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Abstract 

Adhesive bonded joints are frequently adopted in structural applications. The adhesive aging, 

low quality of surface preparation, as well as the exposure to external harsh environment and 

loading, may degrade the quality of adhesive, leading to disbond and decrease of the interfacial 

strength of the bonded joints. This study addresses both numerical and experimental 

investigations of ultrasonic guided wave (UGW) propagating in adhesive bonded metallic 

waveguide, whereby disbond detection is realized based on variation of the wave arrival time of 

UGW. First the dispersion curves of UGWs in both intact (bonded) and disbonded joints are 

obtained via the Semi-Analytical Finite Element (SAFE) method, and are grouped into mode 

pairs of phase velocity match and mis-match, respectively. Then a model combining SAFE and 

Frequency Domain Finite Element (SAFE-FDFE) is developed to enable excitation of any 

UGW of desired single mode-frequency combination and analysis of the wave interaction with 

disbond. The obtained results indicate that the UGW Mode 2 generated at the low frequency 

range of the mis-matched group shows a good sensitivity to disbond, featuring variation of the 

wave arrival time induced by mode conversion. Finally, Time Domain Finite Element and a 

proof-of-concept experiment, with comb transducers to act as both in situ actuators and sensors 

made of PVDF sheets embedded into the adhesive layer, well validate the results obtained via 

SAFE-FDFE. The selected mode-frequency combination Mode 2 at 0.52 MHz for wave 

time-of-arrival-based disbond detection, compared with conventional signal-amplitude-based 

disbond indicator using high frequency UGWs (~ several MHz), merits the advantages of better 

controllability of wave excitation, less wave attenuation, and higher robustness. 

 

Keywords: Adhesive bonded joint; Frequency domain finite element; Piezoelectric transducer; 

guided wave; Disbond detection.  
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1. Introduction 

Adhesive bonded joints are frequently used in structural applications, such as lap joint and 

adhesive repair patch (1,2). The adhesive aging, quality of joint fabrication, as well as the 

exposure to external harsh environment and loading, may degrade the quality of adhesive, 

leading to disbond and decrease of the interfacial strength of the bonded joints (3,4). Thus an 

effective assessment of bonding quality is critical to structure integrity. 

 

The waveguide geometry of the layer joint structure composed of adherents and adhesive 

guides the propagation of ultrasonic waves, which are termed as “guided waves”. Compared 

with conventional ultrasonic bulk wave-based point-to-point detection (5,6), which is time 

consuming and labor intensive, the advantage of the ultrasonic guided wave (UGW)-based 

detection technique is the capability to inspect a long length of the test piece once (7) in a single 

wave emitting and receiving. Hence, some hard-to-access regions can be evaluated, and the 

evaluation efficiency is greatly improved. 

 

The UGWs for bonding quality characterization have been studied extensively in recent years 

(8–14). When UGWs interact with disbond, wave reflections, mode conversions, and wave 

transmissions occur at the same time, making the interrogation of UGW to characterize disbond 

challenging. Typically, Alleyne et al. (15) and Xu et al. (16) both confirmed the mode 

conversion caused by notch in plates. Rokhlin (17) first investigated the Lamb wave interaction 

with lap-shear adhesive joints. He showed both theoretically and experimentally, how to select 

the mode type and frequency of the Lamb modes for successful discrimination of bond quality. 

Lanza di Scalea et al. (12) experimentally analyzed the propagation of ultrasonic guided A0 

Lamb wave in single lap adhesive joints, and observed different mode conversion for fully 

cured, poorly cured and slip bonds. Ren and Lissenden (13) developed a numerical model using 
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Frequency Domain Finite Element (FDFE) to characterize disbond in composites. The 

mode-frequency combination domains are classified as “good sensitivity”, “intermediate 

sensitivity” and “insensitivity” to disbond in terms of the amplitude change, and good matching 

between numerical and experimental results is achieved. In most of the reports, (1) the 

understanding of wave propagation characteristics and its interaction with disbond cannot be 

overemphasized; (2) only some selected mode-frequency combinations are sensitive to disbond; 

and (3) signal amplitude variance is mostly used for disbond detection by generating a higher 

mode guided wave of high frequency (e.g. modes 8, 9 and 10 in (13), mode 18 in (14)). 

 

As summarized above, a higher order mode guided wave of high frequency up to several MHz 

is preferred for disbond characterization based on signal amplitude. In this case, although such 

preferred mode is expected to be generated via wedge transducer following Snell’s law, other 

modes will also be excited simultaneously, as explained in Ref. (18), and thus the controllability 

of generating a purely single mode in practice is highly degraded along with the increase of 

excitation frequency. For instance, the authors exhausted themselves selecting UGW mode 11 

at 3.85 MHz to quantitatively detect disbond size of an aluminum-epoxy-aluminum bonded 

joint (19). Another aspect to consider is the proportionality of wave attenuation in the inspected 

structure to excitation frequency. This may not be a severe issue if heavy and bulky 

piezoelectric transducers made of lead zirconate titanate (PZT) with high piezoelectric 

coefficients are used to generate UGWs for disbond detection (14). Nevertheless, in this 

research, the authors are initiating the integration of the detection system to the structure itself 

to render the inspected structure with potential capability of online and in situ diagnosis. To 

accommodate this requirement, a lightweight and flexible piezoelectric Polyvinylidene fluoride 

(PVDF) comb transducer, with much smaller piezoelectric coefficients than that of PZT, is 

tailored to generate UGWs of specific mode-frequency combination. In this context, using 
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UGWs of low frequency can not only improve the excitation controllability of specific UGW 

mode, but also reduce signal attenuation and thus improve signal-to-noise ratio. Lastly, signal 

amplitude-based disbond indicator is prone to interference from experimental operation and 

environmental variation, such as coupling between transducer and inspected structure. In a 

word, all these restrictions and specific requirement inspire a new disbond detection scheme 

using low frequency UGWs, in which the detection capability is in situ integrated into the 

inspected structure itself with high robustness. Thus the imminent technical challenge lies in the 

new idea of feature extraction for disbond, as UGWs of low frequency imply a long wavelength 

and thus may not be sensitive to detect disbond if the conventionally adopted disbond indicator, 

i.e., signal amplitude, is still used. 

 

Compared with experimental techniques, theoretical analyses can offer a more intensive and 

comprehensive interrogation of wave propagation characteristics and interaction with disbond. 

Finite Element Analysis (FEA) is dominantly adopted attributed to its adaptability to complex 

structure and high calculation efficiency and accuracy. Time Domain Finite Element (TDFE) 

(20–23) analysis with the exact setup of material/structural parameter can give accurate 

response signal in the time domain. Nevertheless, TDFE sees its bottleneck in quantitative 

analysis of wave interaction with disbond, as multiple modes of guided wave in a finite 

frequency band are generated at the same time. Another approach, FDFE method for analysis of 

guided wave, is emerging recently(13,24,25). Inherently assuming a fixed frequency, FDFE 

narrows the analysis down to a single frequency. In addition, by careful selection of excitation 

loading, any single UGW with specified mode-frequency combination can be dominantly 

excited. As a result, a stationary wave propagation with a desired mode-frequency combination 

is numerically established, enabling a quantitative analysis of interaction of guided wave with 

disbond and different bonding integrity. Thus disbond indicator can be extracted from the signal 
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feature. 

To address the above concern, a UGW-based disbond detection in adhesive bonded joint with 

embedded flexible piezoelectric comb sheet transducers was performed in this research, 

integrating theoretical analysis, numerical simulation and experimental validation. The main 

contribution of this study includes three parts: (i) a specific guided wave mode is selected with 

change as disbond dictator; (ii) a theoretical and numerical analysis on guided wave interaction 

with disbond; and (iii) a novel experimental design with embedded comb-shape flexible 

piezoelectric transducer to fulfill in situ detection of bonding layer 

 

This paper is organized as follows. A hybrid SAFE-FDFE model is proposed in Section 2 for 

analysis of wave propagation at bonded joint with disbond. An intensive interrogation of guided 

wave interacting with disbond is performed in Section 3, to select the mode-frequency 

combination of Lamb wave for disbond detection. Finally the experimental validation with 

embedded PVDF comb transducer is performed in Section 4. Concluding remarks are drawn in 

Section 5. 

 

2. Modeling of Guided Wave Propagation using SAFE-FDFE 

The investigated geometry structure of adhesive bonded joint is shown in Figure 1, two 

aluminum layers are bonded together using an epoxy adhesive layer. The waves are guided to 

propagate in the 𝑥 direction. Once there exists disbond, the incident waves are expected to 

change in features such as wave amplitude or arrival time. Nevertheless, a careful selection of 

mode-frequency combination is required, because disbond may not exert a remarkable feature 

change at any arbitrarily chosen mode-frequency combination. Thus guided wave propagation 

is modeled first. 
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2.1 Dispersion Curve Analysis with SAFE 

Semi-analytical finite element (SAFE) (26–29) is adopted here to obtain the dispersion curve of 

both adhesive bonded (multi-layer) and disbonded (single-layer) joint structure. Note that 

disbond destroys the inter-layer continuity of stress and displacement. Thus the propagation of 

Lamb wave in the disbonded case is guided by two separate layers of aluminum and the layer of 

adhesive. Take the intact (multi-layer) structure as an example, suppose Lamb wave propagates 

along the 𝑥 direction (Figure 1), and there is no displacement in the horizontal direction 𝑧 (i.e. 

only Lamb waves are investigated rather than shear horizontal wave). the geometry model can 

be simplified into a one-dimensional model along the thickness direction 𝑦 . COMSOL® 

Multiphysics PDE module (30) is adopted for the realization of SAFE. Quadratic elements with 

element size 0.03 mm are adopted to mesh the entire structure.  

 

The single aluminum and adhesive layers are 1.27 mm and 0.1 mm thick, respectively. The 

obtained dispersion curve of intact (Al-epoxy-Al 1.27 mm - 0.1 mm - 1.27 mm) and disbond 

(Al 1.27 mm) structures based on the material parameters (Table 1) is shown in Figure 2. As 

stressed by Puthillath et al. (31), in most regions there is a mode pair composed of two modes in 

the intact joint matching with one mode in the disbond case. Besides that, mode mis-match is 

displayed in three regions A, B, and C marked in Figure 2. Hence, the dispersion curve is 

divided into two groups, i.e., mode match and mode mis-match in terms of phase velocity. 
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Figure 1 Schematic of 3-D geometry model of bonded joint into simplified 1-D SAFE model. 

 

(a)  

(b)  

Figure 2 (a) Phase velocity and (b) group velocity dispersion curve of Lamb wave for 

Al-epoxy-Al bonded joint and single Al layer. 
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Table 1 Material parameter of aluminum and epoxy. 

 
Elastic modulus (GPa) Poisson’s ratio Density (kg/m3) 

Aluminum 73.1 0.33 2780 

Epoxy 1.2 0.33 1250 

 

2.2 Numerical Model of Wave Interaction with Disbond using FDFE 

The geometry model of wave propagation, excluding the horizontal movement in the 𝑧 

direction, can be simplified into a two-dimensional (2-D) plane strain model (Figure 3), which 

is modeled using FDFE. COMSOL® Multiphysics Frequency Solver (30) is used. The 

schematic of 2-D plane strain FDFE (Figure 3) inherently assumes pseudo-static (stationary) 

wave propagation. Body force is applied to generate Lamb wave with any desired 

mode-frequency combination. According to Normal Mode Expansion (18), for propagating 

modes, 𝑘𝑚 and 𝑘𝑛, 

 0,mnP m n     (1) 

where 

 
* *
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where 𝐯𝑚 and 𝐓𝑚 are the mode shape of velocity and stress component corresponding to the 

𝑚𝑡ℎ mode, respectively. []* is the conjugate operator. 𝐱 is the direction vector along the 𝑥 

direction, 𝑦 is the coordinate along the thickness direction. 

 

The parameter mnP  is related to the excitability of waveguide modes. Following a further 

derivation, according to Ref. (18), assuming a loading area applied within [𝐿1, 𝐿2] , the 

generated wave propagation of Mode 𝑛 along the positive 𝑥 direction can be expressed as 
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where 𝑎𝑛 denotes the wave amplitude, 𝑓𝑠𝑛 and 𝑓𝑣𝑛 are the applied surface and body loading, 

respectively. As there is no 𝑓𝑠𝑛  in the current model, only 𝑓𝑣𝑛  is considered, which is 

expressed as 
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Mode 𝑛 will be dominantly excited if the applied stresses 𝜎𝑥 and 𝜎𝑦 satisfy 
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, (5) 

where 𝜎𝑥,𝑛, 𝜏𝑥𝑦,𝑛, and 𝑘𝑛 are the normal stress component, shear stress component, and the 

wave number corresponding to Mode 𝑛, respectively. 

 

The implication of Equation (3) is as follows. (1) In the area 𝑥 ≤ 𝐿1, since 𝑥 is in the negative 

direction of [𝐿1, 𝐿2], no wave along the positive 𝑥 direction will be generated; (2) In the area 

𝑥 ∈ [𝐿1, 𝐿2], as 𝑥 increases, more loading will be involved to generate Lamb wave; (3) When 

𝑥 ≥ 𝐿2, the wave amplitude remains a constant, as all the loading is applied at the left side of 𝑥. 

According to the second implication, if the applied body force satisfies Equation (5), the longer 

length the body force is excited at, the stronger the excitability of the specified mode is (to be 

illustrated in Section 3.1). 

 

The model built in COMSOL® is illustrated in Figure 3. Perfectly matched layer (PML) is 

placed on both ends of the model, to absorb wave reflection. A void of 50 μm in thickness in the 

adhesive layer is created to simulate the disbond. Quadratic elements with element sizes 
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0.2 mm × 0.2 mm and 0.2 mm × 0.05 mm in the 𝑥 − 𝑦 plane are adopted to mesh the 

adherend and adhesive parts, respectively. The incidence and transmission areas are defined 

with the same length, to quantitatively estimate wave reflection, transmission and mode 

conversion before and after the disbond at Interface I and II, respectively. The detailed 

procedure of quantification based on Poynting vector (32) is performed as follows: 

1) Extract obtained velocity (𝑣𝑥 and 𝑣𝑦) and stress (𝜎𝑥 and 𝜏𝑥𝑦) from FDFE model 

with equal distance between each two neighboring extraction points along 𝑥 

direction; 

2) Obtain the frequency spectrum of both velocity and stress quantity using Fast 

Fourier Transform (FFT) 𝐹𝑣,𝑥, 𝐹𝑣,𝑦, 𝐹𝜎,𝑥 and 𝐹𝜏,𝑥𝑦; 

3) Calculate Poynting vector along the 𝑥 direction 𝑃𝑥 = 𝑟𝑒𝑎𝑙(𝐹𝑣,𝑥𝐹𝜎,𝑥 + 𝐹𝑣,𝑦𝐹𝑡,𝑥𝑦), in 

which the positive and negative values of 𝑃𝑥 represent the energy flow direction, 

i.e., energy transmission and reflection. For both energy transmission and 

reflection, mode conversion from the incident mode to other modes may occur, 

which can be quantified according to value of 𝑃𝑥. 

 

 

Figure 3 Schematic of 3-D geometry model of adhesive bonded joint into 2-D FDFE model. 
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3. Numerical Simulation Results and Discussions 

Both mode matched and mis-matched cases are analyzed separately using SAFE-FDFE, to 

guide the mode-frequency selection for disbond characterization. 

3.1 Analysis of UGW Interaction with Disbond Using Matched Modes 

Take Mode 3 excited at 1 MHz for the example of matched modes. The contour of in-plane 

displacement in the 𝑥 direction (Figure 4) shows that: (1) in the “body load” area, a gradual 

increase of displacement amplitude is observed, which agrees with the second term in Equation 

(3); (2) at the right side of the loading area, a stationary response is obtained, which agrees with 

the third term in Equation (3); (3) Mode 3 is the dominantly excited mode in the incidence area, 

as easily noted from the distribution of opposite in-plane displacement at the top and bottom 

adherent layers; (4) Mode 3 in the incidence area converts to Mode S0 in the disbonded area, 

which further converts to Mode 3 in the transmission area. This is further validated using 

energy flux expressed with Poynting vector: in both the incidence (Figure 5a) and transmission 

areas (Figure 5b), all the energy transmits as Mode 3 (blue curve in Figure 5a and b), and there 

is no energy reflected back (red curve in Figure 5a and b). Concluding all the energy 

distribution, when Mode 3 at 1 MHz is excited as the incident wave, the disbond does not exert 

any difference to the response signal compared with the intact case. 

 

 

Figure 4 Contour of in-plane displacement 𝑢𝑥 when Mode 3 is generated at area “body load”. 
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(a) (b)  

Figure 5 Power distribution when Mode 3 at 1 MHz is excited in the (a) incidence area, and (b) 

transmission area. 

 

A more direct physical insight of wave interaction with disbond is presented here. The mode 

shape of displacement for Mode S0 (Figure 6a) shows a remarkable similarity of mode shape 

to that of Modes 3 (Figure 6b) and 4 (Figure 6c). This similarity implies that if there exists a 

disbond, (1) the incident Modes 3 or 4 will convert to Mode S0 when entering the disbond area; 

(2) the converted Mode S0 in the disbonded area will further convert back to Modes 3 and 4 

when it exits the disbonded area. Following this mechanism, whether there is a disbond or not, 

the received wave signal will not show any discernable change, i.e., the mode pair is not 

sensitive to disbond defect. Hence, the mode-frequency combination in the group of mode pair 

match may not act as a good candidate for disbond characterization, which leads to the further 

analysis shifted to the group of mode pair mis-match, i.e., three regions, A, B, and C in the 

dispersion curve (Figure 2). 
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(a) (b) (c)  

Figure 6 Mode shape of displacement at 1 MHz: (a) Mode S0 at disbond area (single Al layer), 

and (b) and (c) Mode 3 and Mode 4 at bonded area (Al-epoxy-Al layer). 

 

3.2 Analysis of UGW Interaction with Disbond Using Mis-matched Modes 

Three regions with mis-matched mode pair (Figure 2) are further analyzed. Region A: Mode 2 

at 0.4 MHz – 0.6 MHz; Region B: Mode 9 at 2.9 MHz – 3.1 MHz; Region C: Mode 2 at 3.5 

MHz – 4.5 MHz. 

 

3.2.1 Region A 

Mode 2 at 0.52 MHz is selected for illustration. The energy distribution (Figure 7a) in the 

incidence area shows that there is no wave reflection. Besides, after disbond, most of the 

transmitted wave energy converts back to Mode 2, while little energy converts to Mode 1 

(Figure 7b). The energy distribution within the disbond (30 mm in length) shows that Mode 2 

converts to Modes A0 and S0, in which Mode A0 inherits most of the energy (Figure 7c). In 

order to improve the phase velocity resolution of energy distribution in the disbonded area, an 

artificial increase of disbond length to 300 mm is performed and analyzed, to clearly 

demonstrate that Mode 2 converts to Modes A0 and S0 (Figure 7d). This mode conversion can 

be easily understood from the mode shape of displacement as displayed in Figure 8. The 
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resemblance of mode 2 (Figure 8b) in the bonded area and mode A0 (Figure 8c) in the disbond 

area alludes to the smooth mode conversion from Mode 2 to A0 at the disbond interface I. And 

then a further mode conversion from A0 to Mode 2 occurs at the disbond interface II, as 

displayed in Figure 7b. Note that attributed to resemblance of mode 1 (Figure 8a) and mode A0 

(Figure 8c), the same conclusion applies to Mode 1 as the excited mode: Mode 1 converts to A0 

at Interface I, and then converts back to Mode 1 at Interface II. 

 

(a) (b)  

(c) (d)  

Figure 7 Power distribution when Mode 2 at 0.52 MHz is excited in the (a) incidence area, (b) 

transmission area, (c) disbond area (disbond length = 30 mm), and (d) disbond area (disbond 

length = 300 mm). 
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(a) (b) (c)  

Figure 8 Mode shape of displacement at 0.52 MHz: (a) and (b) Mode 1 and 2 at bonded area 

(Al-epoxy-Al layer), and (c) Mode 𝐴0 at disbonded area (single Al layer). 

 

The closeness of phase velocity between the incident wave and transmitted wave mode before 

and after both interfaces I and II usually implies a similarity of wave structure. In the phase 

velocity dispersion curve, Mode 2 at 0.52 MHz lies between Modes A0 and S0, and much 

closer to Mode A0, which implies the dominant mode conversion from Mode 2 to A0. A further 

frequency sweeping between 0.4 MHz – 0.6 MHz is performed, with energy ratio of each 

component in the disbonded area displayed (Figure 9a). Almost all the energy is transmitted to 

the disbonded area, and mode converted to Modes A0 and S0. The closeness of phase velocity, 

which in essence is the similarity of wave structure, plays the deciding role of mode conversion. 

From 0.4 MHz to 0.46 MHz, as Mode S0 is closer to Mode 2 compared with Mode A0 in the 

phase velocity dispersion curve, most energy is converted to Mode S0. When the frequency 

exceeds 0.46 MHz, Mode A0 occupies most of the transmitted energy. In a word, despite 

different mode conversion of the incident Mode 2 from 0.4 MHz to 0.6 MHz, almost all the 

energy finally converts back to Mode 2. Thus the transmitted energy amplitude is not affected 

by the disbond defect. 
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Another interesting phenomenon is the change of the time-of-flight with/without disbond. As 

discussed above, at Region A, Mode 2 in the bonded joint will convert to Mode S0/A0 in the 

disbonded joint, showing the increase of group velocity from Mode 2 to Modes S0 /A0 , 

respectively (Figure 9b). This increase in the disbonded (single-layer) joints caused by mode 

conversion gives a quantitative indicator to measure disbond size. Two merits of using wave 

time-of-arrival as disbond indicators are recognized that (1) the wave packet with an earlier 

wave time-of-arrival due to disbond offers a clear disbond indicator in the time domain; (2) 

compared with wave amplitude that is easily influenced by inconsistency of the transducer 

performance and coupling condition, wave time-of-arrival shows better robustness. 

 

To choose the optimal frequency range for disbond characterization, two factors are taken into 

account: (1) the wavelength should be small, which is exactly the same as the distance between 

two neighboring fingers of comb transducer (to be explained in detail in Section 4) embedded 

into the adhesive layer; (2) the arrival time in advance due to disbond should be remarkable. A 

quantitative description of the arrival time in advance is expressed as  

 
0 0

0 0

2 2

2 2

1 1 1 1
dis S A

g g S g g A

t l E E
c c c c

 

   

    
       

        

  (6) 

where disl  is the disbond length, 
0 02 /S AE 

 is the energy ratio of mode conversion from Mode 2 

to Mode S0/A0 , and 𝑐𝑔−2/𝑠0/𝐴0
 is the respective group velocity. Considering both the 

wavelength and arrival time in advance (Figure 9c), the frequency 0.52 MHz is chosen for the 

further experimental validation in Section 4. 
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(a)  

(b)  

(c)  

Figure 9 When Mode 2 at 0.52 MHz is excited (a) energy ratio of Modes S0 and A0 in the 

disbonded area, (b) illustration of group velocity increase from bonded to disbonded joints, and 

(c) wavelength of Mode 2 and combined arrival time in advance. 
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3.2.2 Region B 

The characteristic of wave in Region B defined in Figure 2 is further analyzed. A typical mode 

shape of displacement corresponding to Mode 9 at 3 MHz (Figure 10a) indicates that in this 

region, the in-plane displacement along the 𝑥  direction in the adhesive layer stands out 

compared with other displacement components, which is why there is no matched dispersion 

curve in the disbonded area (Figure 2a). The interaction of wave with a disbond of 30 mm is 

analyzed, whose result shows that (1) most of the energy is transmitted, except a small portion 

of energy reflection as Modes 9 and 6 (Figure 10b); (2) the incident Mode 9 converts to multiple 

modes (Figure 10c), the coexistence of which complicates the interpretation of received signals. 

In essence, the incident wave converts to several modes while encountering disbond, then after 

a propagation of 30 mm disbond length, all the converted modes with different energies and 

phases convert to the multiple transmitted modes. The theoretical details using an example of 

plate overlap can refer to Ref. (33). From the experimental point of view, it is hard to 

exclusively excite Mode 9 without exciting other surrounding modes (see the phase velocity 

dispersion in Figure 2a). In addition, in the experiment, as much energy is concentrated within 

the adhesive layer, the main contributor of viscosity in the bonded joint, wave attenuation is a 

severe issue as the frequency goes to several MHz. Thus this region is not selected as the 

candidate for experimental validation. 
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(a)  

(b) (c)  

Figure 10 When Mode 9 at 3 MHz is excited, (a) mode shape of displacement, (b) power 

distribution in the incidence area, and (c) power distribution in the transmission area. (disbond 

length = 30 mm) 

3.2.3 Region C 

Mode 2 at 4 MHz is taken as the example of Region C. Compared with the displacement mode 

shape of Mode 9 at 3 MHz in Region B, The displacement mode shape of Mode 2 at 3 MHz in 

Region C is further concentrated within the adhesive layer, as displayed in Figure 11a. The 

energy distribution of Lamb waves calculated through FDFE model shows that most of the 

energy is reflected back when disbond occurs (Figure 11b). In addition, the little amount of 

transmitted energy of Mode 2 to the disbond area is further converted to other modes (Figure 

11c). Several aspects may restrict the application of this mode-frequency combination from a 
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quantitative characterization of disbond: (1) Viscosity of epoxy is ignored in the current model. 

A higher frequency leads to a quicker attenuation, which has an adverse effect on effective 

detection length; (2) from the experimental point of view, as the wavelength is around 0.5 mm, 

the width of each finger of the embedded transducer has to be half of the wavelength, which is 

too small to be fabricated in the experiment; (3) as the increase of frequency, the controllability 

of exciting the specific mode-frequency combination is compromised, as other modes may be 

excited. After explicating the merits born using Region A, and disadvantage using Regions B 

and C, Region A is selected for further numerical and experimental investigation. 

(a)  

(b) (c)  

Figure 11 When Mode 2 at 4 MHz is excited, (a) Mode shape of displacement, (b) power 

distribution in incidence area, and (c) power distribution at transmission area. (disbond length = 

30 mm) 
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3.3 TDFE Validation of UGW Interaction with Disbond 

3.3.1 Simulation Setup 

A 2-D plane strain TDFE model (Figure 12) is built using ABAQUS® (34), to further validate 

the effectiveness of the mode-frequency combination Mode 2 at 0.52 MHz for disbond 

characterization. The disbond has a dimension of 30 mm × 0.05 mm, as set in the FDFE 

model. Four separate PVDF sheets are inserted into the adhesive layer at the left and right 

sides of disbond, to act as comb actuator and sensor, respectively. The acquired signal can be 

assumed as the superposition of 4×4 pitch-catch pairs with each of which composed of one 

actuator sheet and one sensor sheet. Thus, the comb shape transducers can be designed to 

enhance the sensitivity of the specific mode with a desired wavelength value, while 

suppressing the interference from other undesired modes. To optimally generate and receive 

Mode 2 at 0.52 MHz, the width of each gap between two neighboring PVDF’s comb electrode 

fingers is exactly half of the wavelength, 𝑖𝑒. 𝜆 2⁄ = 2.69 mm. The material parameter of 

PVDF is given in Ref. (35). No absorbing boundary layer is adopted in the TDFE model, of 

which the reason is to further compare the simulation result with experimental result in 

Section 4. A 3.5-cycle Hanning-windowed sinusoidal tone-burst at central frequency 0.52 MHz 

and peak-to-peak voltage of 100 V is applied at the top of actuator. 

 

 

Figure 12 Setup of TDFE model for Mode 2 at 0.52 MHz. 
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3.3.2 Simulation Results and Discussions 

Out-of-plane displacement contours of intact and disbonded structure at time instants 5 us, 10 

us, and 15 us are given in Figure 13. In the intact structure at time instants 10 us and 15 us, as 

the displayed out-of-plane displacements have opposite phases with respect to the middle plane 

of the bonded structure, it is easily noticed that Mode 2 is preferably generated via the dedicated 

design of comb transducer. At time instants 10 us and 15 us, both phenomena caused by 

disbond, i.e., faster wave propagation and wavelength decrease, are clearly shown, which verify 

the correctness of analysis via SAFE-FDFE. 

 

Furthermore, the comparison of the normalized received voltage signals between intact and 

disbonded joints shows a clear time-of-arrival difference (Figure 14): the received signal in 

the disbonded condition arrives around 5 μs  earlier than the intact condition, which 

qualitatively corresponds to the analytical data displayed in Figure 9c. Note that two 

fundamental differences exist between the two models built with TDFE versus SAFE-FDFE: 

(1) A dominant Mode 2 in a finite frequency band around 0.52 MHz is generated in TDFE, 

while a pure mode-frequency combination Mode 2 at 0.52 MHz is generated in SAFE-FDFE; 

(2) Waves from the boundary reflection exist in TDFE and may overlap with 

direct-arrival-wave, while PML in SAFE-FDFE absorbs the waves from the boundary 

reflection. Both differences indicate that the result from TDFE can only give a qualitative 

comparison with that from SAFE-FDFE. Despite that, the same observation result of an 

earlier direct-arrival-wave due to disbond is confirmed numerically via both TDFE and 

SAFE-FDFE from different analysis points of view. In addition, the advantage of TDFE is 

that the voltage signal in the time domain is directly obtained, which will be compared with 

the experimental result in Section 4. 
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Figure 13 Simulated out-of-plane displacement contour of intact and disbonded structure at 

time instants 5 us, 10 us, and 15 us by TDFE. 

 

Figure 14 Simulated time-domain signal comparison by TDFE between intact and disbond 

conditions for Mode 2 at 0.52 MHz. 
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4. Experiment 

4.1 Experimental Setup 

Experimental samples are prepared, in which separate flexible piezoelectric PVDF sheets of 

actuator and sensor are embedded in the adhesive layer. The dimension of the experimental 

sample follows exactly the same as that displayed in Figure 12. The detailed experimental 

steps are as follows: 

1) Top and bottom aluminium electrode layers with the designed dimensions (four 

electrically connected electrode fingers, width 2.69 mm, a gap of 2.69 mm between 

each electrode finger) are deposited and patterned on both surfaces of flexible 

piezoelectric PVDF sheets (52 µm thick, d33= -18 to -20 pm/V from Precision 

Acoustics Ltd) by E-beam evaporation with the aid of shadow masks. 

2) After the first layer of adhesive (with thickness of ~50 µm, Araldite AW106/HV953U) 

is applied to the parent structure, the PVDF sheets of actuator and sensors are placed 

at the assigned locations on top of the uncured adhesive, and then the adhesive is left 

to cure overnight at room temperature. 

3) To install the repair patch, a second layer of adhesive was applied via the film 

applicator and mask template to produce a final total adhesive thickness of ~100-150 

μm, after which the repair patch was positioned on top of the wet and uncured 

adhesive. To complete the fabrication of the disbond (if any), the patch is installed and 

the presence of disbond is simulated by creating a void region in the adhesive layer. A 

Polytetrafluoroethylene (PTFE) rectangular strip of 30 mm in width and 0.05 mm in 

height is positioned on the second layer of wet, uncured adhesive. Then the patch is 

installed. 

4) The PTFE strip is extracted after the adhesive is fully cured to create a void region as 

the simulated disbond. 
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With these four steps above, the transducer was in situ integrated with the bonded structure, 

with/without disbond, enabling the ultrasonic testing to differentiate the influence of disbond 

on wave propagation. 

 

Ultrasonic testing is conducted, as illustrated in Figure 15. Two kinds of signals are excited 

through the function generator (Tektronix AFG3101), i.e., continuous sinusoidal signals 

(frequency 0.52 MHz) and 3.5-cycle Hanning-windowed sinusoidal tone-burst (central 

frequency 0.52 MHz), and then amplified to 𝑉𝑝−𝑝 = 100 V through power amplifier (NF 

Electronic Instruments 4010). The ultrasonic guided waves are generated via the embedded 

PVDF sheet actuator and propagate through the intact/disbonded joint. When the continuous 

sinusoidal signal is excited, laser scanning vibrometer (LSV) (PSV-400, Polytec) records the 

ultrasonic waves-induced out-of-plane displacement in the structural sample. To obtain 

time-domain experimental waveform in comparison with numerical results in Figure 14, 

3.5-cycle Hanning-windowed sinusoidal tone-burst is adopted. The generated ultrasonic 

guided wave propagates in the structural sample, and then is acquired with the embedded 

PVDF sheet sensor. Finally, through the voltage pre-amplifier (Stanford Research Systems 

SR560), the waveform is displayed on the oscilloscope (Tektronix TDS3052C). 
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Figure 15 Schematic sketch of experimental setup for ultrasonic testing of sample comprising 

flexible PVDF sheets of actuator and sensor embedded in the adhesive. 

 

4.2 Results and Discussions 

Using the continuous sinusoidal excitation (frequency 0.52 MHz), the experimental LSV scan 

result for a sample with disbond is superposed on the disbonded sample, as displayed in 

Figure 16a, in which the out-of-plane displacement along the dotted center line of the 

propagation path detected by LSV is extracted (Figure 16b). The average wavelength 𝜆𝑎 

shows a decrease from 5.45 mm in the Al-epoxy-Al bonded area to 4.07 mm in the 

single-layer disbonded area (corresponding to a decrease of phase velocity from 2834 m/s to 

2116 m/s). The high matching between the theoretical and experimental phase velocities of 

Modes 2 and A0 (listed in Table 2) validates the correctness of the theoretical analysis that 

Mode 2 is generated and then converts to Mode A0 in Section 3.2.1. 
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(a)  

(b)  

Figure 16 (a) Results of 2-D laser scanning vibrometry showing instantaneous out-of-plane 

displacement of the scan area on the patch and (b) out-of-plane displacement along the LSV 

dotted scanning line. 

 

Using the 3.5-cycle Hanning-windowed sinusoidal tone-burst excitation (central frequency 

0.52 MHz), both the raw and filtered signals acquired with the flexible PVDF sheet sensors 

from the intact and disbonded joints are compared in Figure 17. The raw UGW signals 

(Figure 17a) are severely obscured by low-frequency noise and electromagnetic crosstalk. 
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After the screening process (removing the crosstalk and using a Butterworth band filter of 450 

kHz ~ 590 kHz), the direct-arrival wave of the disbonded structure shows an obvious early 

arrival compared with that of the well bonded intact structure (Figure 17b). Finally, Hilbert 

transform is conducted to obtain the wave packet (Figure 17c), showing ~12 us early arrival 

of direct-arrival UGW between the disbonded and well bonded structure. This early arrival 

reflects a qualitative agreement with simulation results in Figure 9c and Figure 14, which 

further validates the increase of group velocity at 0.52 MHz because of mode conversion from 

Mode 2 to Mode A0 at the disbond location. Note that due to the manufacturing variance of 

each testing sample, the variance of signal amplitude between the intact and disbonded 

structures can hardly give any reliable identification whether disbond occurs or not. In 

contrast to the signal amplitude, the arrival time of the direct-arrival-wave is less influenced 

by the manufacturing variance, thus offering a more robust indicator of bonding integrity. 

 

A discussion regarding the generality of time-of-flight-based disbond detection is given here. 

Since the elastic modulus of adhesive is much smaller than that of adherend, it is common to 

see that as the frequency increases, the phase velocity of Mode 2 in the bonded joint drops 

sharply from the velocity of Mode S0 to the velocity of Mode A0 in the single adherend layer. 

In another word, when the adherend and adhesive are with different materials and thicknesses, 

the time-of-flight change for disbond detection is still applicable, as long as a similar region to 

Region A in Figure 2 exists. Hence it is not restricted to this specific bonded joint analyzed in 

the research. 

Table 2 Comparison of experimental and theoretical values of phase velocity at 0.52 MHz. 

 
Mode 2 A0 

Theoretical 𝒄𝒑 (m/s) 2813 2073 

Experimental 𝒄𝒑 (m/s) 2834 2116 

Difference 0.7% 2.1% 
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(a)  

(b)  

(c)  

Figure 17 Experimental signals between intact and disbonded structures with embedded PVDF 

actuator/sensor, (a) raw signal, (b) filtered signal, and (c) wave packet of filtered signal. 
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5. Conclusions 

An in situ disbond detection of bonded joint based on time-of-flight change of low-frequency 

UGW is realized with embedded flexible PVDF comb transducers. The hybrid SAFE-FDFE 

model is developed in this paper, to analyze UGW propagation in adhesive bonded metallic 

joint and its interaction with disbond. The dispersion curve obtained by SAFE is divided into 

two respective groups with matched and mis-matched modes between bonded and disbonded 

areas. Based on analysis of SAFE-FDFE, it is discovered that the mode-frequency combination 

within the group of matched modes can hardly be used for disbond detection, as no significant 

signal difference can be extracted between intact and disbond joints. In contrast, the 

mode-frequency combination within the group of mis-matched modes is able to offer 

substantial signal difference, i.e., mode conversion or variation. Considering the neglect of 

adhesive viscosity in the current SAFE-FDFE model, the modes with energy concentration on 

the adhesive layer may have a strong attenuation and is yet to be utilized for disbond detection 

in this research. Finally a proof-of-concept experimental model with embedded flexible 

piezoelectric PVDF transducers is fabricated to in situ preferentially generate Mode 2 at 0.52 

MHz. The experimental result well characterizes the disbond according to comparison of the 

time-of-flight of the direct-arrival-wave between intact and disbonded condition. Compared 

with conventional signal amplitude-based disbond detection using high-frequency UGWs, the 

time-of-arrival-based one using low-frequency UGWs features better controllability of wave 

excitation, less wave attenuation, and higher robustness to resist interference from experimental 

operation and environmental variation. The authors are also developing adhesive layer with 

piezoelectric effects to replace the PVDF sheet transducer in the current research, blazing the 

path towards a real time and in situ monitoring of bonding quality in the near future.  
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