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A B S T R A C T

Guided acoustic waves, such as Lamb waves, are widely applied for material characterization, sensing of liquids
and the generation of streaming in liquids. There are numerical simulation tools for the prediction of their
propagation near a solid-liquid boundary but a demand for complementary measurement techniques for the
validation of the simulation results remains. In this contribution it is demonstrated that light refractive vi-
brometry is a suitable approach for the visualization of the interaction of guided acoustic waves with liquids. For
this purpose Lamb waves were excited by piezoelectric transducers on copper plates partially immersed in water.
There the fundamental symmetric and antisymmetric modes are converted to compressional waves and quasi-
Scholte plate waves below a frequency-thickness product of 1MHzmm. From the vibrometry scans the wave-
lengths, radiation angles and pressure amplitudes of the involved modes could be determined and thus theo-
retical predictions of the attenuation of the Lamb modes and the energy distribution of quasi-Scholte plate waves
between the solid substrate and the liquid environment could be confirmed.

1. Introduction

The excitation of guided acoustic waves on non-piezoelectric solid
substrates by piezoelectric transducers is a well established technique
for strutural health monitoring or remote sensing [1–4]. By immersing
such acoustic waveguides into liquids it is possible to sense liquid
properties or coatings on the substrate surface [3–6]. Furthermore they
allow the remote generation of acoustic streaming in liquids [7–9]. The
propagation of guided acoustic waves at solid-liquid boundaries, how-
ever, differs substantially from their behavior in a gaseous or vacuum
environment. In contrast to solid-gas boundaries, the guided waves on
solid-liquid boundaries may suffer from radiation losses due to mode
conversion into compressional waves in the liquid or may be converted
into quasi-Scholte plate modes (QSP) or Scholte waves [10–14]. In
particular with respect to the influence on transport processes across
liquid-solid boundaries by guided acoustic waves such as the en-
hancement of ion transport at electrodes in an electrochemical cell
[9,15,16], a detailed understanding of the interaction of these waves
with the liquid surrounding is desired. There are powerful tools for
numerical simulations commercially available, such as DISPERSE, but a
correspondingly effective measurement technique was missing to a
large extent up to now. For the characterization of guided acoustic
waves at solid-air interfaces the laser Doppler vibrometer (LDV) is a

well established measurement tool [17,18]. Up to now schlieren optical
measurements [19,20,14] or measurements with hydrophones [21–24]
were carried out for their characterization at solid-liquid interfaces.
These approaches, however, suffer from specific limitations. In hydro-
phone measurements, where the PVDF membrane hydrophone itself
disturbs the medium and hinders the propagation of the sound wave or
measurements immediately neighboring the solid-liquid interface are
impossible because of the extension of the hydrophone and capacitive
crosstalk. Schlieren optical measurements are also suitable for mea-
surements near the solid-liquid interface, but the proper adjustment of
the optical components, which is necessary for the desired high sensi-
tivity, is very time-consuming. The most promising measurement
system is the LDV. Meanwhile commercially available systems are
mostly scanning laser Doppler vibrometers (SLDV). Thus the time of
adjustment of the optical components is short and a spatial measure-
ment area can be scanned. Unfortunately the measurement effect is
based on the component of the displacement in the direction of the
incident laser beam. Therefore, shear-horizontal waves are only de-
tectable when the laser beam is inclined with respect to the surface and
more than one scan head is used [17]. An inclined beam is also re-
commended for fundamental symmetric Lamb modes with significant
in-plane displacements. In our approach light refractive vibrometry
(LRV) is used for the analysis of guided acoustic waves in liquid
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environment. This allows the detection of the propagation of sound
waves in liquids. Up to now this method is predominantly applied for
the measurement of sound waves in air caused by the emission from an
ultrasonic probe [25–28], but a few authors described its application to
liquid media as well [29–34]. First measurements in context with
guided acoustic waves are done by Tietze et al. [6] for the character-
ization of radiated waves in a liquid-filled tube. In the present study we
want to show that it is possible to visualize the interaction of guided
acoustic waves with liquids with LRV. We used copper plates partially
immersed in water as waveguides, on which Lamb waves were excited
by piezoelectric transducers attached to the non-immersed part. We
report on the visualization and the quantitative analysis of the wave
modes propagating along and in the neighborhood of the immersed part
of the waveguide at different frequencies and compare the results with
numerical calculations performed with DISPERSE. Finally a compre-
hensive understanding of the propagation of Lamb waves on a wave-
guide immersed in a liquid and the conversion of wave modes into
compressional waves in the liquid and QSP modes was obtained.

2. Theoretical background

Both the numerical calculations and the interpretation of the ob-
servations are based on the established theoretical model of Lamb wave
interaction with liquids resulting in QSP modes or Scholte waves
[3,1,35,36], which is summarized in this section. In addition, the
functional principles of LDV and LRV are explained therein.

2.1. Guided acoustic waves

For convenience only plane waves propagating along a plate of
thickness h2 · in x-direction are considered. The normal displacement
of the wave follows the z-direction. Our starting points are the potential
functions and for the longitudinal and transverse modes of plate
waves (Lamb waves):
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where and µ are the Lamé constants of the plate. In vacuum or air the
boundary conditions = = 0zx zz apply at = ±z h. It is known that the
solutions can be divided into symmetric and antisymmetric modes of
the plate.

If the plate is immersed in a liquid, the potential of the liquid is also
to be taken into account. This potential is assumed to be an ideal non-
viscous fluid, i. e. without shear components. Thus the liquid has only
the potential f which is defined by:
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the phase velocity of the guided wave and

cf the sound velocity of the liquid. Correspondingly, at = ±z h the
boundary conditions change into =zx zx

f and =zz zz
f and the fol-

lowing equation systems can be established for the symmetric, Eq. 4,
and antisymmetric modes, Eq. 5:
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with f the density of the fluid. Solving these systems of homogeneous
equations with respect to the unknown variables A A B B A, , , , f1 2 1 2 1,
and A f2, ends up with dispersion relations for the phase velocity as a
function of the frequency-thickness product. For real frequencies com-
plex solutions of the wavenumber will be obtained. Thereby the real
part corresponds to the phase velocity and the imaginary part re-
presents the attenuation of the wave by radiation into the surrounding
liquid. Consequently, for phase velocities cph faster than the sound ve-
locity of the fluid cf , the wave will leak into the liquid with an angle
given by:

=
c
c

sin f

ph (6)

which is called Lamb angle. The radiated wave in the liquid propagates
as a compressional wave. Besides those solutions with complex wave-
numbers, however, also solutions with purely real wavenumbers exists.
The phase velocities of these waves are slower than the sound velocity
of the liquid. Therefore they do not radiate into the liquid, but remain
tethered to the substrate. Such solutions represent non-dispersive
Scholte waves at higher values of the frequency-thickness product and
dispersive QSP modes at lower values.

2.2. Laser Doppler vibrometry and light refractive vibrometry

The functional principle of a laser Doppler vibrometer is based on
the Mach-Zehnder-Doppler interferometer [37]. A reference beam and
the measuring beam are divided by a beam splitter. The measurement
beam is reflected by the surface of the vibrating sample and will pro-
pagate to the detector along varying path lengths. The reference beam,
on the other hand, has a fixed propagation distance directly to the
detector. The measurement of the vibration velocity of the sample is
based on the Doppler effect of the measurement beam, i. e. its frequency
is shifted by fD dependent on the velocity vS of the sample and the
original wavelength L of the wave by

=f v2 .D
S

L (7)

The intensity Itot measured at the detector is determined by the inter-
ference of reference and measurement beam and is calculated from the
respective intensities I1 and I2 by

= + +I I I I I L L2 cos 2 ( ) ,tot
L

1 2 1 2
1 2

(8)

where L1 and L2 represent the different path lengths. Thus the vibra-
tional modulation of the path length of the measurement beam and its
interference with the reference beam produces a light-dark pattern on
the detector. One light-dark cycle corresponds to half a wavelength of
the laser. By means of an acousto-optical modulator (Bragg cell), which
produces a permanent frequency shift of 40MHz, the movement di-
rection of the object can be obtained as well. For the measurement of
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the displacement instead of the velocity of the object, not the Doppler
frequency shift is used but the light-dark transitions are counted.
However, only the displacements perpendicular to the measurement
beam can be detected in this way.

In contrast to the conventional LDV, by LRV not the movement of
the reflective object is measured. But changes of the optical path length
L in the transmitted medium caused by variation of its refractive index n
compared to the physical path length Lp are registered:

=L t n y t dy( ) 2 ( , ) .
L

0

p
(9)

Such changes of the refractive index of liquids can be caused by the
pressure variations of sound waves. Correspondingly an apparent var-
iation of the optical path length happens without any movement of the
reflecting object (reflector). In this way the sound pressure field re-
sulting from the interaction of the guided acoustic wave with the liquid
becomes visible. According to Bahr and Lerch [29], the change of the
refractive index n due to the pressure variations in the liquid is de-
scribed by the following equation:

= +n x y t n n
p
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0
(10)

where n0 is the ambient refractive index of the medium and ( )n
p S

is the
piezo-optical coefficient, which is specified by Scruby and Drain [38]
for water at an optical wavelength of 633 nm to be 1.444·10 Pa

10 1 at
25 °C.

3. Materials and methods

The experiments are performed with elongated copper plates with a
width of 25mm and thicknesses of 0.5mm and 1mm. Guided acoustic
waves are excited on these plates by piezoelectric transducers glued
with an epoxy adhesive near one end of the copper plate. Different
dimensions of piezoelectric transducers were chosen in order to gen-
erate waves at different frequencies and thereby of different wave-
lengths. Because of the dispersive character of the guided acoustic
waves it was expected that the pressure field in the liquid would change
with frequency. The sample configurations and frequencies chosen in
the experiments are compiled in Table 1. In the first step a single point
measurement with the SLDV (PSV 400M, Polytec GmbH, Waldbronn,
Germany) perpendicular to the copper plate is performed in air.
Therefore the laser beam of the SLDV is focused directly in front of the
copper surface in air at a spot 1 cm distant from the lower end of the
plate. A five-cycle tone burst is amplified by an amplifier (PA120A,
WME Power Systems GmbH, Hamburg, Germany) and a voltage dou-
bler to generate voltages from 10 Vpp up to 105 Vpp at the transducer.
This voltage is varied until the same perpendicular displacement was
recorded by the SLDV for each configuration and frequency. The ex-
perimental set-up for the LRV is shown in Fig. 1. For the measurement a
rectangular vessel is used in which the copper sample is fixed to the
ground by a socket. Plane guided acoustic waves will be generated by
the piezoelectric transducer outside of the liquid and propagate along
the sample outside and within the liquid. Now, the laser beam is fo-
cused to a rigid reflector behind the vessel. The scan range extends
around the copper sample in the liquid and begins 5mm below the
water surface. With the displacement decoder DD-300 the resolution of

the minimum detectable pressure fluctuation of the LRV can be calcu-
lated by [29]:

= =p 5·10 m
2·1.444·10 y

1.73 Pa
y/mmmin

13

10 (11)

where y is the width of the copper plate, because the pressure fluc-
tuations in the liquid are assumed to happen only within this range.

4. Results

With the dispersion relations of 2.1 it is possible to calculate phase
velocity diagrams of guided acoustic waves both outside and within the
liquid. In Fig. 2 such diagrams for symmetrical and antisymmetrical
wave modes are shown. They are calculated with the commercially
available program DISPERSE Version 2.0.20a. For a copper plate in air
the phase velocity diagram in Fig. 2a is valid. With the frequencies and
plate thicknesses of Table 1 it is seen that only fundamental symmetric
and antisymmetric modes are excitable. Whereas with increasing fre-
quency-thickness product the phase velocity of the antisymmetrical
mode increases, the phase velocity of the fundamental symmetric mode
decreases. When the guided wave propagates within water two addi-
tional modes which are slower than the sound velocity of water appear,
see Fig. 2b. The dispersive mode at low frequency-thickness product is
called quasi-Scholte plate mode (QSP) and behaves similiar to the
fundamental antisymmetric mode. It emerges into the Scholte wave for
higher frequency-thickness products, which is non-dispersive and be-
haves similar to a Rayleigh wave [1,10,36]. The attenuation of each
mode in water calculated from the imaginary part of the complex wa-
venumber are shown in Fig. 3a. Obviously the fundamental symmetric
mode has a smaller attenuation coefficient than the fundamental anti-
symmetric mode up to 1.5MHzmm. Therefore within the experimental
conditions of this study it is expected that the S0 mode propagates on
the copper plate for longer distances than the A0 mode. Besides this the
sound radiation into the liquid should be more focused for the A0 mode.
Furthermore the calculated Lamb angle is shown in Fig. 3b as a function
of the frequency-thickness product. From this it is expected that the S0
mode has a smaller Lamb angle than the A0 mode. It is also indicated in
Fig. 3 that the attenuation coefficient of the QSP is zero and thereby the
QSP does not radiate into the surrounding liquid because it has only
real wavenumbers. The evanescent QSP waves will remain tethered to
the copper substrate. In contrast the fundamental symmetric and anti-
symmetric modes radiate into the liquid with the angles calculated by
formula 6. In Table 2 the results of the preliminary LDV measurements
on copper plates in air are summarized. It contains the perpendicular
displacements obtained at different values of the frequency-thickness
product for an excitation voltage of 105Vpp at the piezoelectric trans-
ducer. Furthermore the excitation voltages needed for a displacement of
2 nm are also listed. In all cases the fundamental antisymmetric mode
exhibits higher displacements than the fundamental symmetric mode.
In addition it is shown that the displacement of the fundamental anti-
symmetric mode decreases with increasing frequency-thickness pro-
duct. The same holds for the fundamental symmetric mode except of
the result at 60 kHzmm, where the mode signal could not be dis-
tinguished from the signal noise. The excitation voltage needed for a
displacement of 2 nm increases monotonously with increasing fre-
quency-thickness product. This relationship allows to adjust the ex-
citation voltage of the transducers in the light refractive vibrometry
measurements at different frequencies in such a way that always the
same perpendicular displacement of the A0 mode is achieved before
entering the liquid. In the following results obtained with LRV mea-
surements in the liquid according to the explanation in chapter 3 are
described. Since the guided waves are excited outside the liquid and the
propagation velocities of symmetric and antisymmetric modes are dif-
ferent, these modes arrive at different times at the water surface. Fur-
thermore, since the piezoelectric transducer is glued a little bit apart

Table 1
Thickness of copper samples, transducer dimensions and frequencies.

Thickness Dimension of piezoelectric transducer Frequency

1mm 30mm× 10mm× 1mm 60 kHz
1mm 30mm× 10mm× 1mm 190 kHz
1mm 25mm× 1mm× 1mm 620 kHz
0.5mm 25mm× 1mm× 1mm 900 kHz
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from the upper edge of the copper plate, waves reflected from the upper
edge will also travel downwards into the liquid, but with some delay
compared to the direct waves. Nevertheless the sequential time series of
LRV records for a frequency-thickness product of 450 kHzmm shown in

Fig. 4 clearly reveal the existence and behavior of different modes.
Within a frame extended 10mm each to the left and right from the
central copper plate a 25mm long downward section along the wave
propagation direction is shown in each slide. The waves propagate from

Fig. 1. Experimental set-up for the detection of the interaction of guided acoustic waves with the liquid by LRV.

Fig. 2. Phase velocity diagram for a copper plate (E=132 GPa, = 8940 ,kg
m3 =0.3496) in air (a) and immersed in water (cf =1500 ,m

s f =1000 kg
m3 ) (b).

Fig. 3. Attenuation diagram for guided acoustic waves on a copper plate in water (a) and resulting Lamb angle (b).
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the upper side to the lower side. At 139.3 µs the first pressure variation
in the water is recorded, which increases in amplitude until 150.2 µs.
The wavefronts propagate in the water at a skew angle but also
downwards along the whole length of the observed section of the plate.
This wave mode is assigned to the S0 mode, because of the rather small
radiation angle and the long persistence downwards the copper plate
indicating small attenuation. Later, beginning at 222.8µs another
pressure variation next to the substrate appears. This is followed by
pressure variations at 231.6 µs in the water distant from the plate with
skew wavefronts. The wavefronts tethered to the substrate are attrib-
uted to the QSP and the skew wavefronts radiated off the substrate to
the A0 mode. This assignment is corroborated by the increasing se-
paration of the wavefronts of this mode from the plate with time (see
e.g. at 237.4 µs), which indicates larger attenuation compared to the S0
mode as predicted from Fig. 3. In contrast the pressure variation which
is assigned to the QSP propagates without any radiation into the liquid
and thereby shows no attenuation. A further confirmation of this in-
terpretation is obtained by taking a closer look at the phase of the
pressure variation to the right and left of the center of the plate. In the
symmetrical mode the phase of the pressure variation is the same,
whereas in the antisymmetrical or QSP mode the pressure variation is in
opposite phases on both sides of the plate. For the identification of the
guided acoustic wave modes the Lamb angles as well as the wave-
lengths of the different wave modes are extracted from the records of
the LRV. For better analysis the scanning area is increased to
60mm× 40mm. But only the part left of the center of the plate is in-
vestigated. For the determination of the Lamb angles the maxima of the
radiated waves are identified along a wavefront at a certain point in
time, see Fig. 5a, b. Using the least square method, the spatial slope of a

corresponding regression line was determined, from which the Lamb
angle was calculated. The wavelengths of the guided acoustic waves are
obtained from the spatial period of the pressure variations in a distance
of approximately 0.5mm from the plate surface at a given time instant.
For example, in Fig. 5c the maxima of the fundamental symmetric mode
are identified at the time 63.6 µs. On the other hand when the funda-
mental antisymmetric mode gets in contact with the water it is assumed
that the first five periods are a mixture of the QSP and antisymmetric
mode, see Fig. 5d at the time 76.3 µs. This enables an estimation of the
wavelength of the antisymmetric mode. Later at 98.4 µs the A0 mode is
completely converted to a compressional wave and only the QSP mode
remains tethered to the copper plate and can be analyzed, see Fig. 5e. In
this way not only the wavelengths of the S A,0 0 and QSP modes could
be determined quantitatively, but also the standard deviations of these
values were obtained from the regression analysis. The results of the
measured and theoretically calculated wavelengths and Lamb angles for
different frequency-thickness products are compiled in Table 3. The
sample with the frequency-thickness product of 450 kHzmm differs
from the other samples, since the measurements were performed with a
frequency of 900 kHz at a 0.5 mm thick copper plate, whereas a 1mm
copper plate was used in the other cases. Irrespective of this difference
the values of theoretically and experimentally determined wavelengths
were in satisfying agreement. This is valid as well for the Lamb angles
of the S0 mode, whereas the values of the A0 mode differed sig-
nificantly. A closer look at Fig. 5b reveals, however, that the wavefronts
of the A0 mode are not ideal straight lines, but showed a slight bending,
which makes the determination of the Lamb angle dependent of the
choice of the wavefront section. Therefore, the difference between the
theoretical and experimental values seems to be an artefact of the
evaluation process. Besides the wavelengths and the Lamb angles the
amplitudes of the pressure variations of the radiated waves and the QSP
in the liquid may vary with the frequency-thickness product, which can
be extracted from the LRV records as well. Such records are displayed in
Fig. 6 for the S A,0 0 and QSP modes obtained from the right side of the
copper plate. In order to be able to compare the amplitudes in the liquid
at different frequency-thickness products directly, in each case the ex-
citation voltage of the transducer was chosen so as to obtain a max-
imum displacement of 2 nm in the A0 mode in air according to Table 2.
Due to large differences in the pressure amplitudes the colorbars for the
pressure variations had to be adopted in each case. For the S0 mode,
however, the differences in the pressure variations between the

Table 2
Results of LDV measurements at the copper plate surface in air: Perpendicular
displacements of the fundamental Lamb modes at different frequency-thickness
products and excitation voltages needed for a displacement of 2 nm of the A0
mode. (n.d.: non detectable).

Lamb mode 60 kHzmm 190 kHzmm 450 kHzmm 620 kHzmm

S0 n. d. 3.2 nm 0.6 nm 0.1 nm
A0 51.8 nm 19.3 nm 5.3 nm 1.8 nm
exitation voltage 3.2Vpp 10.4Vpp 45Vpp 105Vpp
(for 2 nm)

Fig. 4. LRV records of an acoustic wave pulse transmitting at 450 kHzmm from the upper side of the slide through the water at different instants of time. The frame of
the pictures corresponds to extensions of 25mm× 10mm. Between t= 139 µs and t= 160 µs the radiating S0 mode can be observed only. From t= 222.8µs on the
radiated A0 mode and additionally the QSP, which is tethered to the plate, can be observed.
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individual frequency-thickness products are much smaller than for the
A0 and QSP modes. In general there is an increase of the amplitudes of
the pressure variations of the waves in the liquid observable, which is
much stronger for the A0 and QSP modes than for the S0 mode with
increasing frequency-thickness products. At 620 kHzmm the ampli-
tudes of the pressure fluctuations of the A0 and QSP modes are more
than ten times larger than at 60 kHzmm. In particular at low values of
the frequency-thickness product the quality of the records is deterio-
rated by noise causing pixelated images and additionally by inter-
ferences with reflected waves from the vessel walls, e.g. in the record of

the A0 and QSP waves at 60 kHzmm. But the main features of the
propagation of the different modes remain recognizable.

5. Discussion

As demonstrated by Figs. 4–6 it was possible to detect and to
identify all possible wave modes arising from guided acoustic waves in
a liquid in the chosen regime of the frequency-thickness product by
light refractive vibrometry. Moreover, this method allows a quantita-
tive determination of wavelengths, Lamb angles and pressure variation
amplitudes. With respect to the wavelengths, the values obtained from
the LRV records are in agreement with theoretical predictions based on
DISPERSE calculations, see Table 3. The same holds for the Lamb angles
of the S0 modes, whereas significant deviations were obtained for the
A0 Lamb angles. These deviations are attributed to the observed
bending of the wavefronts of the radiated A0 waves, see e. g. Fig. 5. This
complicates the choice of an appropriate regression line, from whose
slope the Lamb angle is calculated. The tethering of the QSP to the
copper plate, however, its evanescent character and its antisymmetric
phase relation between both surfaces of the plate is convincingly de-
monstrated by Fig. 4. Moreover, the observed strong increase of the
amplitudes of the pressure variations of the QSP mode with increasing
frequency-thickness product can be explained by the normalized energy
distribution of the QSP mode obtained from DISPERSE calculations,
which is shown in Fig. 7. It can be seen that with increasing frequency-

Fig. 5. Exemplary representation of the evaluation procedure for the determination of the Lamb angle by maximum search along the wavefront and determination of
the slope of the wavefront for the S0 mode (a) and the A0 mode (b). Furthermore the evaluation of the wavelength by a maximum search and spatial period
determination for the S0 mode (c), the A0 / QSP mode (d) and the QSP mode (e) at z= 0.5mm is displayed. The measurements shown here refer to the sample with
the frequency-thickness product of 620 kHzmm.

Table 3
Compilation of the theoretically and experimentally determined wavelengths
and Lamb angles.

Mode Frequency
thickness

theoretical experimental theoretical experimental

S0 60 kHzmm 68.4mm – 21.5° ° ± °22.6 0. 7
S0 190 kHzmm 21.6mm 21.7mm ± 7.9mm 21.5° ° ± °22.2 0. 8
S0 450 kHzmm 4.5mm 4.9mm ± 0.6mm 21.6° ° ± °22.7 2. 7
S0 620 kHzmm 6.5mm 6.8mm ± 0.6mm 21.7° ° ± °22.3 0. 2

QSP 60 kHzmm 10mm 10.1mm ± 1.8mm 0° –
QSP 190 kHzmm 5.4mm 6.2mm ± 0.6mm 0° –
QSP 450 kHzmm 1.6mm 1.8mm ± 0.3mm 0° –
QSP 620 kHzmm 2.4mm 2.9mm ± 0.3mm 0° –

A0 450 kHzmm 1.7mm 1.8mm ± 0.0mm 73.8° ° ± °64.1 2. 4
A0 620 kHzmm 2.7mm 2.8mm ± 0.2mm 63.3° ° ± °69.3 1. 3
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thickness product more energy of the wave propagates in the fluid (blue
dotted line), whereas the energy fraction in the plate decreases (red
line). The observed magnitudes and changes of the amplitudes of the A0
and S0 modes can be explained as well with the dependence of their
attenuation coefficients from the frequency-thickness product displayed
in Fig. 3a. According to the DISPERSE calculation, the attenuation of
the A0 mode should be stronger than that of the S0 mode. This results in
larger amplitudes of the radiated waves and shorter propagation
lengths on the copper plate for the A0 mode, which is confirmed by the
LRV records of Fig. 4 and Fig. 6. These records additionally corroborate
the theoretical prediction of a maximal attenuation of the A0 mode near
a frequency-thickness product of 500 kHzmm, Fig. 3a. Correspondingly
at 450 kHzmm the A0 and the QSP are better separated than at
190 kHzmm and at 620 kHzmm (Fig. 6) indicating the strongest at-
tenuation of the A0 mode at 450 kHzmm. In particular with respect to
quasi-Scholte plate waves, the LRV records reported herein complement
the present knowledge about solid-liquid interface waves. Evidence for
the existence of Scholte waves was already provided by various
methods in the past. Glorieux and co-workers used the deflection of a
focused laser beam reflected from the solid-liquid interface to detect
Scholte wave pulses excited by laser pulses via the thermoelastic effect
and to measure their velocity [39,40]. DeBilly and co-workers excited
Scholte waves with piezoelectric transducers and detected them with
pulse-echo or time-of-flight techniques, which allowed a determination

of their velocity [10,41]. Aubert et al. visualized the evanescent field of
a standing quasi-Scholte plate mode and a Scholte wave with schlieren
optical measurements [14]. Due to continuous excitation, however,
they were not able to study the generation and propagation of these
waves in time. An approach based on LRV, which allows the visuali-
zation of a propagating interface wave in the liquid, has been chosen by
Han et al. [42]. However, they measured the sound wave induced os-
cillations of the refractive index in the liquid at a fixed distance of
0.1 mm from the sample in the liquid. Therefore they could not follow
up the distribution of the wave in the liquid; in particular, they could
not determine the penetration depth of this evanescent wave mode.
Summarizing, in contrast to the present state of art, the new method
presented in this study based on scanning laser refractive vibrometry
not only allows the temporal follow-up of the mode conversion of an-
tisymmetric Lamb waves into quasi-Scholte plate waves at a solid-liquid
interface and their propagation but also displays the extension of this
evanescent wave within the liquid in a two-dimensional image.

6. Conclusion and outlook

The feasibility of the visualization of the interaction of guided
acoustic waves with liquids by light refractive vibrometry is demon-
strated, which will provide a comprehensive understanding of the be-
havior of such waves in a liquid environment. For the first time the
propagation of the quasi-Scholte plate mode in the liquid has been vi-
sualized two-dimensionally in the sagittal plane. The latter is of parti-
cular importance with respect to applications of this mode for the
sensing of processes and generation of streaming near solid-liquid in-
terfaces. Examples in this respect are electrochemical transport pro-
cesses, where QSP modes are supposed to play a crucial role in the
enhancement of ion transport rates across the electrode-electrolyte
boundary by guided acoustic waves [9,15,43].
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