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Abstract  

 

Structural Health Monitoring Systems are being 

highly investigated to evaluate the health of a structure 

and detect any damages occurring in real time. Such 

systems require intensive data analysis which gets 

even more intricate when working with complex 

structures due to undesirable boundary wave 

reflections. Guided wave signals are normally mixed 

with reflected signals from structural boundaries 

which makes it difficult to identify and localize 

damages. In this work, COMSOL Multiphysics® was 

used to better understand the reflection phenomenon 

of guided Lamb waves in complex isotropic structures 

and how such waves could be studied to characterize 

a damage. Aluminum plates with different sizes and 

shapes were modeled using the Structural Mechanics 

Module and coupled with different piezo-ceramic 

transducers acting as actuators and sensors to stimulate 

and sense first order Lamb wave modes. Recorded 

signals were analyzed and decomposed into incident, 

reflected, and mode changing packets. Simulation 

models were validated by experimental measurements 

and good agreement was achieved. Such analysis is a 

step forward to better understand the propagation of 

incident and reflected Lamb waves in thin solid 

structures.  

Introduction 

Waves travel through solid material while 

transferring disturbing energy that carries various 

information regarding the medium without 

transporting any mass in it. These propagations cause 

deformations that are reversed by “Restoring forces” 

[1, 2]. The carried information by these waves is often 

used in ultrasonic non-destructive testing (NDT) for 

material characterization and damage detection. 

Aerospace and automotive industries are expected to 

increasingly use these techniques in the upcoming 

years to detect damages in their complex structures 

[3]. One of the most reliable tests in research 

applications is the use of ultrasonic Lamb waves in 

thin-plate structures. 

Lamb waves are known for their presence in thin solid 

plates. Mathematical physicist, Horace Lamb, first 

described these waves in 1917 as elastic waves [4] 

causing particles to move in- and out-of-plane (parallel 

and normal) with respect to the direction of 

propagation. These waves travel across the plate by 

reflecting off the upper and lower boundaries of thin-

like structures. Two sets of infinite Lamb wave modes 

are thus generated making the properties of these 

waves very complex. In the last two decades, the 

increase of computational method capabilities allowed 

researchers to understand Lamb waves better and their 

usage thus increased in NDT applications. 

Draudviliene and Mažeika [5] and Park et al. [6] 

showed the importance of decomposing lamb waves 

modes in aluminum plates through different 

techniques including spectrum decomposition and 

group velocity and amplitude ratio rules, respectively. 

Harb and Yuan [7, 8] have also demonstrated 

experimentally, theoretically, and computationally 

using COMSOL the characterization of Lamb waves 

in isotropic plates using noncontact air-coupled/laser 

ultrasound method. Usage of Lamb waves for 

structural health monitoring (SHM) and damage 

detection by scattered waves’ theory was also 

presented by various studies including Ghadami et al. 

[9] and Dushyanth et al. [10]. 

Several other authors worked on the transmission and 

reflection of Lamb waves from free boundaries of thin 

plates. Santhanam and Demirli [11] decomposed the 

signals of edge reflected obliquely incident Lamb 

waves in semi-infinite plates using collocation 

method. Muller et al. [12] used post-processing 

methods on the S0 mode to study the reflections in 

aluminum plates using pitch-catch configuration from 

multiple Lead-Zirconate-Titinate transducers (PZTs) 

that are placed radially to form a circular network. 

Gerardin et al. [13] also showed the increase of the 

negative reflection from a free edge using Lamb waves 

in thin aluminum plates. 

This work studies the behavior of the first order 

symmetric (S0) and anti-symmetric (A0) Lamb wave 

modes in flat, single-side bent, and two-side bent thin 

aluminum plates experimentally and Numerically 

using COMSOL Multiphysics [14]. The results from 

COMSOL Structural Mechanics Module are 

compared against each other to determine the effect of 

each bent boundary on the propagating waves. They 

are also compared with their respective experimental 
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counterpart to evaluate the accuracy of COMSOL in 

predicting reflected waves from boundaries or 

damages. The current study, modelled in 3-D, shows 

contours of the wavefields representing the wave 

velocity components for each plate to trace and 

demonstrate each wave packet. 

The paper starts by briefly describing the basics of 

Lamb waves and their behavior in thin isotropic plates. 

Then the experimental setup and materials used are 

presented followed by an explanation of the numerical 

model using COMSOL. The behavior of the waves in 

simple and complex metallic structures is analyzed by 

presenting and comparing the acquired signals from 

different case studies in COMSOL and experimental 

validation. A damaged plate case is also presented and 

results analyzed to predict the accuracy of a COMSOL 

Digital-Twin structure to a real structure. Future work 

including the study of a complex carbon fiber 

composite wing spar will be conducted.    

Fundamentals of Lamb Waves 

SHM systems using piezoelectric transducers are 

usually based on two main wave paths studied which 

are the directly arrived signal and reflections from 

edges, bent edges and damages. It is difficult to 

separate these wave paths experimentally especially 

since the boundary reflections makes it hard to localize 

or identify the damage. Lamb waves are dispersive 

waves which means that the wave velocity varies with 

the frequency and the plate’s thickness, generating 

different wave modes anti-symmetric Ai where 

i=0,1,2,3, etc. and symmetric wave modes Sj where 

j=0,1,2,3, etc. The symmetric wave modes have in 

plane direction parallel to the wave propagation 

direction while the anti-symmetric modes have a 

particle motion perpendicular to the direction of the 

wave propagation. Reflections of the modes become 

difficult especially with high frequencies since each 

mode is split into more than one mode after reflection 

from the boundaries. However, for low frequencies 

where the only existing modes are A0 and S0 the 

reflection of A0 remains A0 with the same angle of 

incident and S0 is split into S0 and shear wave (SH0) 

modes with the S0 having the same reflected angle as 

the incident and that of SH0 is smaller than the angle 

of incidence of S0. Harb and Yuan [7] discussed that 

Lamb waves can be effectively modeled by using 

traction-free surface boundary conditions on the 

equation of motion and that introduces the dispersion 

phenomenon. This phenomenon for a plate placed in 

vacuum bounded by surface layers 𝑧 = ±
ℎ

2
  where h is 

the plate thickness and extended infinitely in both the 

x and y directions for a linear, homogenous and 

isotropic elastic plate is 
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where 𝛾 represent the S and A lamb wave modes for 

values 0 and  
𝜋

2
 respectively. 

𝑝2 =
𝜔2

𝐶𝐿
2 − 𝑘2 and  

𝑞2 =
𝜔2

𝐶𝑇
2 − 𝑘2 

where 𝑘 is the wave number, 𝜔 is the angular 

frequency, CL and CT are respectively the longitudinal 

and transverse velocities of the bulk material. 

Experimental Setup 

The experiment was conducted on three aluminum 

1050 plates of different sizes and geometries, as shown 

in Figure 1 with the following properties: E = 71 GPa, 

υ = 0.33, and ρ = 2710 kg/m3. A set of five circular 

PZTs, each having a dimension of 10 mm diameter and 

1 mm thickness, were bonded to the surface of each 

plate along the horizontal line of symmetry as shown 

in the same figure in a pitch-catch configuration.  

A Keysight 33500B signal generator was used to 

generate a low bandwidth five-peak Hann-windowed 

tone-burst signal which was fed into a broadband 

linear amplifier (Piezo System Inc. EPA-104) to 

overcome Lamb wave attenuation. The amplified 

signal plotted in Figure 2 was then applied to the PZT 

discs. Upon excitation, Lamb waves were generated in 

the plate which were then measured by the other PZT 

sensors and recorded using a Keysight InfiniiVision 

DSO-X 3024A digital storage oscilloscope. The full 

experimental setup is shown in Figure 3.   

Based on the theoretical group velocity dispersion 

curve and amplitude tuning curve found 

experimentally and using Wavescope Software [15] 

shown in Figure 4, the magnitudes of the firstly arrived 

A0 and S0 waves were compared to each other with 

respect to the center frequency of the excited waves. It 

was found that at around 90 kHz the A0 reached high 

amplitude when compared to S0 while at 200 kHz the 

S0 mode reached a maximum where A0 was 

diminished. Based on this result and for the ease of the 

experiments, the chosen frequencies for our study 

were 100 kHz and 200 kHz.  
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Figure 2. Input five-peaked Hann-windowed tone-burst 

signal 

 

Figure 3. Experimental setup  

In each of the three plates, PZT 2 from the left side of 

the plate acted as an actuator while PZT 5 measured 

the propagating wave. The computed signals at each 

frequency (100 and 200 kHz) were then recorded and 

plotted against each other. Data from Waveform 

Revealer [16] were treated as baseline signals since it 

does not account for any reflections nor attenuation 

from the material and present PZTs. Plate 1 was 

studied to understand the reflections from free-edge 

boundaries while data from Plates 2 and 3 were used 

to characterize reflected waves on bent edges in 

metallic plate-like structures. 

Figure 5 shows the difference between the actual 

signal (experimental), the numerical model 

(COMSOL) and the theoretical signal (Waveform 

Revealer). The latter is based on the diameter of the 

two PZTs, the actual distance between them, the plate 

 

Figure 4.  Group velocity dispersion curve (top) and 

amplitude tuning curve (bottom) of Aluminum 1050 plate 

 

Figure 5. Experimental and COMSOL results compared to 

Waveform Revealer results for plate 1 at 100kHz 

1 2 3 4 5 
1 2 

1 

3 4 5 
2 3 4 5 

Figure 1. Actual and modelled Aluminum 1050 plates 
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thickness and the material properties. It is noticed that 

the signals from the numerical model and experiments 

were very close when normalized with respect to the 

maximum Voltage. The theoretical signal however, 

had a higher amplitude especially for the first received 

mode (S0) which was mainly due to the presence of 

two PZT discs between the actuator and sensor in the 

experiment and COMSOL model which affects the 

amplitude of the propagating signal. 

Numerical Model 

In order to analyze and visualize the interaction of 

Lamb waves with boundaries, a guided wave 

propagation was emulated based on a three-

dimensional (3D) finite element software, COMSOL 

Multiphysics was used for this analysis. The plates and 

PZTs used in the experiments were 3D modeled using 

Structural Mechanics Module with Piezoelectric Solid 

Interaction physics.  The material of the plate and PZT 

discs were chosen as Al-1050 and PZT-5H, 

respectively.   

The actuating PZT discs attached to the plates were 

actuated by the same input signal generated by the 

wave generator in the experiment section. The 

amplitude was modified to match the experimental 

input amplitude so that the results can be easily 

compared. The signal was applied to the PZT face as 

an electrical potential. 

Mesh 

The geometry of each plate was divided into three 

different regions as shown in Figure 6. Most of the 

plate was considered to have quadrilateral elements 

that was mapped and swept to have an optimum 

computational time; since these cubic elements have 

the best quality at lower number of elements. The 

PZTs had to be taken as free tetrahedral elements since 

they are considered as complex geometries. Hence, the 

region between the two had to have nodes that match 

both previous regions, which is why it was specified 

as triangular elements to bond with the tetrahedral 

elements above it and swept into prism elements 

within the thickness to bond with the hexahedral 

elements next to it. 

One of the most significant parameters in the 

implementation of COMSOL is the mesh density. 

Increasing the density improves the accuracy, but 

increases the computational complexity of the model. 

Different maximum element sizes were tested in order 

to choose the optimal mesh density as presented in 

Table 1. In the case of wave characterization, the 

maximum element size (Δ𝑥𝑚𝑎𝑥) should be chosen in 

accordance with the wavelength of the excited 

wave (𝜆) according to the equation Δ𝑥𝑚𝑎𝑥 =  𝜆/𝑟 

where r = 1, 2, 3, n is the wavelength-element size 

ratio. The wavelength was calculated based on the 

following equation 𝜆 = 𝑣/𝑓 where v is the excited 

wave phase velocity in (m/s) and f is the frequency of 

excitation in (kHz). For an excitation wave of 100 kHz 

center frequency, the wavelength was    

𝜆100 =
𝑣

𝑓
=

1551𝑚/𝑠

100 𝑘𝐻𝑧
 = 15.51 𝑚𝑚. 

 

Figure 6. Mesh plot and meshed regions of Plate 2 in 

COMSOL model 

According to the obtained results, it has been realized 

that the data was varying as the wavelength-element 

size ratio varied between 10 and 20. It is known that 

the element size and the computational time are 

inversely proportional and based on the results, the 

chosen mesh was of ratio 15 which resulted in an 

acceptable steady solution. In addition, the time step 

used in the COMSOL model was 2.5 ×
10−7 𝑠𝑒𝑐 which is far below the reported value used in 

literature [17]. 

Results 

Although the experiment was based on two PZTs, an 

actuator and a sensor, the experimental plates 

contained five PZTs each. Hence, the COMSOL 

model was built with the additional PZTs to efficiently 

represent the experimental plates. The absence of the 

un-used PZTs affected the results obtained as shown 

in Figure 7. Therefore, for the rest of the numerical 

simulations, all the PZTs were considered to mimic 

their effect in the experiments. 

Table 1. Maximum element size and number of elements  

 𝒓 𝚫𝒙𝒎𝒂𝒙 (mm) Elements 

Mesh 1 10 1.551 99165 

Mesh 2 12 1.292 134080 

Mesh 3 14 1.107 178105 

Mesh 4 15 1.034 202816 

Mesh 5 16 0.968 228197 

Mesh 6 17 0.912 256669 

Mesh 7 20 0.775 353236 
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Figure 7. The effect of additional PZT discs placed 

between actuator and sensor 

Two sets of results were obtained for each of the three 

plates from the two used frequencies. For each plate 

and at each excitation frequency, the experimental and 

numerical results were plotted as shown in Figures 8, 

9 and 10. In all plates at 100 kHz, the two signals 

matched to a great extent except for the third packet 

which as shown in the figures had a higher amplitude 

in COMSOL. As for the 200 kHz excitation frequency, 

the results show a good match between the direct 

incident signals but a variation of amplitudes for the 

reflected wave packets. 

The difference in the third packet at 100 kHz from 

experimental to numerical data is mainly due to the 

fact that this reflection passes through all five PZTs 

while returning from the left to the right side. In 

reality, damping from PZTs causes more attenuation 

in the signal and therefore reduces the amplitude of 

this packet. The same thing could be said for the fourth 

packet of plate 3 at this frequency. As for the 200 kHz 

frequency, since S0 was the more dominant mode, and 

since it has a much higher speed than A0, the signal’s 

wavelength is lower and therefore the effect of the 

PZTs is even higher in real life situations. COMSOL 

might need additional information about the damping 

of the air around the plate and the glue attached to the 

PZTs which also causes changes to the sensed signals. 

The wavefields of the velocity obtained using 

COMSOL, in x, y and z directions representing in- and 

out-of-plane velocities for the waves, simplified the 

decomposition of the signal and the packets of the 

collected signal and their sources can be identified 

easily. The sensed signal from PZT 5 excited by PZT 

2 at 100 kHz is plotted in Figure 11. It is noticed that 

the first packet is a combination of both S0 and A0 

modes of the first arrived signal. Their out-of-plane 

wavefield (velocity contours in the z-direction) is 

shown in Figure 12 where S0 and A0 are clearly noticed 

and marked. The second packet is the reflected signal 

of the A0 mode from the top, bottom and right side in 

addition to a reflected S0 signal from the left side of 

the plate. The third packet shows the first reflection of 

A0 from the left side of the plate and the fourth packet 

refers to the second reflection of A0 from the top and 

bottom sides. Other reflections from different angles 

could also be present but with much smaller 

amplitudes and could not be clearly seen from any of 

the plotted wavefields. It is thus noticed that the 

complexity of measured Lamb waves is due not only 

to multi-mode excitation but to free-edge reflections in 

small plate.  

 

Figure 8. Experimental vs COMSOL results for both 

frequencies of 100 and 200 kHz for plate 1 

 

Figure 9. Experimental vs COMSOL results for both 

frequencies of 100 and 200 kHz for plate 2 

 

Figure 10. Experimental vs COMSOL results for both 

frequencies of 100 and 200 kHz for plate 3 
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To study the effect of the bent edge(s) in plates 2 and 

3, the signals obtained from COMSOL at 100 kHz 

excitation frequency were compared to plate 1 to 

detect their influence on the signal and separate it from 

the boundary reflections. The wave envelopes in each 

plate were drawn as shown in Figure 13 and 14. The 

envelopes matched greatly except for two main time 

intervals. These intervals are investigated through the 

wavefields of each plate in the z-direction, since A0 is 

dominant in this frequency. The second packet or P2  

in Figure 14 shows higher amplitude for plate 1 when 

compared to the two other plates. The reason behind 

this difference in amplitude is shown in Figure 15 

where the reflection of A0 from the right bent edge 

shown from the wavefield of plate 2. This reflected 

signal diminishes the effect of the transmitted one all 

the way to the right edge which is full in capacity in 

plate 1 and makes the amplitude of the right reflection 

from A0 at P2 time interval higher in plate 1. 

 

Figure 12. Out-of-plane velocity wavefield showing 

excited S0 and A0 modes 

The second difference is shown in the fourth packet or 

P4. This time plates 1 and 3 have the same low 

amplitude compared to plate 2. The first part of this 

packet is from the second reflections of A0 from top 

and bottom sides, this is the same for all plates. 

However, the second part of this packet is only noticed 

in plate 2 due to the two bent edges and the reflected 

and transmitted waves from both edges. Figure 16 

shows the four reflections that hit the sensor at this 

time interval which are only detected in plate 2 at this 

specific time. Plate 1 does not have the bent edges at 

all and plate 3 has a longer distance at its right side 

bent edge which also does not allow these reflections 

to hit the sensor at the time given. This analysis from 

COMSOL allowed the bent edges and their effect on 

transmission and reflections to be shown and studied 

more profoundly than only theoretically. 

 

Figure 13. Measured signal and envelope tracing 

Figure 11. Sensed signal in Plate 1 divided into packets where every packet is specified based on the obtained wavefield 
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Figure 14. Measured signal envelopes for each plate  

 

Figure 15. Reflection and transmission wavefield from the 

right side bent-edge in Plate 2  

 

Figure 16. Four pathway reflections in plate 2 

Damage Detection 

A damage in plate 1 was represented numerically by a 

20 mm x 20 mm x 2 mm groove located in the middle 

of the plate below the third PZT as shown in Figure 

17. Similar analysis to the previous study was also 

used on the damaged plate with an excitation signal of 

100 kHz center frequency. The measured signal by the 

sensing PZT 5 were plotted in Figure 18 against the 

signal from the pristine plate and a clear change in the 

signal was noticed which informs of the existence of a 

discontinuity in the plate. The signal of the damaged 

plate is clearly lagging with respect to that of the 

undamaged plate. In addition, the second packet had a 

clear lower amplitude which was directly caused by 

the presence of this damage. Figure 19 shows how the 

reflection from the bottom side is not received with the 

reflections from the top and right sides as in previous 

results from plate 1. It is also important to note that 

wavelength of A0 wave at 100 kHz was 15.51mm 

which is smaller than the embedded damage.  

 

Figure 17. Plate 1 with a 20 mm x 20 mm x 2 mm grooved 

damage 

 

Figure 18. Results of plate 1 for a damaged plate vs an 

undamaged plate 

 

Figure 19. The received reflections at 100 µs from plate 1 

with damage 

Conclusion 

In this paper, a COMSOL Digital-Twin structure is 

studied by comparing experimental data to numerical 

simulations performed on the Structural Mechanics 

module in COMSOL Multiphysics. Lamb waves in 

isotropic Aluminum plates were studied to decompose 

incident, reflected and scattered wave packets from the 

received signals. The comparison of the experimental 

results with that obtained from COMSOL matched to 

a very good extent. Every wave mode and reflected 
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packet was decomposed by analysing the wavefield in 

the out-of-plane velocity. Moreover, plates with bent 

edges were studied and their wavefields showed that 

these bends partially reflect some of the incident wave. 

Characterization of damage is also modelled and 

briefly studied to determine its effects on the received 

signal. Such analysis is a step forward to better 

understand the propagation of incident and reflected 

Lamb waves in thin solid structures. Further studies 

will be held for more complex bent structures such as 

a carbon fibre wing spar that includes several bent 

edges and discontinuities. 
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