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Abstract
In plate-like structures, ultrasonic waves propagate as
Lamb waves. Their use is important for many appli-
cations from non-destructive testing to structural health
monitoring. Efficient simulation tools contribute to a sig-
nificant value add e.g. in designing systems for these ap-
plications. Under which conditions an acceptable accu-
racy of these models with affordable computational costs
can be achieved is an open question. Many of these ap-
plications include the usage of a plane wavefront, sim-
ulated in 2D crossesctional models to reduce complex-
ity. In this contribution, a comparative case study be-
tween simulations and experiments is presented. The
aim is to verify and compare a 2D cross-sectional model
with experimental data. The experimental setup for this
case study consists of an aluminum plate. A rectangu-
lar piezoelectric transducer is mounted for guided wave
excitation. A laser Doppler vibrometer (LDV) measures
out-of-plane velocities on the plate. A 2D cross-sectional
model based on the Scaled Boundary Finite Element
Method (SBFEM) is used to simulate the wave propa-
gation of the experimental setup. The first data points
near the transducer are used to fit the excitation trac-
tions of the model, while additional points further away
from the source are used to validate the model. The
comparison between the recorded measurements and the
simulated velocities shows a high degree of compatibility.

Introduction
In the field of non-destructive testing and structural
health monitoring, the modeling of the excitation and
propagation of Lamb waves is of high interest. At least
two modes are excitable at each frequency, and the num-
ber of propagating modes increases with frequency. This
results in a more complex behaviour of the guided wave
modes.

Accurate numerical modelling of Lamb wave propagation
in structures remains a challenge. Although the well-
established Finite Element Method (FEM) can generally
model wave propagation phenomena in solid media, the
problem lies in the small wavelengths of guided waves
compared to the typically large dimensions of the struc-
ture to be modelled. The high frequencies in the ultra-
sonic range require a small time step for transient anal-
ysis. Finally, the spatial and temporal discretisations

must be fine enough to resolve the high frequency at
which Lamb waves are excited and to capture the short
wavelengths. For these reasons, the use of the FEM
method is computationally expensive.

SBFEM is a relatively new method that combines
many of the advantages of FEM and Boundary Ele-
ment Method (BEM). It has been developed over the
last 15 years. This paper presents a case study using the
SBFEM to simulate the propagation of guided waves in
aluminium plate-like structures using a 2D model. First,
the SBFEM theoretical background is touched, before de-
scribing the case study setup with experiment and simu-
lation setup. Afterwards, the results of experiment and
simulation are presented and discussed.

SBFEM: Theoretical background
The SBFEM is a semi-analytical method for solving lin-
ear partial differential equations [1]. Here it is used to
simulate the out-of-plane velocities at the surface of the
plate by approximating the displacement in the linear
elastic wave equations in the frequency domain with van-
ishing body loads. The geometry is first subdivided into
smaller parts called super elements for the approximation
computation. A finite element mesh partially describes
the boundary of the super elements. These parts of the
boundary define the geometry of the super element due
to a scaling coordinate transformation. A semi-analytical
approach is derived from this name-giving scaling coor-
dinate transformation and utilized to derive a frequency-
dependent linear system of equations, where the displace-
ment at the finite element nodes are the degrees of free-
dom. The right-hand side of the linear system of equa-
tions is computed by integrating the tractions on the fi-
nite elements. The SBFEM is particularly efficient for
the approximation of the linear elastic wave equations
in the frequency domain since the degrees of freedom are
only related to the nodes of the finite element mesh on the
boundary of the super elements. The interested reader is
referred to references [2, 3, 4] for a detailed derivation of
the SBFEM for this problem.

The case study
This case study aims to directly compare a measurement
and a 2D simulation with the SBFEM for planar-guided
wave propagation. This section starts first with the ex-
perimental setup and measurements devices and proce-
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dures. Then the 2D simulation model and the calibration
of the input force are briefly described.

Experimental setup
The experimental design for this case study consists of
an aluminium plate with dimensions of 300 mm x 300
mm x 2 mm and a rectangular piezo electric wafer active
transducer (PWAS) from PI Ceramics (PIC255, 30mm x
10mm x 1mm) placed 100mm in the horizontal direction
away from the centre of the plate, as shown in Figure 1.
The red rectangle represents the transducer.
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Figure 1: Experimental layout, the red rectangle represents
the PIC255 transducer, and the violet and green dots repre-
sent the grid points of the LDV measurements

The measurement device employed in this study com-
prises a digital infrared laser doppler vibrometer (LDV)
from Optomet, NB-DF Nova Basis with D-VD-1N en-
coder and dual fiber head with a short-range objective.
The LDV system is mounted on a table that is capa-
ble of two-axis movement. The signal is generated by a
TiePie Handyscope HS5, also used as an oscilloscope for
the LDV-signal and amplified by a functional amplifier.
A further description can be found in the reference [5],
which use the same measurement setup.

The excited signal is characterized by a cosine tone burst
signal of five cycles, which has been windowed using a
Hanning window. The case study is analyzed under two
central frequencies, 80 and 240 kHz. Finally, the maxi-
mum amplitude is amplified to 70 V.

The LDV measures the generated wave field with its out-
of-plane velocities in one direction on the plate at grid
points, which are represented by violet and green dots
in four rows in Figure 1. Figure 2 shows the wave prop-
agation over the whole grid. Thanks to the width of
the transducer perpendicular to the wave propagation
direction, the wavefront is nearly planar. The planar
wavefront is essential for the comparison since it is the
modeling assumption to reduce the 3D to the 2D prob-
lem. Moreover, the mean value of each column of the
grid is considered to describe the wave propagation at
the horizontal center axis. By forming the average, the
planar part of the wave is further amplified compared to
the non-planar parts of the wave.

Figure 2: Wave propagation at 80 kHz

Figure 3 depicts the results of LDV grid measurements
at 80 kHz. Notably, a decrease in the measured ampli-
tude is observed over time, which may be attributed to
the geometric spreading of the wave and damping effects.
Importantly, this characteristic is observed in both the 80
and 240 kHz measurements.

Figure 3: The Normalized velocity versus time view of the
grid measurements at 80 kHz

Simulation model
A two-dimensional model is utilized for simulating the ex-
periment. The model represents the cross-sectional area
of the plate at the center axis, measuring 300 mm in
length and 2 mm in thickness. The SBFEM is employed
to mesh the transducer location and LDV grid to com-
pare the wave propagation in the experimental setup to
the simulation model, as illustrated in Figure 4.

Figure 4: 2D model and SBFEM mesh

Material model with damping effect

The SBFEM model is computed with an isotropic elastic
tensor C under plane strain assumption and a density
of 2.699 gcm−3. Based on the observations presented
in Figure 3, it can be inferred that the amplitude of
the experimental results exhibits a decrease over time,
suggesting the presence of damping effects. To account
for these effects in 2D cross-sectional models, material
models employing complex values are commonly utilized.
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Such models can be mathematically represented by the
following equation:

C = (1− ζ i) · Cr, (1)

where Cr represents the real elasticity tensor determined
by the material parameters, i the imaginary unit, and ζ
denotes the damping parameter, which is set to 0.03 for
the 80 kHz excitation and 0.003 for the 240 kHz excita-
tion. The Young’s modulus E of the real elasticity tensor
is 70 GPa, the Poisson ratio ν is 0.34. This approach
leads to an accurate representation of the behavior of
the material under investigation.

Input force

The input force constitutes a significant challenge in this
project. During the experimental phase, a voltage sig-
nal is applied to the transducer. In contrast, two input
boundary forces are computed for the numerical model
so that a similar wave is excited.

Figure 5: Plots of the two boundary forces which model

the transducer (a) the traction is (0,−1)T (b) the traction is
(0.2x+ 1,−1)T

Figure 5 shows the spatial distribution of these two input
tractions. It should be noted that the input force is a
superposition of out-of-plane and shear forces since the
transducer is permanently mounted to the plate and does
not oscillate in resonance.

To calibrate the two input boundary forces, the two out-
of-plane velocity fields are approximated by the SBFEM
model with a unit force dependence for all relevant fre-
quencies. Then the five LDV measurement points with
the smallest x-value are used to calculate the optimal
weights for a superposition of the two velocity fields. The
weights or ”transfer function” are calculated by solving
a small linear optimization problem with a 5 × 2 design
matrix for each frequency. Figure 6 depicts the final su-
perposition of the two simulated velocity fields in com-
parison with the measured velocity field.

Figure 6: Comparison of velocity time traces at the first
violet point of the grid. The red line is the experimental
results, and the black dashed line is the simulation results (a)
at 80 kHz (b) at 240 kHz

Results
This section is primarily dedicated to presenting the find-
ings of our study. To estimate the input force for the 2D
SBFEM model, we have utilized the first few nodes of
the grid in our experimental measurements. In addition,
one of the end green points of the grid has been reserved
for validation of the simulation model, which is located
at x = 119 mm from the edge of the transducer.

Figure 7: The red line is the experimental results, and the
black dashed line is the simulation results at the last grid
points (a) at 80 kHz (b) 240 kHz

Figure 7 illustrates a comparison of the experimental
measurements and the corresponding estimations ob-
tained from a 2D SBFEM model at frequencies of 80 and
240 kHz. The normalized velocity over time for both sim-
ulation and experimental results is presented for a single
measured point at x = 119 mm away from the edge of
the transducer
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Figure 8 presents the space-time plot taken at all points
on the grid for both simulation and experimental data at
frequencies of 80 and 240 kHz. The first column of the
figure shows the experimental measurements, while the
second column illustrates the corresponding simulation
responses. The experimental measurements and simu-
lation responses can be distinguished from one another,
with a negligible difference between them that is difficult
to discern visually.

Figure 8: The violet dots indicate the points used for cal-
ibrating the input force, while the green dots represent the
remaining measurement points. (a) and (b) show the exper-
imental measurements, while (c) and (d) depict the corre-
sponding simulation responses. (a) and (c) correspond to a
frequency of 80 kHz, while (b) and (d) correspond to 240 kHz

To quantitatively evaluate the alignment between the
simulation and measurement results, an error measure-
ment is defined based on the difference of the envelopes
between the two datasets, which is expressed by:

error(x) = 100
|envt(vh(t, x))− envt(vm(t, x))|

maxxenvt(vm(t, x))
, (2)

where vh represents the approximation of the out-of-
plane velocity obtained from the SBFEM model, while
vm is the average out-of-plane velocity measured by the
LDV, the envt(·) is the envelope operator of the signal
over time. For almost all measurement points, the dis-
crepancy between the simulation and measurement re-
sults is less than 10% at 80 kHz and 15% at 240 kHz.

Discussion
This section is discussing the findings of our study. The
experimental measurements took place using the LDV in
order to measure the out-of-plane velocities at different
positions on the plate. The SBFEM method is used to
simulate the wave propagation using the cross-section of
the plate and evaluating it at its surface.

The simulated data matches very well the experimen-
tal data, as visible in Figure 7. Particularly at 80 kHz,

where the primary mode is S0. At 240 kHz, the second
wave packet shows good agreement while the first packet
does not, which could be due to superposition between
multiple modes.

The space-time plot in Figure 8 demonstrates the out-
standing similarity between the experimental and simu-
lation datasets, indicating that simulating this 3D exper-
imental setup using a 2D model is feasible. This can be
attributed to the careful selection of transducer dimen-
sion and type used. However, it should be noted that
using a circular transducer may have made the compari-
son more challenging.

Conclusion
In conclusion, this case study involved the analysis of
guided wave propagation in a plate, comparing results of
an experimental setup to a simulation model. The ex-
perimental setup consisted of a rectangular piezoelectric
transducer mounted on a square aluminium plate, with
out-of-plane velocities measured at different positions on
a grid using a Laser Doppler Vibrometer (LDV). A 2D
Scaled Boundary Finite Element Method (SBFEM) sim-
ulation model was developed to simulate wave propaga-
tion on the cross-section of the plate. The comparison
between the simulation and experimental results revealed
a high degree of similarity, indicating that the simula-
tion model was able to accurately replicate the behaviour
of the experimental plate. Even though the simulated
model is a 2D model, the SBFEM tool shows good po-
tential in the simulation of guided wave propagation in a
real structure.
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