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Coupled Scholte modes supported by soft elastic plates in water
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Localized acoustic surface waves supported by a “soft” elastic plate in water are explored. Unlike many
materials, such as aluminum, for soft interfaces the Scholte wave, a localized interface wave, has a speed well
below that of sound in water, and the energy of the Scholte wave is no longer mainly localized to the water.
We note that the Scholte velocity is largely independent of Poisson’s ratio in the solid, and rather than the
bulk speeds of sound, the ratio between the Young’s modulus and the density of the solid may better indicate
whether an interface is soft. The behavior of the coupled Scholte modes along a thin plate with soft interfaces
are investigated. It is demonstrated, and experimentally verified using acrylic plates underwater, that for soft
interfaces, the symmetric coupled Scholte mode exhibits dispersive behavior, and deviates from the Scholte and

the fluid velocities at low frequencies.
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I. INTRODUCTION

The Scholte mode is a localized, trapped acoustic surface
wave that propagates along the boundary between a fluid and
an elastic solid. It evanescently decays away from the inter-
face, and propagates along it with a phase velocity that is less
than the bulk speeds of sound in both the fluid and the solid
[1-3]. For “hard” solid-fluid interfaces, such as “metal-fluid,”
the Scholte phase velocity is approximately equal to the speed
of sound in the fluid. This is often attributed to the fact that
the speed of sound in the fluid is substantially less than both
the longitudinal and transverse speeds of sound in the metal
[4,5].

In this case, the energy of the Scholte wave is mainly
localized within the fluid, and its character is dictated by
the fluid properties. This has been misconceived as a general
property of the Scholte mode in numerous studies [6,7], rather
than being indicative of a hard solid-fluid interface [8]. Hence,
its application is often overlooked in favor of other modes,
despite being the only acoustic surface wave possible for any
solid and fluid parameters [4,9], and the only acoustic surface
wave that is truly localized on a solid-fluid interface.

Those who already utilize underwater acoustics, for in-
stance in sonar sensors used by the fishing industry, the
military, and oil companies, could find benefits from an
increased understanding of how underwater sound waves in-
teract with solid materials. Further benefits are possible for the
applications that already specifically utilize acoustic surface
waves and acoustic modes in a single layer (leaky Lamb
modes) [10]. These span over a broad range of disciplines, in-
cluding biotechnologies and chemistry, where acoustofluidic
chips use acoustic surface waves to manipulate microparticles
and fluids [11]. Further, civil engineers, the product manu-
facturing industry, seismologists, and marine geologists use
acoustic surface waves to extract information about a ma-
terial’s properties and defects via nondestructive evaluation
[6,12].
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The behavior of the Scholte wave can be compared, in
some measure, with that of surface plasmons. These are col-
lective oscillations of free electrons forming a bound wave
that propagates along the interface between a metal and a
dielectric [13,14]. The expansive field of plasmonics is largely
dedicated to understanding and utilizing their properties in
the optical domain [15]. Drawing a comparison between these
two surface waves brings to light the potential of both trans-
ferable concepts and uses.

On thin metal films, surface plasmons interact, forming two
coupled interface modes: a symmetric and antisymmetric pair
[16]. This is also true for Scholte modes on a thin plate. For
a hard plate, the symmetric coupled Scholte mode or S mode,
whose displacement amplitude is symmetric about the center
of the plate, appears to be nondispersive, with a phase velocity
approximately equal to that of the surrounding fluid [17,18].
As a result, many studies neglect its existence, reporting only
a single antisymmetric coupled Scholte mode, referred to as
the quasi-Scholte mode or A mode [19-22].

For “soft” solid-fluid interfaces, the phase velocity of the
Scholte interface wave is notably less than the speed of sound
in the fluid [5], with the symmetric coupled Scholte mode on
a soft plate exhibiting dispersive behavior, and deviating from
the Scholte and the fluid velocities at low frequencies. This
has been previously observed by optically exciting these near-
field modes in plastic films, with thicknesses of 130 um [23]
and 50 um [24] using laser ultrasonic techniques at megahertz
frequencies.

This present study explores these soft solid-fluid interfaces,
and examines the conditions under which they occur. The
role of the material’s elastic properties are fully considered,
as opposed to just the speeds of sound [3-5,8,21,22,25]. The
behavior of the coupled Scholte modes along a thin plate
with soft interfaces is investigated. A simple purely acous-
tic method was used to directly excite the coupled Scholte
modes along acrylic plates of thicknesses 5, 10, and 20 mm
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underwater, experimentally demonstrating the dispersive be-
havior of the symmetric Scholte mode, characterized previ-
ously for soft films [23,24].

II. ACOUSTIC MODES OF A PLATE

In a fluid, bulk sound propagates with speed cp in the form
of longitudinal waves. For isotropic solids, bulk sound prop-
agation can be decomposed into two waves, one longitudinal,
and one transverse, that travel with different speeds ¢ and cr,
respectively [26]. These can be represented by plane waves in
the following form:

Pr(x,z, 1) = AFei(kx)erkF,zszt)
ds(x,z,t) = ALei(ka""kL‘zZ—wl)
'/,S (x,z,t) = ATei(k"x*kT,;Z*wt). 0

The scalar potentials ¢ and ¢g correspond to the longitudinal
waves in the fluid and the solid, respectively, and ¥ is the
vector potential corresponding to the transverse wave in the
solid.

Localized surface waves at a solid-fluid interface result
from the interaction between these three waves, which have
the same angular frequency w = ¢jlkj| (j =L, T, F) and
wave-vector component ky, where Cartesian coordinate x is
parallel to the interface, as in Fig. 6. These parameters are
purely real for bound Scholte modes when viscoelastic damp-
ing is neglected, and are related via
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These three waves must also satisfy the boundary con-

ditions that the normal component u, of the displacement

vector u,
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must be continuous across the solid-fluid interface. Here V is
the vector differential operator, and Lamé’s parameters A and
w describe the elastic properties of a given material.

The modes of a plate of thickness d are the frequency f =
27 w, and wave vector ky, combinations that satisfy the bound-
ary conditions at both of the plate’s interfaces, forming a set of
six linear equations that dictate the relative wave amplitudes.
The determinant of the coefficients of the amplitudes is used
to produce two characteristic equations for the symmetric and
antisymmetric solutions, as derived by Osborne and Hart [17].
These are given below for the symmetric case:

[(Kf, + kf)zcoth(KL,zd /2) — 4k;Ky Kt ,coth(Kr,,d /2)]

orKy 00

P
PsKE zC1

=0, (6)

while for the antisymmetric case:

[(K7, + kf)ztanh(KL,zd /2) — 4k}K1. Kt ,tanh(Kr ,d /2)]
prky 0"

psKe .t 0 @
Here pr and pg are the densities of the fluid and solid,
respectively. The first two terms are equivalent to Lamb’s
original equations for modes of a free plate [10]. The final
term gives the influence of fluid loading, and allows for the
additional solutions corresponding to coupled Scholte modes.
For hard plates, the fluid-loading term generally acts as a small
perturbation. However, for soft plates, this term often has a
significant effect on the topology of the spectrum compared
to that of a free plate [27].

The modes of the plate can either be obtained using root
finding techniques outlined by Lowe [28-30] to find the so-
lutions of these equations, or using the spectral collocation
method [31,32], in which the plate is discretized and the
governing differential equations are solved via numerical in-
terpolation. The present study exclusively considers the two
lowest order modes, corresponding to the symmetric and an-
tisymmetric coupled Scholte modes, with the two techniques
yielding indistinguishable results.

III. THE SCHOLTE MODE

In this study, a hard interface is defined as being one in
which the Scholte velocity is approximately equal to the speed
of sound in the fluid, and a soft interface one where the Scholte
velocity is notably less than the speed of sound in the fluid.
The Scholte velocity is a root of the Scholte-Stoneley equation
[2,4,33,34], which can be found by satisfying the boundary
conditions across a single solid-fluid interface
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Here ¢ = w/ky is the phase velocity of the interface wave
of a given root, which when purely real and 0 < c¢ <
min(cg, cr, c1,) corresponds to the Scholte velocity cgch.
Many studies have investigated how the Scholte velocity
changes with the ratio of the densities, with the bulk speeds of
sound, and with the Rayleigh velocity, which itself depends
on the bulk speeds of sound in the solid [8,21,22,25]. Others
adopted a simplified view that a soft interface is one where the
transverse speed of sound in the solid is less than the speed
of sound in the fluid (¢t < cp), with interfaces not meeting
this criteria being hard [3-5]. This approximation is valid for
many homogeneous isotropic solid-fluid interfaces, but it is
not without exception (see Fig. 1). However, from Eq. (8), it
follows that the Scholte velocity depends on two parameters
of the fluid, and three parameters of the solid. Further, many
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FIG. 1. Variation in the Scholte velocity ¢y, and the transverse
and longitudinal bulk speeds of sound cr and ¢ over the allowed
range of positive Poisson’s ratio v, while the Young’s modulus E,
solid density p, and fluid parameters remain constant. The region
over which cr and ¢y, vary is expanded in the inset.

investigations fail to consider that the bulk speeds of sound
are not independent of the densities, which are given by

o= A+2M E(l—v) ©
L o(1+v)(1 —2v)’
= \f v2p<1 ) {10
- \/Z _ F an
PF PF

The Lamé’s parameters can be replaced, with the elastic prop-
erties of the solid described by the Young’s modulus E and
Poisson’s ratio v, while the fluid is described entirely by the
bulk modulus K. In investigating the effects of these material
properties on the Scholte velocity, we found that, contrary to
common convention, the use of the speeds of sound may not
be the best indicator of the value of the Scholte velocity.

Figure 1 shows how the Scholte velocity and bulk speeds of
sound in the solid vary with Poisson’s ratio for a fixed Young’s
modulus, solid density, and fluid parameters. The longitudinal
speed of sound varies significantly with Poisson’s ratio, and
the inserted expansion of the graph highlights the noticeable
variation of the transverse speed of sound in the solid, going
from greater than to less than the fluid sound velocity over the
range of v. However, the Scholte velocity exhibits negligible
change with Poisson’s ratio, varying over a range of less than
8 ms~!, with similar results achieved for different values of
the fixed parameters. In making the approximation that the
Scholte velocity is independent of Poisson’s ratio, its value
is now effectively determined by two independent parameters
of the solid, the density and the Young’s modulus. Therefore,
for a given fluid, it is probably better to use these parameters,
rather than the bulk speeds of sound, to indicate the value of
the Scholte velocity relative to the fluid sound velocity.

80 1.0
70
— 0.8
é‘i 60
= Csch
£50 0.6 &
=
é 40
0.4
030
[=]
3
> 20 02
10

2000 4000 6000 8000 10000
Solid density (kgm)

FIG. 2. Color plot showing the variation of the Scholte velocity
csen With respect to a fixed fluid sound velocity cr over a range of
the Young’s modulus £ and the density p of the solid. The arbitrary
fixed Poisson’s ratio is v = 0.33, and fluid properties are that of
water (cp = 1480 ms™!, pr = 1000 kg m~3). The red dashed line
approximately indicated csn = 0.95¢g. The Young’s modulus and
density of aluminum is given by the red cross (above the red dashed
line, hard example), and of acrylic by the red dot (below the red
dashed line, soft example).

Given that Poisson’s ratio describes the expansion of a ma-
terial perpendicular to the axis along which it is compressed,
we can physically interpret its primary effect on the Scholte
wave as being the amount the solid displaces in the x direction
in response to a displacement in the z direction caused by
the fluid. On analyzing the displacement fields of the Scholte
wave with varying Poisson’s ratio, it is confirmed that the ec-
centricity of the elliptical particle trajectories is significantly
affected, while the wavelength at the interface is not.

Figure 2 illustrates how the ratio between the Young’s
modulus and the density of a solid indicates the proximity of
the Scholte velocity to the fluid sound velocity for a water-
solid interface, with the red dashed line at approximately
Cseh = 0.95¢p arbitrarily separating the regions of hard and
soft interfaces. Solids with larger densities lead to slower
interface waves, while increasing the Young’s modulus brings
the Scholte speed closer to the speed of sound in the fluid. In
other words, as the readiness of the solid to deform decreases,
the surface wave becomes increasingly localized to the fluid. It
follows that for “softer” interfaces, with slower Scholte veloc-
ities, the mode penetrates deeper into the solid, contradicting
the widely quoted belief that the energy of the Scholte mode
is predominantly localized to the fluid [6,7,35].

A large number of studies considering underwater acous-
tics and solid materials explored either metal or plastic, as
these materials are widely used in applications, and many can
be considered homogeneous and isotropic. The assumption
that metal-water interfaces are hard, while plastic-water inter-
faces are soft is supported by Fig. 2, where the red cross in the
hard region corresponds to the Young’s modulus and density
of aluminum, and the red dot in the soft region corresponds to
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FIG. 3. Total energy density of the Scholte wave across the in-
terface between water and (a) aluminum (hard interface), (b) acrylic
(soft interface), calculated by summing the kinetic and strain energy

densities [36,37].

acrylic. It is evident from this that the high Young’s moduli,
arising from strong metallic bonding, dictates that metal-water
interfaces are likely to be hard. Despite the obviously lower
density of plastics, it is the comparatively much weaker in-
termolecular forces, and hence significantly lower Young’s
moduli, that means plastic-water interfaces tend to be soft.
Figure 3(a) shows the energy distribution of the Scholte
mode across an aluminum-water interface. Here the Scholte
velocity is approximately equal to the speed of sound in water,
and consequently the decay length in the water is long, the
energy is localized to the fluid, and the wave behaves ap-
proximately like a grazing wave in the water, with the kinetic
and potential (strain) energy density contributions in the fluid
being approximately equal. By contrast, the energy distribu-
tion across an acrylic-water interface in Fig. 3(b) contradicts
the notion that the Scholte wave is predominantly fluid-borne,
and confirms Guzhev’s theory [8] that a redistribution of the
energy density from the fluid to the solid medium occurs as
the solid-fluid interface becomes increasingly soft. The shape
of the energy distribution in the solid occurs due to the compo-
nents of displacement (used in the calculations of the velocity,
stress, and strain) being composed of two opposing contribu-
tions from the transverse and longitudinal partial waves, each
with different decay lengths.

IV. THE COUPLED SCHOLTE MODES

We now go on to explore coupled Scholte modes in thin
plates. The dispersion curve for the antisymmetric coupled
Scholte waves propagating underwater along an aluminum
plate is shown in Fig. 4(a). The symmetric mode has been
omitted, but would follow the line corresponding to the speed
of sound in water, cp. The dispersion for an acrylic plate
underwater is shown as an example of a soft plate in Fig. 4(b),
with the Scholte phase velocity notably below the water sound
line. This allows the higher energy solution corresponding to
the symmetric coupled Scholte mode to be clearly visible, as
opposed to being indistinguishable from the fluid sound line

for aluminum.

250 1 /'
I Y
We 4
! /
200 ,,’ ./'
~ ] /
% i
<1501 | /
B P
R, e
21001 [ / S
e I ====
= ; /'/ L
% TP S e cr
1/ ___ Coupled
/. Scholte
00 200 400 600 800 1000 1200 1400
ke (m')
250 7 s
(b) ,’l '..,././
J /
A4
200 I,' S
~ / 84
% // //
3‘ /l R
- i o
g 100 # :./.j/ T
8 / e ——— CL
~ i 4
/ ..:/ ........ CF
500 /7
7 Coupled
s Scholte
y/

%0~ 200 200 600 800 1000 1200 1400
ke (mh)

FIG. 4. The dispersion curves for coupled Scholte modes in 10-
mm-thick plates underwater are shown, together with the bulk speeds
of sound in the system. (a) For an aluminum plate the antisymmetric
coupled Scholte mode is shown, and the symmetric mode that fol-
lows cg is omitted. This is an example of a hard plate. (b) For an
acrylic (soft) plate, an additional symmetric coupled Scholte mode is
clearly present, as well as the lower frequency antisymmetric mode.

For both plates, the dispersion curves have a higher in-
plane wave vector than that of a grazing sound wave in the
water (the water sound line), indicating from Eq. (2) that Kg,
is real, and the wave-vector component perpendicular to the
interface is purely imaginary. Consequently the wave’s ampli-
tude decays away from the plate, and there is no propagation
of the wave through the water in the z direction. Except for
the lowest wave vectors, the mode on aluminum propagates
with a phase velocity very close to cp, the magnitude of Kg ,
is very small, and the decay length in the liquid is correspond-
ingly large. For acrylic, however, the coupled Scholte mode is
slower, and more tightly bound to the plate.
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For high frequencies, the two characteristic equations ap-
proach the same limit, and hence the two curves converge.
This is readily understood, for on increasing the frequency,
the decay length within the solid decreases, and the two
surface modes eventually become independent, effectively
identical, bulk solid interface modes. And the energy becomes
increasingly localized to the interface, as shown for acrylic in
Fig. 5(a).

For the acrylic plate at lower wave vectors, there is a strong
coupling of the Scholte modes on each interface, resulting in
two distinct dispersive coupled mode solutions. The lower en-
ergy solution has particle displacement that is antisymmetric
about the plate center, as demonstrated by the displacement
grid inset in Fig. 5(b). The higher energy mode is the sym-
metric coupled Scholte mode, and unlike in the hard case,
displays significant dispersive behavior, in agreement with
previous studies on soft films [23,24]. The dispersion agrees
with Osborne and Hart’s [17] analysis of the characteristic
functions, predicting that at low frequency (wavelength is
long by comparison with the plate thickness) the phase and
group velocities of the symmetric mode approach those of the
sound in the fluid, while the phase and group velocities of the
antisymmetric mode approach zero.

Visualizing these strongly coupled modes using the exag-
gerated displacement grids in Figs. 5(b) and 5(c), it is intuitive
that the bending antisymmetric mode be a lower energy solu-
tion than that of the periodic expansion and compression of
the symmetric mode. For the antisymmetric mode in Fig. 5(b),
the particles along the center of the plate display a shearing
motion that approximates to slow free wave behavior. This is
evident from the closeness in values of the kinetic and strain
energy contributions in the central region of the plate. The
total energy density is largely localized to the plate, and as this
mode sits further from the water sound line, it decays more
quickly away from the plate.

For the symmetric mode in Fig. 5(c), the z component
of displacement is zero at the plate’s center. As frequency
decreases, the thickness of the plate becomes very small rel-
ative to the wavelength, and the normal displacement at the
interface decreases. Given that the component of displacement
parallel to the interface becomes increasingly dominant, and
the fluid only supports longitudinal waves, it follows that
the behavior of the wave in the water begins to approximate
that of a grazing bulk wave. Hence the phase velocity of the
symmetric coupled Scholte mode tends to the speed of sound
in water and the energy becomes increasingly localized to the
fluid.

V. EXPERIMENTAL VERIFICATION

The experimental setup is illustrated in Fig. 6. A Neptune
Sonar D70 transducer was used, which is omnidirectional to
a good approximation. It was placed almost in contact with
the edge of a small hole in the acrylic plate’s surface. The
diffraction of the pressure field through the hole provides the
high momentum components needed to excite the Scholte
modes.

Ultrasonic broadband pulses were used to excite the plate,
at a central frequency of 125 kHz. The transmitted pulse was
detected by a Precision Acoustics 1-mm needle hydrophone.
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FIG. 5. Total energy density for the coupled Scholte mode across
a 10-mm-thick acrylic plate in water, calculated by summing the
kinetic and strain energy densities [36,37]. (a) shows the distribution
for a weakly coupled, high frequency Scholte mode, while (b) and
(c) show the distribution for strongly coupled Scholte modes at f =
20 kHz for the slower antisymmetric and faster symmetric mode,
respectively (indicated by the inset displacement grids).

This was scanned spatially along the plate, at a distance
of 0.5 mm away from the surface, allowing the near-field
signal to be detected. At each point of the spatial scan the
variation of signal in time was recorded, which is equivalent
to recording the acoustic pressure amplitude. The amplitude
and phase for each frequency at each point were obtained
by Fourier transforming the time-dependent data. Then the
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FIG. 6. A schematic of the experimental setup used to excite and

detect coupled Scholte modes in acrylic plates of thicknesses d = 5,
10, and 20 mm underwater.

wave-vector spectrum for every frequency was obtained by
a spatial Fourier transform.

The experimental results are presented in Fig. 7, with the
theoretical dispersion curves also shown. As we are only
interested in the coupled Scholte modes, the data for the low
wave vectors on the radiative side of cg have been removed, al-
though some signal along the sound line remains. Variations in
the amplitude of the modes can be observed due to variations
in the source output, detector sensitivity, and the unknown
coupling efficiency between the source and excited modes.
These fluctuations have been minimized by normalizing the
data to the integral of amplitudes at each frequency, with the
maximum normalized amplitude at each frequency being set
to 1. To further emphasize the mode position, signals less
than the mean background noise for high momentum values
have been set to zero. The symmetric coupled Scholte mode is
clearly demonstrated, most prominently by the thinnest plate,
Fig. 7(a). Increasing the thickness of the plate in Fig. 7(b)
weakens the coupling between the interfaces, and the two
modes converge to the dispersion of the Scholte mode for
a single interface. The clear nondispersive behavior of the
modes after converging at high k is illustrated by the thickest
plate in Fig. 7(c).

The theoretical curves were fit to the data, and from this
the Young’s modulus of the acrylic was extracted, and deter-
mined to be 5.93 4+ 0.09 GPa. When considering the Young’s
modulus of polymers, it is important to note that due to
relaxation phenomena, the Young’s modulus for viscoelastic
materials [38,39], such as acrylic, significantly reduce at low
frequencies. Consequently, values at ultrasonic frequencies
can exceed those obtained using zero frequency techniques
by as much as a factor of 10 [40]. This frequency dependence
of the elastic properties of acrylic is most significant at low
frequencies [41]. The values vary negligibly over ultrasonic
frequencies [42,43], and by extension the frequency range,
10-250 kHz, used in this experiment. Our value sits within the
range of Young’s moduli extracted from the speeds of sound
given for acrylic 4.59—6.32 GPa [24,44,45]. As expected, this
significantly differs from the zero frequency literature value of
the Young’s modulus 3.30 GPa [46], and the manufacturer’s
data sheet value of 3.21 GPa.

The theory of viscoelasticity also describes the dissipation
of acoustic energy in the form of heat, by including damping
terms in the equations that describe the propagation of sound
through the solid. In our theoretical analysis, the damping
term was neglected. Although it is clear from the extracted
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FIG. 7. Experimental data obtained for acrylic plates of thickness
d = (a) 5 mm, (b) 10 mm, and (c) 20 mm are presented as color maps
of the Fourier transformed data. The peaks in Fourier amplitude,
shown in blue, indicate the dispersion of the modes, in agreement
with the overlaid theoretical predictions.

Young’s modulus that the effects of viscoelasticity signifi-
cantly affect the value of the bulk speeds of sound in the
solid, as well as the coupled Scholte mode, these effects stand
without the explicit inclusion of viscoelastic damping terms in
the mathematics. Favretto-Anres [47] found the omission of
the damping term altered the value of the Scholte velocity on
a single interface by a fraction of a percentage, which is a neg-
ligible effect for this purpose. From the high level agreement
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between our experimental and theoretical dispersion curves,
we conclude that this is also true for the coupled system, and
neglecting damping is a suitable approximation.

VI. CONCLUSIONS

For a given fluid, the ratio between the Young’s modulus
and the density of the solid may better indicate the proximity
of the Scholte velocity to the fluid sound velocity, compared
to using the bulk speeds of sound and the density. This is in
part due to the dependence of the bulk speeds of sound on the
density of the solid. More significantly, it is shown that the
Scholte velocity is approximately independent of Poisson’s
ratio, reducing the number of solid parameters that the Scholte
velocity depends upon.

It is highlighted that for soft interfaces, where the Scholte
velocity is notably less than the speed of sound in water, the
energy density of the Scholte mode is localized more to the
solid. This is at variance with the lingering misconception that
the energy of the Scholte mode is localized to the fluid.

For the case of soft plates underwater, both symmetric
and antisymmetric coupled Scholte modes exhibit dispersive
behavior, whose reduced phase velocity allows both disper-
sion curves to be clearly distinguishable from the fluid sound
line. These modes were excited in acrylic plates underwater

using ultrasonic pulses, and the dispersion obtained from the
experimental data verifies their existence, and demonstrates
an excellent fit to the theory.

In fitting the theoretical curve to the experimental data, we
conclude that the inclusion of a damping term to describe the
dissipation of acoustic energy as heat has a negligible effect
on the shape of the dispersion curves for both coupled Sholte
mode symmetries. Although the viscoelastic damping terms
can be justifiably omitted, the effects of viscoelasticity can-
not be ignored for materials such as polymers, as the elastic
parameters, and hence the velocities of sound in the media
may have a strong frequency dependence. However, there is
no evidence that the parameters for acrylic vary over the range
of frequencies used in this experiment.

All data created during this research are openly available
from the University of Exeter’s institutional repository [48].
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