2 Numerical simulation of the annular arrays 

Understanding the dispersion characteristics of Lamb 

waves in multilayered media was crucial for developing guided 

wave-based damage detection techniques. Previous studies have 

primarily focused on unidirectional guided wave excitation of 

composites. However, dispersion curves vary in different 

directions owe to material anisotropy. To achieve full-field 

single-mode guided wave excitation in composite plates, 

comprehensive modulation of the annular wave field is 

necessary. 
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FIGURE 10: THE DISPERSION CURVE FOR A 1.2MM THICKNESS CROSS-PLY [0, 90, 0, 90, 90, 0, 90, 0] COMPOSITE AT DIFFERENT 

DEGREE. (A) 0 DEGREE (BASELINE); (B) 5 DEGREES; (C) 90 DEGREES 

FIGURE 10 depicts the dispersion curve of the CFRP 

composite for the pattern parameter design of the annular array. 

Considering the subsequent simulation and sample production, 

the initial baseline wavelength was set to 14mm at 0 degrees. 

Notably, the wavelengths corresponding to guided waves in 

symmetrical and antisymmetric modes were different across all 

directions. For instance, while the A0 wavelength was measured 

as 14.06mm, the S0 wave as 12mm at 90 degrees.  

 

 
FIGURE 11: WAVELENGTH CORRESPONDING TO THE A0 

MODE AT ALL DIRECTION 

 

 
FIGURE 12: WAVELENGTH CORRESPONDING TO THE S0 

MODE AT ALL DIRECTION 

 

The wavelengths corresponding to the S0/A0 mode across all 

directions are illustrated in FIGURE 11 and FIGURE 12. As 

confirmed in FIGURE 10, for A0 mode excitation, the 

wavelength was decreased from 0 to 90 degrees, whereas for S0 

mode, the wavelength was decreased initially and then increased. 

FIGURE 13 showcases the optimized finite element model 

established using COMSOL Multiphysics for the single mode 

generation. The omnidirectional irregular annular arrays, 

fabricated and deployed on the CFRP plate, were utilized to 

excite and receive single-mode ultrasonic guided wave signals at 

54.7 kHz (A0 mode) and 348.7 kHz (S0 mode). The array was 

comprised 8 elements, and the overall size of the plate was 

measured about 360 mm × 360 mm × 1.2 mm. Hanning 

windowed tone burst signals with 5 cycles and 100 V amplitude 

were employed to excite the actuation electrode. Surface 

displacements of the top and bottom surface in the plate were 

recorded at a distance of 100 mm from the axis of symmetry. For 

the numerical meshing procedure, the piezoelectric layer 

domains were meshed with free triangular elements, while free 

quad elements were utilized for the CFRP plate. To reduce 

computational complexity, a swept mesh in the z-direction was 

employed for the CFRP. The mesh size was determined to be 10 

times the shortest possible wavelength of the A0 mode. The finite 

element model was contained 5,879,852 degrees of freedom, 

with an average element quality of 0.8. 

FIGURE 14 illustrates the simulated displacement diagram 

on the top surface of the CFRP plate. It was evident that the 

displacement distribution was appeared non-uniform after the 

guided wave generated. This phenomenon was arisen that the 

wave shape was coupled with the electrode patten. Meanwhile, 

it was apparent that the length of the guided wave closely 

matches the size of the designed electrode when single modes of 

guided waves were excited. Regardless of the excitation mode 

used, the single-mode excitation effect is apparent as illustrated 

in FIGURE 15. However, it was evident that under pure A0 

excitation, the generation of S0 mode was minimal, whereas 

under pure S0 mode excitation, numerous A0 mode waves were 

still emerged. This discrepancy was might stemmed from the 

accuracy of dispersion curve calculations in all directions of the 

composite, influencing wavelength selection. 

 

 



 8 © 2024 by ASME 

 
FIGURE 13: THE 3D NUMERICAL MODEL OF THE ANNULAR ARRAY. (A) A0 MODE; (B) S0 MODE 

 

 
FIGURE 14: THE SURFACE DISPLACEMENT WAVEFIELD OF ANNULAR ARRAY. (A) A0 MODE; (B) S0 MODE 

 

 
FIGURE 15: THE WAVE DIRECTIONALITY PLOTS IN THE TEMPORAL DOMAIN. (A) A0 MODE; (B) S0 MODE
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4. CONCLUSION 
This paper presents an innovative method for composite 

structural health monitoring utilizing dense spray-coating active 

sensing arrays to generate and receive guided waves. It 

commences with an analysis of dispersion curves to determine 

electrode parameters, followed by the development of three-

dimensional numerical models with various array patterns. 

Through meticulous electrode design and wavelength 

modulations, the approach achieves single-mode generation at 

comb and IDT type array and omnidirectional single-mode 

generation at annular array in CFRP composite plate. The 

numerical results demonstrate the significant potential of the 

proposed spray-coating sensing arrays system for composite 

damage detection applications. 
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