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Preface 

On behalf of the organizing team, the ICU Board, and the International Scientific Committee, 
we warmly welcome you to the 2025 ICU PADERBORN, which takes place from September 21 
to 25, 2025. 

The International Congress on Ultrasonics (ICU), initiated by the ICU Board, in which leading 
representatives of acoustic societies from all over the world work closely together, has its roots 
in a congress series dating back to 1995, when the first congress, then known as the World 
Congress on Ultrasonics (WCU), took place in Berlin. Since then, leading scientists in the field 
of ultrasound have met every two years in locations on different continents. Other congress 
venues have included Yokohama, Copenhagen, Atlanta, and Paris. Continuing this long-
standing tradition, the first ICU took place in Vienna in 2007. Further congresses followed in 
Santiago de Chile, Gdansk, Singapore, Metz, Honolulu, Bruges, and most recently in Beijing. It 
is therefore a particular pleasure to be able to continue this now 30-year-old successful 
tradition here in Paderborn. 

Ultrasound is a key technology that has become indispensable in society, research and 
industry. Because this field of research is characterized by its exceptionally high level of 
interdisciplinary work, many technical and technological challenges still need to be overcome. 

The aim of the 2025 ICU PADERBORN is to bring together scientists from research institutions 
and companies around the world to encourage open, creative and constructive discussions. 
The diversity of applications on the one hand, and the open atmosphere on the other, are 
intended to stimulate ideas and inspire innovative, visionary technical solutions, without, 
however, neglecting the responsibility entrusted to us in technological progress. 

These conference proceedings comprise the latest scientific research results and key 
contributions presented at the 2025 ICU PADERBORN. 

Our special thanks go to the members of the International Scientific Committee, the session 
chairs, and in particular the authors. We greatly appreciate your commitment in bringing 
together this congress and making the 2025 ICU PADERBORN a great event! 

 Bernd Henning    Stefan J. Rupitsch   Leander Claes 
Paderborn University, Germany University of Freiburg, Germany Paderborn University, Germany 
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Fig. 2: Sketch of the simulation for the evaluation of the transmission and re�ection behavior of limited structures.

surface. The parameters Bs (width) and Hs (height)
were introduced to describe the structured geome-
tries (Fig. 1). In the simulations, the dimensions of
the geometry were gradually increased starting from
the simple unstructured plate in order to be able to
analyze the progressive changes in the derived band
structure diagrams. The geometric parameters used
for the UC are listed in Tab. 1.

The former considered band structure is theoret-
ically only valid for infinitely long periodic PCs. To
study the performance of limited structures, a new
frequency domain model was built. Therefore, a long
plate geometry was generated consisting of different
zones (see Fig. 2). In these simulations, a right-wards
traveling A0 mode was generated in the excitation
zone. By passing the interference zone the limited
PC was reached causing reflections, transmission, and
mode conversion. Perfectly matched layers (PML) at
both ends of the panel effectively suppress unwanted
reflections. In the reflection, interference, and trans-
mission zone the local magnitudes of the waves can be
determined for each mode by Fourier transformation
at the plate surface. In simulations, both amplitudes,
the normal component v(x) and the in-plane compo-
nent u(x), can be determined. In addition, a cross
section energy coefficient can be derived for each
Lamb mode by Eq. (2) based on the eigenfrequency
simulations for an unstructured plate. This coefficient
allows to determine the wave energy in a plate cross
section by evaluating the local magnitudes at the

Tab. 1: Geometric parameters of the unit cells.

Parameter Single-Sided UC Double-Sided UC

Buc / mm � �
Huc / mm �χ� �χ�
Buc / mm � �
Huc / mm � - �χ� � - �χ��

plate surface.

φ�υ� �

� ���

�
�φ����υτ σ�� � �φ����υτ σ�� � �σ

�ρ�υ��� � �π�υ���
(2)

These energy values can be utilized to establish an
energy balance for the model. The energy of the inci-
dent wave is equivalent to the sum of the energy of all
transmitted and reflected modes of the PC. Further-
more, the interference zone facilitates a comparison
between the data from the reflection and transmission
zones. By evaluating this model for different frequen-
cies, the response behavior of the PC can be precisely
determined.

The energy coefficients calculated by Eq. (2) are
displayed in Fig. 3 for three different Lamb modes.
In contrast to the A0 and S0 modes, the A1 mode
exists only above a cut-off frequency of about 1 MHz.
Consequently, below this frequency the incoming A0
mode can only be converted into a S0 mode by the
PC, while above the S0 mode has to be considered
beside A0 and S0 modes.

0 0.5 1 1.5 2 2.5
f / MHz

0

100

200

300

400

500
A0
S0
A1

Fig. 3: Energy coe�cient for squared surface elonga-
tion magnitude for di�erent Lamb modes.
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Fig. 4: Calculated band structure diagrams for a)
double-sided and b) single-sided unit cells with varying
parameter Hs based on a 1.5 mm aluminum plate.

For experimental validation a single-sided struc-
tured plate with 50 milled grooves was prepared. The
excitation of Lamb waves was generated by a piezo-
electric transducer connected to a sine wave generator
in combination with an ampli�er for higher amplitudes.
For characterization of the waves the local motion of
the surface on the counter side of the structured area
was sampled by a LDV. The evaluation of the band
structure diagram was performed by 2-dimensional
Fourier transformation [6].

Results
The in�uence of single-sided and double-sided PCs
on the band structures of Lamb waves is illustrated
in Fig. 4. In this graphs the depth of the structures
has been gradually increased. In both diagrams, the
structuring causes the mode branches to split at the
edges k = 0 and k = 1. This phenomenon results
in band gaps with no possible propagation inside.
Furthermore, it can be observed in (Fig. 4a) that
the implementation of a PC leads to uniform tran-
sitions between modes at the original intersection
points between the A0 and A1 modes (k = 0.25,

Fig. 5: Band structure measured on a 1.5 mm thick
brass plate with 50 periodic milled single-sided PC
(surface plot) overlaid with the simulated expanded
band structure diagram (red line).

f = 1.25 MHz). A detailed examination using the
fast Fourier transform (FFT) reveals the existence
of multiple wavelengths occurring simultaneously on
both branches. This phenomenon can be attributed
to the transitions occurring in the diagrams. Conse-
quently, the diagrams cannot be unfolded as for a �at
plate to derive the dispersion relation. Therefore, the
designations for Lamb waves, such as the A0 mode,
cannot be adopted for PCs. In case of a single-sided
structure (Fig. 4b), it can be observed that these
interactions also occur between antisymmetric and
symmetric modes (k = 0.6, f = 0.9 MHz) caused by
symmetry break of the structure. This phenomenon
can result in the formation of band gaps, which theo-
retically preclude the transmission of incident Lamb
waves within speci�c frequency ranges.

This behavior can be con�rmed in an experiment
with a structured brass plate. As illustrated in Fig. 5,
the measured band diagram is compared to the cor-
responding simulation periodically extended. As can
be seen, the simulation is capable of accurately pre-
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Fig. 6: Simulated relative (a) re�ected and (b) trans-
mitted energy of an inconming A0 Lamb mode by a
single-sided PC of 10 elements.

dicting the band structure of PCs. As predicted, dif-
ferent wavelengths can be detected in the signals for
the same frequencies related to the same simulated
branches. However, the manner in which these crys-
tals respond to incident waves can only be calculated
from the second simulation.

Fig. 2 reveals the re�ection and transmission be-
havior of 10 one-sided structured PCs to an incident
A0 mode. This analysis is based on the band structure
of Fig. 6. As assumed, low frequency A0 modes are
able to pass the crystal. In the center of the displayed
frequencies, an augmented re�ection is observed, with
the S0 mode predominating in the re�ected signal.
At frequencies exceeding 1 MHz, as anticipated, S0
mode components were excited by mode conversion.

Discussion and Outlook
The �ndings indicate that the behavior of PCs in
combination with Lamb waves can be e�ciently inves-
tigated through the utilization of the aforementioned
methods. The simulated band structures have shown
a strong correlation with the experimental data. How-
ever, it was demonstrated that a more detailed analysis

of the interaction is necessary, particularly when con-
sidering �nite crystals. The primary advantage of the
method presented here is that, by employing suitable
coe�cients, an energy balance can be conducted using
only the magnitudes at the surface. Consequently, the
method can be applied to experiments with LDV data.
However, this method requires the consideration of ad-
ditional e�ects such as attenuation and the directivity
of waves on real 3D plates. The subsequent step will
involve the characterization of PCs with �uid loading,
which promises to be a fascinating avenue of research.
A particularly salient aspect of this study is the poten-
tial of extending the calculation to acoustic streaming,
a development that promises to unlock a range of
novel applications, including acoustically supported
electroplating processes on structured electrodes.
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Abstract: Assuming that fibre-reinforced polymers can be modelled as two-dimensional phononic
crystals, the present study proposes an approach to experimentally determine their crystallo-
graphic properties. The results closely resemble classical crystallographic methods, such as X-ray
diffraction, but allow for the characterisation of macroscopic structures by non-destructive, acous-
tic means. The proposed method is based on the evaluation of spatio-temporal measurement
data of broadband guided acoustic waves in the frequency and wavenumber domain.
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Motivation
Fibre-reinforced polymers have attracted considerable
interest due to their exceptional mechanical proper-
ties, including high strength-to-weight ratios, which
renders them ideal for a broad spectrum of engineering
applications. The material composition and orienta-
tion of the reinforcing fibres permit a flexible and
application-specific design of the composite material
for the respective use case. In addition, composites
are distinguished by their high resistance to corrosion
and fatigue. Fibre-reinforced polymers exhibit an or-
thogonal woven structure and are distinguished by
variations in the number of crossed fibres or the fibre
distribution [1]. Typically, fibre-reinforced polymers
are fabricated as laminated composites, with multiple
layers. However, during subsequent processing and
forming operations, local deviations in periodicity and
alterations in the geometry of the fibre weave can oc-
cur, potentially impacting the mechanical properties.

The present study employs pulsed laser radiation
as a non-destructive technique to induce broad-
band acoustic waves within fibre-reinforced polymer
samples. The samples are conceptualised as phononic
crystals, wherein their internal structure and inher-
ent periodicity influence their acoustic behaviour [2].
Whilst phononic crystals are typically deliberately de-
signed to exhibit engineered band gaps for specific
functional purposes, such as vibration isolation or
wave guiding, this work is focused on analysis of ex-
isting structures. The proposed method of evaluating
guided acoustic wave measurement data from these
samples enables the determination of the phononic
crystals properties, such as the unit cell geometry, by
evaluating the material’s periodicity, thereby provid-
ing a framework for the quantification of structural
properties.

Experimental Procedure
The measurement setup shown in Fig. 1 is utilised for
the analysis of the properties of guided acoustic waves
in fibre-reinforced polymers. Pulsed (�χ� ��), infrared
laser radiation is directed and focused onto a line on
the sample by a cylindrical lens. The energy density is
sufficiently low to prevent damage to the sample, res-
ulting only in a fast, localised increase in temperature.
The thermoelastic effect results in the excitation of
broadband acoustic waves, which propagate through
the sample. The excited acoustic waves are detected
by a piezoelectric transducer, which utilises a strip-
shaped piezoelectric ceramic as the active element.
In order to analyse wave propagation in the spatial
domain, the excitation location in φ-direction is vari-
able. A recorded dataset is two-dimensional, resolved
in both space and time.

The transformation of the data into the
wavenumber-frequency domain can be achieved ap-
plying a two-dimensional Fourier transform. [3] The
result can then be interpreted similarly to a dispersion
diagram, with ridges indicating propagating modes.
In the dispersion diagrams of fibre-reinforced poly-
mers, the propagating modes exhibit repetitions in
the wavenumber range with a period of ��x (Fig. 2).
This effect directly results from the periodic internal
structure of the samples [5], [6]. The spatial period υ
of the sample can be calculated using the following
reciprocal relationship [7]

υ �
�τ

��x

χ (1)

To evaluate the measurement data with respect to
their periodicity, the autocorrelation of the dispersion
diagrams is calculated in the direction of the wavenum-
ber and averaged over the frequency (Fig. 3). Each
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Fig. 1: Experimental setup for the excitation and
detection of broadband acoustic waves in plate-like
samples with variable excitation position [4].
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Fig. 2: Measured dispersion diagram of a fibre-
reinforced polymer sheet with plain weave. The sample
is three-layered and has a thickness of 1.5 mm.
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Fig. 3: Autocorrelation along the wavenumber direc-
tion of the dispersion diagram from a fibre-reinforced
polymer with plain weave (Fig. 2), and averaged over
the frequency. [8]
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Fig. 4: Frequency-averaged autocorrelation functions
as a function of the angel χ from a sample with plain
weave.

maximum thus represents a period of the measure-
ment data in the wavenumber regime. The distances
��x�� of the maxima can be averaged and converted
into the spatial period φ using Eq. (1). Consequently,
a robust methodology exists for determining the size
of the unit cell [8].

Unit cell geometry
In order to ascertain the geometry of the unit cell, the
proposed evaluation of the periodicity in wavenumber
regime is conducted as a function of an angle χ. χ is
de�ned as the angle between the measurement direc-
tion (υ-direction) and the direction of one of the �bre
bundles in the wave. The frequency-averaged autocor-
relation functions (compare Fig. 3) as a function of
the angle χ for a sample with plain wave is shown in
Fig. 4. Remapping the radial axis using the reciprocal
relationship from Eq. (1) results in a depiction in the
spatial regime (Fig. 5). The intensities of these peaks
are indicative of the geometry of the present unit cell
of a plain weave. The unit cell under consideration
is square, with a side measuring φ � �τ���, which
aligns well with optical measurements of the sample.
Fig. 5 also shows a larger square that is rotated by
���. The current assumption as to why the square
is visible is that these depictions visualise re�ection
planes in the samples, which also occur at an angle
of ���.

The reciprocal relationship φ � ��
��x

to map the
wavenumber data to the spatial domain is used in-
stead of a Fourier transformation as an approximation
because manual handling of the sample in the meas-
urement setup currently does not yield reliable phase
information. It is evident that this mapping does not
result in the restoration of the original spatial signal;
rather, it provides an intuitive spatial structure. A
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Fig. 5: Result of the proposed method to characterise
the internal periodic structure of a sample with plain
weave showing a symmetrical, square unit cell geo-
metry.

consequence of the inverted mapping under consider-
ation is that repetitions or artefacts at smaller values
of χ appear which are not interpretable.

The results of the proposed method for the ana-
lysis of the internal, periodic structure bear a strong
resemblance with images from X-ray crystallography,
which is a method of visualising the atomic arrange-
ments of crystals by detecting di�raction patterns [9].
It is thus referred to as phononic crystallography, be-
cause it allows for the analysis of phononic crystals
and their dispersive properties, like re�ection planes
and the unit cell geometry.

Results
To assess the capability of the proposed method to
determine the structural properties of a given sample
with internal periodic structure, it applied to detect
�bre weave deformation. The samples consist of a
single-layer of glass �bre 2/2 twill weave embedded
in a polypropylene matrix. The measurements are
conducted in a range of ��φφ���� and then repeated
due to the symmetry of the weave. As illustrated in
Fig. 6, the applying the proposed method shows the
quadratic unit cell of the twill wave, with a side length
of χ � �φ����. This corresponds to the expected
value, which can be determined visually.

In a 2/2 twill weave, �bres bundles in one direc-
tion always cross over two �bre bundles in the other
direction. It is assumed, that re�ection of acoustic
waves occur when the �bres transition between lay-
ers. The dispersion diagram of the sample with plain
weave shows repetitions at χ and �

2 are discernible
(respectively �υ� and ��υ�). The repetitions at χ
are more prominent in the measurement data and
are thus evaluated. Furthermore, the ridges at �¯��

(a)

��

���

���

����

����

����

����

����

� �� �� ��

(b)

Fig. 6: Result of the proposed method to characterise
the internal periodic structure of a sample with twill
weave (a) showing a square unit cell geometry with
asymmetric intensity (b).

are more pronounced than at ���; this phenomenon
corresponds with the asymmetry of the weave with
respect to rotations of ���. A comparison with the
results from the plain weave (Fig. 5) shows that the
proposed method can thus also infer basic properties
of the pattern of the weave. The exact correspondence
of weave pattern and the results are subject of future
studies.

The same analysis is conducted on a distorted
single-layer sample with twill weave (Fig. 7). The
composition of this sample is identical to that of the
reference sample. It is evident that the distortion of
the weave in a single direction results in the unit cell
assuming a parallelogram shape. It is imperative to
demonstrate that the measurement results of the pro-
posed method show this geometric change. The result
(Fig. 7b) shows that the distortion of the unit cell is
clearly detected and determined to be approximately
���.
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Fig. 7: Result of the proposed method to character-
ise the internal periodic structure of a sample with
distorted twill weave (a) showing a unit cell with par-
allelogram shape with asymmetric intensity (b).

Conclusion
Using the proposed method, the geometry and size of
unit cells of di�erent weave patterns in �bre-reinforced
polymers can be determined by evaluating the dis-
persive behaviour of acoustic plate waves. This is
especially evident when evaluating samples with non-
rectangular unit cells. Indications for the asymmetry
of speci�c weave pattern can also be found in the
results.

Subsequent research will investigate local distor-
tion or changes in periodicity. Synthetically created
periodic structures will be analysed to further val-
idate the �ndings of this study. This facilitates the
investigation of the in�uence of a small aperiodicity
on phononic crystallography. A potential extension of
the method is to quantitatively analyse the maxima
in the autocorrelation of the dispersion data.

A full empirical band structure of the sample can
also be inferred from the measurement data, which
will be evaluated for material modelling purposes in
future studies.
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Abstract: We present an experimental study to analyze the in�uence of the chip material on
acoustophoresis processes induced by ultrasounds in micro�uidic devices. Two materials with
di�erent acoustic properties were used for the chip structutre: glass and PMMA repectively.
Di�erent vibrations established in their respective structures give rise to diverse acoustic pressure
patterns within the liquid phase of the channels, providing di�erent particle collection e�ciencies.
Advantages and disadvantages of both types of chips have been tested.

Keywords: Ultrasounds, Micro�uidics, Acoustophoresis, Sorting, Micromanipulation.

Background, Motivation and Objective
In last decades, the development of technology in the
�eld of micro�uidics has advanced considerably for
sorting and separation applications, being Bulk Acous-
tic Wave actuation (BAW) one of the plattforms that
can perform in this �eld. In these platform, an ultra-
sonic actuator is mechanically attached to a chip, gen-
erating a wave propagation throughout its structure.
Di�erent operating mechanisms of BAW actuators
depend directly from the materials used in the chips
and thus, of its acoustic impedance.

χ � φυ (1)

where Z is the material�s acoustic
impedance, φ is the density and c is the
sound velocity.

In chips made of materials with high acoustic
impedance such as glass or silicon, a standing wave
is established in the liquid phase between two rigid
parallel walls separated by an integer number of half
wavelengths. For a half wavelength-channel width, a
pressure node is established at the central axis, col-
lecting particles due to the radiation force induced
by ultrasound [1]. This type of material presents low
acoustic energy loss and high directivity.

In contrast, the polymeric chip materials have a low
acoustic impedance, similar to that of the liquids. It is
the entire chip structure that is involved in establish-
ing complex three-dimensional vibration modes at any
frequency [2, 3]. Acoustic energy is transferred to the
liquid phase from the structural vibrations that gener-
ates these vibration modes. Due to the low acoustic
impedance of these materials, energy loss is greater
than that found in acoustically hard materials.

The process of acoustophoresis by which particle
collection is achieved is governed by the radiation
force, which is due to the nonlinear interaction be-
tween the incident and the scatered wave from the
particles through the �uid medium. The expression
for this radiation force for a one-dimensional standing
wave was described by Gorkov [1] as:

τ� �
�σρ�

� � π� � ξ�

�ν
� µ�φ�λ ξ�λ φ�λ ξ�� � ���

�
�σκ

ν

�

(2)

µ�φpλ ξpλ φlλ ξl� �
�φ� � �φ�

�φ� ¯ φ�
� ξ�

ξ�
(3)

where Vp the volume of the particles, µ,
is the acoustic contrast factor with φp, ξp
and φl, ξ l being the density and adiabatic
compressibility of the particles and the �uid,
respectively. The distance of the particles
from the pressure node is given by ’x’. The
acoustic contrast factor determines whether
the movement of the particles occurs toward
the pressure nodes (µ � �) or toward the
antinodes (µ θ �).

Acoustically rigid materials, such as glass or silicon,
have proven to be e�cient in particle collection [4, 5, 6,
7] and present stable frequency resonances. However,
the still high cost of these devices makes the use of
polymer devices an attractive alternative.

In polymer chips, the expression described in Eq.
(2) is no longer valid because the �eld transmitted
to the liquid from the chip structure is a fully three-
dimensional �eld. This makes the expressions much
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Fig. 1: Pictures of a) Glass Chip, b) PMMA Chip.

more complex, as has been described in recent litera-
ture [2]. Previous studies [3], have veri�ed numerical
and experimentally this complex behaviours of poly-
mer chips. Results were obtained regarding particle
collection along the longitudinal axis of the channel
in polymeric-based chips.

However, another parameter is also involved in
the particle collection: the �ow rate generating drag
viscous forces on the particles. The expression that
de�nes these forces, exerted by the �uid on the parti-
cles along their trajectory toward the pressure nodes,
is given by:

χ� � ��φυτ��σ � ρ� (4)

where υ is the dynamic �uid viscosity, τp is
the particle radius u is the particle velocity
and v is the �uid velocity.

Laminar �ow regime of micro�uidics provides �ow
velocities with parabolic pro�les, favouring particle
entraintment toward the central axis. According to
it, suitable combination of acousto-hydrodymic condi-
tions have been found in this study for optimal particle
collection [2, 8, 9, 10].

The objective and motivation of this study is to
determine how two materials with very di�erent acous-
tic impedances a�ect particle collection in chips and
channels with identical cross-dimensions (Fig. 1) at
the same frequency. An experimental comparison has
been made to show the advantages and disadvantages
of both materials.

Experimental setup
Two micro�uidic chips were developed to perform the
experiments of: i) Borosilicate Glass (Z�13 MRayls)
and ii) Polymethylmethacrylate (PMMA) (Z�11,9
MRayls). They have the same width and thickness
(15x1.5 mm) with identical channel cross-sections
(800x500 πm). The channel is centered in both chips.

Piezoelectric PZ26 Ferroperm ceramics were used
as ultrasonic actuator, attached underneath the chips,
vibrating in Thickness mode at around 1 MHz. They
were placed perpendicular to the channel and excited
by an Agilent 33500B function generator connected
to an E�I 240L ampli�er; a continuous sinusoidal
wave was used to excite the PZ26.

Polystyrene beads of 20 πm diameter (Dynoseeds
TS 20, Microbeads) were used, diluted in deionized
water �ltered through 0.2 πm pore-size biological
grade �lters. For the injection of the particle suspen-
sion, a 2.5 ml syringe was employed, and the �ow
rate was regulated using a KDScienti�c KDS-260-CE
syringe pump. Various �ow rates were tested, ranging
from 50 πl/min to 300 πm/min. Among them, Q =
80 πl/min was selected as the optimal �ow rate to
enhance particle collection e�ciency.

The optical elements used in the laboratory are a
ZEISS Axio Scope A1 microscope with a ZEISS EC
EPIPLAN 5x/0.13 HD lens, and a Photron FASTCAM
SA3 high-speed camera, con�gured with a frame rate
of 2000 frames per second.

Results
The presence of cylindrical-shaped perforations within
the glass chip structure, signi�cantly disturbs the
propagation of the incident wave from the vibrating
surface of the piezoelectric ceramic. Due to the high
rigidity of the glass material, wave propagation pre-
dominantly occurs along the direction of incidence.
The perforations induce highly directed wave guidance
toward the channel in the adjacent chip region. In the
rest of the chip, these perforations induce acoustic
short-circuiting, resulting in wave re�ection and sig-
ni�cant energy dissipation in areas farther from the
channel. Regions in close proximity to the channel, ex-
perience more direct wave propagation, which would
be equivalent to having a very narrow chip.

Several optimal collection frequencies were found
for both chips in the range of 800 kHz to 1200 kHz,
with 974 kHz chosen as representative. It is worth
noting that, although the glass chip collects over
a range that covers the studied interval, with small
intervals in which collection is slightly impaired, this is
not the case for the polymer chip, where these ranges
are very intermittent and in some cases, nonexistent.

Fig. 2: Graph of the conductance of the PZ26 used
in both the glass chip and the PMMA chip.
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Fig. 3: Particle collection at 974 kHz obtained within
the microchannel at stagnant conditions, drawing the
pressure node pattern; a) In the glass chip, b) in the
PMMA chip.

Under �ow stangnant conditions, the acoustic pres-
sure nodes draw a discontinuous line around the cen-
tral axis of the channel. Instead, they form con�ned
clusters of aggregates at di�erent possitions of the
channel width, including small areas beside the walls
(Fig. 3). They appear more dispersed in the PMMA
chip, showing more irregular and weaker pressure
nodes spatially dispersed, due to the establishment
of three-dimensional vibration modes within the solid
structure of the chips, as described in the introduction.

However, under �ow conditions, the parabolic �ow
velocity pro�le, with a maximum at the central axis
and governed by viscous drag forces, favours circula-
tion of particles along the central area once collected
by the radiation force and by viscous drag forces
in the same direction. It is, therefore, the acousto-
hydrodynamic combination that enables both the col-
lection and maintenance of the particles along the
channel axis, even though the pressure nodes are not
spatially regular along the channel. This phenomenon
has been widely described in the litereature and re-
peatedly observed in video recordings obtained under
�ow conditions of our experiments, where circulating
particles exhibit a well-de�ned alignment along this
central axis or in its vicinity within small surrounding
areas (Fig. 4).

Experiments were conducted with �ow rates rang-

Fig. 4: Particle collection at 974 kHz obtained within
the microchannel and a �ow rate at the syringe pump
of 80 χl/min; a) In the glass chip, b) in the PMMA
chip.

ing from 50 to 300 χl/min. It was observed that, in
polymer-based chips, �ow rates exceeding 80 χl/min
result in very poor particle collection, with signi�cant
dispersion of particles throughout the channel. On
the contrary, particle collection in glass chips tolerate
�ow rates up to 100 χl/min, although this also leads
to a slight reduction in collection e�ciency. It is due
to times unbalance, the time of circulation is shorter
than that required to reach the central axis at these
high �ow rates, preventing particles circulating near
the walls from reaching the center of the channel. Nev-
ertheless, particle collection with e�ciency degrees
over 70� still occurs at this rate. A �ow rate of 80
χl/min allows for particle collection in both types of
chips and enables a comparison of their collection
e�ciency.

Furthermore, particle trapping occurs more slowly in
polymer chips, even in stangnant conditions. This sug-
gests that, at a given frequency, the resulting acoustic
radiation force is weaker in these materials, which can
be explained by the high energy loss and establish-
ment of three-dimensional complex vibrations in this
acoustically soft structures described above. Lower
�ow rates are more favorable for e�ective collection
in these polymer-based chips. In contrast, particle
collection in glass chips is nearly instantaneous, both
with and without �ow.

However, the resulting temperature rise in the ce-
ramic associated to higher voltages supplied, favours
formation of bubbles within the channels and aggre-
gation of particles, which adhere to the channel walls
and bubble surfaces, thereby altering the acoustic con-
ditions inside. These alterations lead to a signi�cant
decrease in collection e�ciency.

In our experiments, a collection e�ciency of 100�
was achieved in the glass chip, whereas in the PMMA
chip, the e�ciency was approximately 70� although
they collected in a wider central area.

Conclusions
In the polymer chip, the acoustophoretic process oc-
curs with lower particle collection e�ciency than in
glass chips. The greater energy dissipation in acousti-
cally soft materials like PMMA, and complex three-
dimensional vibration modes established in this mate-
rial, results in poorer particle collection in the polymer
chips.

However, polymeric chips present the advantages of
being lower in cost and are more versatile in establish-
ing pressure nodes at di�erent areas of the channel,
they are also more versatile regarding the pressure
nodes establishment. It does not occur in glass chips,
which provide a wider frequency stability and a very
high e�ciency in collecting particles at �xed positions
within the channels.
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Abstract: Since COVID-19, clean indoor air has become more of a focus due to airborne
viruses. Conventional �lters often fail to capture ultra�ne particles. This work investigates
how standing ultrasonic �elds manipulate aerosols for more e�cient cleaning. Gor�kov theory
and FEM simulations used to evaluate the acoustic forces on particles. Experiments by light
refractive vibrometry and high-speed camera observations con�rm the model quality.
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Introduction
Since the COVID-19 pandemic, the importance of
clean indoor air has gained renewed attention due
to airborne transmission of viruses and aerosols.
Conventional air puri�ers often struggle to e�ectively
capture ultra�ne particles and gaseous pollutants.
In this work, we explore the use of ultrasound not
merely for �ltration enhancement, but speci�cally
to manipulate aerosol particles within an airstream.
By generating standing acoustic waves, particles can
be in�uenced and concentrated at de�ned positions,
enabling novel approaches to air puri�cation. In the
�rst step, the study investigates the behavior of
particles in acoustic �elds based on the analytical
Gor�kov model and �nite element simulations
(FEM). Theoretical investigations are compared
with experiments. Our aim is to demonstrate how
acoustic forces can be used to actively control aerosol
distribution in air�ows and thus create the basis for
advanced cleaning technologies.

Methods and Calucations
To set the parameters for the calculations in a �rst
step, a wind tunnel including an acoustic resonator
chamber was designed. The top of the wind tunnel
of Fig. 1 consisted of an inlet (1), a �ow straightener
(2), the acoustic resonator chamber (4) with connect-
ing pieces (3) and the fan (5), which drew in the
air. With the wind tunnel, it was possible to generate
disturbance velocities from 0 �

� to 9 �
� .

The resonator chamber has been designed so that the
interior of the resonator can be observed using a cam-
era (VW600C, Keyence Deutschland GmbH, Frank-
furt am Main, Germany) and a vibrometer (PSV 400M,
Polytec GmbH, Waldbronn, Germany). Fig. 1: Measurement setup for measuring the pressure

fields in the resonator chamber with the Laser Doppler
Vibrometer.
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In addition, there is an external recess in the base of
the resonator chamber to accommodate the ultrasonic
horn (UP200S, Hielscher Ultrasonics GmbH, Teltow,
Germany). The ultrasonic horn in conjunction with
a re�ector of steel on the opposite side of the wind
tunnel is used to generate the standing wave �eld.
The following considerations were made to determine
the optimum distance between the re�ector and the
ultrasonic horn.
For the theoretical predictions, the analytical model of
Gor�kov [1] is compared with FEM done by COMSOL
Multiphysics version 6.1. For resonance to occur, the
distance between the ultrasonic horn and the re�ector
χ� must be an integer multiple of half the wavelength
of the acoustic wave φ. The wave number υ for the
direction are de�ned as [1]�[3]:

υ �
τσ

χ�
ρ τ � � (1)

The sound potential π , from which the acoustic pres-
sure and velocity can be derived, is de�ned in the
three spatial directions x, y, z as:

���� �� �� �� �
���

����
���

�
���

��
�

�
���

�
���

��
�

�
���

�
��

�
�

�
�������

(2)

Whereas ξ is the angular frequency. The acoustic
velocity and pressure are then obtained by:

νµ � �πρ λ � �κ
�π

�θ
(3)

For small spherical particles η � φ, the time-averaged
acoustic radiation force can be derived from the
Gor�kov potential π���, given by [1], [4], [5]:

π��� �
�σ

�
η�

�
ζ�

�ε���
�λ�� � �ζ�

�κ���
�µ��

�
(4)

The contrast factors ζ� and ζ� depend on the material
properties of the particle and the surrounding medium:

ζ� � � � ε�

ε���
ρ ζ� �

�
�
κ��
�����

�
�κ��
�����(5)

Here η is the radius of the particle and the coe�cients
ζ� and ζ� are dimensionless coe�cients that take into
account the properties of the material (density κ and
compression modulus ε) of the particle (index p) and
the surrounding medium (index air). The brackets
��� in Eq. (4) indicate time averages. The �rst term
in Eq. (4) ζ�δ� � εair

�
λ�

�
describes the e�ect of the

pressure �eld on the drop, while the second term
�ζ�δ�κair

�
µ�

�
describes the dynamic e�ects due to

the movement of the medium. The acoustic radiation
force is then given by the gradient of the Gor�kov
potential:

νγ��� � ��π��� (6)

For larger particles, the acoustic force can be calcu-
lated as [6], [7]:

����� � �
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���

��
�����

�
�

����
����
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�� � ����� � ������

�
���

(7)
For the force in the z-direction, the force contribution
γ� is considered in more detail. Furthermore, the
spatial coordinates in the x- and y-directions are set
to zero γ rad

� ��ρ �ρ β� � γ�. This writes the force in
the z-direction [8]:

�� � ���
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max
air

��
�

��

�

� �� �
�z, max�const.

� ��������� (8)

If one investigates Eq. (8), one can see that the force
�eld in the z-direction has twice the frequency of
the original pressure �eld [9]. Another statement
can be derived from Eq. (8). The force curve shows
that the acoustic force direction changes every φδ�.
As a result, the acoustic force points sometimes
in and sometimes against the weight force, which
means that particles cannot form and accumulate in
every area of the pressure �eld. Particles can only
accumulate where the weight force is balanced by the
acoustic force.
To verify theoretical predictions without air �ow,
standing wave �elds are visualized using the refractive
vibrometry method [10] and nodes are visualized
using levitated droplets and a camera.

Results
To validate the FEM, the pressure �eld between
the ultrasonic horn and the resonator plate is �rst
simulated at various distances, including distances
outside the resonance condition. In addition, the
pressure �eld is determined experimentally using the
light refractive vibrometry method. The results can
be found in Fig. 2. As this is a qualitative comparison
of the pressure �elds, no colour bar has been used.
The pressure free areas are shown in green. As can
be seen, a standing wave �eld is formed for the
distances χ� =φ and χ� = 2φ (Fig. 2 third and fourth
lines), because of the pressure bulges or pressure
troughs. At a distance of χ� = 8 mm (Fig. 2 �rst line)
an asymmetric spatial mode seems to form. At a
distance of χ� =12mm (Fig. 2 second line) a weak
pressure bulge appears in the center. However, due to
the distance χ� =α � �

� , the condition of a standing
wave is not yet ful�lled, i.e. the pressure �eld has
no pressure bulges or pressure troughs and nodes.
The pressure �elds of the experiments are in good
agreement with the predicted pressure �elds by FEM.
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Fig. 2: Qualitative representation of the pressure �elds
at di�erent distances left from the experiment, right
from FEM model at various distances of the resonator
plates. The missing measurement window in the right-
hand corner of each experimental measurement was
removed from the measurement because the trigger
piezo was attached at this point and therefore no
measurement was possible at these points.

A closer look at the pressure �elds predicted by the
analytical model and the FEM reveals a high degree
of similarity when compared with the experiments for
a resonator length of χ� =φ or χ� = 2φ. Similar values
were found for the z-coordinates of the pressure bellies
and nodal points of the standing compression spring.
The compared values can be seen in Tab. 1.
Last particles in the form of water droplets are in-
troduced into the resonator. The arrangement of the
water droplets in the resonator can be seen at the
level of the nodal points if the FEM data is placed
next to them, see Fig. 3.

Tab. 1: Calculated node and extrema positions (in φ)
for di�erent models and resonator lengths χ�.

Model z positions (in φ)

FEM χ��φ Nodes: 0.232, 0.751
Extrema: 0.492

Analytical χ��φ Nodes: 0.25, 0.75
Extrema: 0.5

LDV χ��φ Nodes: 0.24, 0.79
Extrema: 0.52

FEM χ���φ Nodes: 0.254, 0.737, 1.24, 1.76
Extrema: 0.496, 0.987, 1.50

Analytical χ���φ Nodes: 0.25, 0.75, 1.25, 1.75
Extrema: 0.5, 1.0, 1.5

LDV χ���φ Nodes: 0.25, 0.75, 1.25, 1.76
Extrema: 0.5, 1.0, 1.51

Fig. 3: Levitated droplets in their stability points (left)
compared with the FEM pressure �eld χ� = φ (right).

Discussion
When analyzing the two-dimensional pressure �elds
in Fig. 2 and comparing the LDV measurements with
the FEM, a good qualitative agreement between the
LDV measurements and the FEM simulation can be
observed. For the distance of 8mm in Fig. 2, there
is a slight deviation between the FEM and the LDV
measurement. This deviation is due to the limitation
of the calculation space in the FEM model, which
does not prevail in the measurement.
The deviations in the position of the zero points
(nodes) and the extreme values (bellies) between the
theoretical pressure �elds and the simulations listed
in Tab. 1 occur at all distances considered (χ� � φ
and χ� � �φ ). The pressure �eld from the analytical
model assumes that the propagating waves are excited
by the entire width of the lower resonator plate and
thus have �at wave fronts over the entire width and
interfere from a standing wave in the resonator.

Fig. 4: The force curves as a function of the radius
of the droplet are shown for each of the models. The
force resulting from the Gor�kov potential is shown as
a dashed line, with the dots representing the forces
resulting from the FEM model. Both forces curves
were evaluated at the point (x = 0 m, y = 0 m, z = ��

� ).
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In the pressure �elds from the FEM and the pressure
�elds from the LDV measurement, the pressure �eld is
excited by the tip of the ultrasonic horn with a limited
diameter of 14mm, which causes waves with curved
wave fronts to propagate and thus waves with curved
wave fronts to intefere into a standing wave �eld.
This can be a cause that leads to the di�erences in
the model. Fig. 3 shows that the droplets accumulate
in the nodal points. However, a further estimation
between the Gor�kov model and the FEM (Fig. 4)
shows that with increasing particle size, an estimation
using Gor�kov is no longer possible to determine the
force in�uence on the droplets.

Conclusion
The aim of this work was to achieve acoustic air puri-
�cation. For this purpose, a test rig was constructed,
the dimensions of which were then used to set up
analytical models, FEM and experiments to verify the
theoretical models. It was shown that the theoretical
pressure �eld can also be veri�ed using light refract-
ive methods, which con�rms the theory. It was also
possible to observe the in�uence of droplets using
a camera. Furthermore, it was shown that Gorkov�s
model can be used for the design of small particles or
droplets, while FEM must be used for larger particles.
The next step will be to set up several or longer res-
onators based on these results and generate an air
�ow charged with water dropletes in the test set-up.
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Abstract: Experimental observations and theoretical numerical calculations on the primary
Bjerknes force were performed to determine the e�ect of static pressure changes on sonolumi-
nescence (SL). The intensity of SL increased with increasing static pressure. The numerical
calculations showed that under high static pressure, bubbles in standing waves are trapped at
higher sound pressures. Bubbles trapped under higher sound pressure collapse more violently
and the temperature inside the bubble increases.
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1. Introduction
Ultrasonic cavitation is a phenomenon in which micro-
scopic bubbles are generated by irradiation of ultra-
sonic waves into a liquid. Sonoluminescence (SL)[1]
is known to depend on several parameters, including
frequency, acoustic power, type of solute, type of dis-
solved gas, and liquid temperature. In this study, we
focused on the parameter static pressure. Various ex-
perimental and theoretical studies have examined the
e�ects of large static pressure changes (several MPa)
on SL [2], but there are few studies on small changes
in static pressure (several tens of kPa). Therefore,
the purpose of this study was to clarify the e�ect of
minute static pressure changes on SL and its associ-
ated factors.

Fig. 1: Schematic diagram of the experimental sys-
tem.

2. Materials and Methods
2.1. Experiment
Fig.1 shows a schematic diagram of the experimental
system. A rectangular stainless steel sample chamber
��� � �� � ��� χχ� is attached to an ultrasonic
generator (QUAVA mini, KAIJO Co., Ltd.) with
a frequency of 430 kHz. A quartz glass window
is installed in the side to allow measurement of
SL. A digital pressure gauge (KDM30-φ, Krone
Corporation) and a hand suction exhaust pump are
attached to the lid of the sample chamber to control
the internal static pressure. Puri�ed water was used
as the test liquid, which was degassed by stirring
under reduced pressure of 0.1 MPa for 1 h and then
was stirred under an Ar atmosphere at ambient
pressure for 1 h. The temperature of the samples was
maintained at �� � �°C by circulating cooling water
outside the sample bath. Acoustic power was kept
constant at �� � � W using the calorimetry method.
SL spectra were measured with a spectrometer
(SP2300i, Princeton Instruments) and CCD detector
(Pixis100, Princeton Instruments). SL photographs
were taken using a digital SLR camera (φ7S, Sony
Corporation) with an exposure time of 2 min.

2.2. Numerical calculation
Numerical calculations were performed for the
vibration of a single bubble, neglecting interactions
between bubbles. The bubble is assumed to always
be spherical and its center is not displaced during
one cycle. The bubble oscillations are described by
the Keller-Miksis equation[3]:
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Here, χ is the instantaneous bubble radius, τ is
time, an overdot denotes the time derivative, ρ is the
density of the liquid, and φ is the speed of sound in
the liquid. The nonlinear term σ� can be expressed
as

σ� �

�
σ� �

�π

χ�

� �
χ�

χ

���

� �π

χ
� �ξ

χ
�χ�σ��σ�

(2)
where χ� is the initial radius of the bubble; π

and ξ are the surface tension and viscosity in the
liquid, respectively; σ� is the static pressure; σ� is the
external sound pressure; ν is the ultrasonic frequency;
and µ is the speci�c heat ratio of the gas in the bubble.
The external sound pressure σ� assumes a standing
wave and is represented by

σ� � �σ� �¯� �λκ� ��� ���ντ� (3)

Here, λ is the wavenumber, κ is the position in the
height direction, and κ � � is the position of the belly
of the standing wave. The acoustic amplitude σ� was
estimated from the acoustic power. Using the bubble
radius R calculated by the Keller-Miksis equation, the
primary Bjerknes force was calculated as follows[4]:

θη� � �� θη�� � ��ζ �ε� (4)

Here, θη� is the instantaneous radiant force acting
on the bubble and � � indicates the time average. The
force θη� is given by

θη� �

�
���

�

�
χ�λδ ��� �λκ� ��� �γτ�θβ� (5)

The change in bubble diameter was treated as an
adiabatic process, and the maximum temperature
inside the bubble was calculated using the following
equation:

α��� � α�

�
χ�

χ���

�������

(6)

here α� is the initial temperature inside the bub-
ble The above equations were solved using MAT-
LAB�s ODE45s solver, with absolute and relative tol-
erances of � � ����. The gas inside the bubble was
assumed to be Ar. The initial conditions were as fol-
lows: χ��� � χ�, �χ��� � �, α� � ���
�
 K, ν � ���

kHz, ρ � ���� ��	Ω�, φ=1482 m/s , π=	�
	
�����

N/m, ξ=�
��� � ���� Pa�s, µ=1.67,and σ�=10 W.

Fig. 2: Photographs of SL taken under di�erent static
pressures. All photographs were taken with an expo-
sure time of 2 min.

3. Results and Discussion
3.1. SL Observations
Changes in SL intensity and emission distribution in
response to variations in static pressure were observed.
Fig. 2 show photographs of SL observed under dif-
ferent static pressures. As the static pressure was
increased, stronger light emission was observed near
the liquid surface. Conversely, as the static pressure
was decreased, the emission distribution extended
further toward the bottom of the sample chamber.
Previous studies have also reported that light emission
is concentrated near the liquid surface, which can be
explained by the ratio of standing wave and traveling
wave components [5]. A standing wave arises from
the interference between a traveling wave and its re-
�ected wave. In regions farther from the liquid surface,
attenuation of the sound wave causes the re�ected
wave to become weaker than the traveling wave, hin-
dering formation of a standing wave. As a result, the
traveling wave component becomes dominant. In ar-
eas where the traveling wave component is strong,
bubbles experience radiation force from the traveling
wave and move toward the liquid surface. In such
regions, bubble collapse events capable of generating
SL are less likely to occur. On the other hand, near
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Fig. 3: SL spectra in Ar saturated water at di�erent
static pressures.

the liquid surface, the attenuation of the traveling
and re�ected waves is roughly the same, leading to a
stronger standing wave component. In regions with a
strong standing wave component, bubbles are trapped
within the standing wave due to the primary Bjerknes
force [4] and oscillate in stable positions. As a result,
SL is concentrated in these regions. Fig. 3 shows the
measurement results of SL intensity. Based on the
SL spectrum, the intensities of both the broadband
component and the OH radical peak were calculated.
As the static pressure was increased, the intensities
of both the broadband emission and the OH radical
peak increased accordingly.

3.2. Numerical Calculation of the Primary
Bjerknes force
To examine the equilibrium positions of bubbles within
a standing wave, a numerical calculation of the pri-
mary Bjerknes force was conducted. The time average
over one acoustic cycle was taken, where a force push-
ing the bubble away from (resp. toward) the pressure
antinode was taken as positive (resp. negative). Fig.4
shows a heat map representing the magnitude of the
primary Bjerknes force as a function of position z
and initial bubble radius χ� under a static pressure
of 100 kPa. When a bubble is located far from the
pressure antinode, it experiences a negative radiation
force pulling it toward the antinode. However, as it
approaches the antinode, it eventually experiences
a positive radiation force, pushing it away. As this
occurs, the bubble continues to expand even into the
second half of the acoustic cycle, making the contri-
bution of the latter half dominant. As a result, the
bubble becomes trapped at the position where the
Bjerknes force is zero

�
φυ� � �

�
. The trapping po-

sition depends on the initial bubble radius χ�, with
smaller bubbles tending to be trapped closer to the
pressure antinode.

Fig. 4: Heat map showing the magnitude of the pri-
mary Bjerknes force for at position z and for initial
bubble radius χ�. Static pressure is 100 kPa. The line
indicates the point where φυ�=0.

Fig. 5 shows the dependence of the bubble trapping
position on static pressure. Numerical calculations
revealed that, for all initial bubble radii, the bubbles
become trapped closer to the pressure antinode with
increasing static pressure. This indicates that the
bubbles are trapped in regions with higher acoustic
pressure. The bubbles move closer to the antinode
because the time required for the bubbles to collapse
becomes shorter with increasing static pressure. As
a result, the contribution from the latter half of the
acoustic cycle becomes smaller, leading to trapping
positions closer to the antinode.

Fig. 5: Size of bubbles trapped at position z under
di�erent static pressures. The second vertical axis
shows the sound pressure that the bubble at position
z receives from the standing wave.
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Fig. 6: Maximum temperature inside the bubble at
the bubble trap position. χ corresponding to φ� was
determined from Fig. 5.

Fig. 6 shows the maximum temperature inside the
bubble at the trapping position. Based on the results
from Fig. 5, the acoustic pressure corresponding to
each initial bubble radius φ� and static pressure υ�

was determined. The maximum temperature increased
with rising static pressure. The reason for this was that
the change in bubble position due to the increase in
static pressure caused the bubble to experience higher
acoustic pressure, resulting in more violent collapse.
The internal bubble temperature is a crucial parameter
in determining SL intensity, and its dependence on
static pressure shows a trend similar to that observed
in Fig.3. These results suggest that the equilibrium
position of the bubble in the standing wave may be
one of the key factors in�uencing SL intensity.

4. Conclusion
An increase in SL intensity and a change in the emis-
sion distribution were observed with increasing static
pressure. Numerical calculations revealed that, with
increasingstatic pressure increases, bubbles become
trapped closer to the pressure antinode of the stand-
ing wave. Bubbles subjected to stronger acoustic pres-
sure undergo more violent collapse and reach higher
maximum temperatures. This study enhances our un-
derstanding of static pressure as a key parameter in
ultrasonic cavitation and contributes to the determi-
nation of e�cient operating conditions for industrial
applications such as ultrasonic cleaning and steriliza-
tion.
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Abstract: This study demonstrates a method for gas bubble removal from glass surfaces
using acoustic standing wave �elds. Piezoelectric transducers generate targeted frequencies,
creating radiation forces that move bubbles toward antinodes. By incorporating bubble resonance
frequencies, detachment e�ciency is enhanced. Simulations and experiments con�rmed e�ective
wave formation and bubble migration. A burst-mode excitation minimized thermal load, providing
a non-invasive solution for maintaining optical sensor performance in liquid environments.
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Introduction
The presence of gas bubbles adhering to glass sur-
faces in water poses a critical issue for optical sensors
utilized in the context of water quality measurements.
These bubbles induce distortions in light paths through
the process of refraction, thereby leading to inac-
curacies in parameter estimation. The presence of
even small bubbles has the capacity to signi�cantly
alter sensor readings by introducing optical artifacts
that interfere with the transmission and detection
of light. Therefore, the objective of this study is to
explore the use of ultrasonic guided acoustic waves
as a means to e�ectively remove bubbles from glass
surfaces. This technique utilizes the interaction of ul-
trasonic acoustic waves with the water-glass interface,
forming standing wave �elds, thereby inducing radi-
ation forces that in�uence bubble motion. A further
point of this study is whether the excitation of the
bubbles at their resonance frequency at the same time
can improve the manipulation of the bubbles due to
reduced bonding to the adhering surface.

Method
Acoustic waves that propagate along the solid-water
interface at speci�c frequencies and wavelengths gen-
erate an acoustic standing wave �eld in the adjacent
�uid. Fluctuations in pressure within the acoustic �eld
create stationary nodes and �uctuating antinodes.
The wavelength necessary for a standing wave �eld to
form depends on the width of the system. This results
in a set of wavelengths that are integer divisors of
twice the width of the system:

χ �
�φ

υ
� υ � �τ �τ �τ σσσ (1)

The acoustic radiation force in the standing wave
�eld causes the gas bubbles to move toward the an-
tinode positions within the �uid region. This leads
to increased movement and eventually causes the
bubbles to move away from the glass surface [1].

The radiation force is de�ned with the time-
averaged �rst-order pressure �ρ� and velocity �π� as
[2], [3]:

ξ��� ��

��

��
�

�
ν��ρ�� � �

�
µ��π��

�
υ� µ���υ � π�π�

�

(2)

With ν� as the compressibility of the bulk �uid as
ν� � �λ�µ�κ

�
�� where µ� and κ� are the density and

velocity of sound of the �uid, respectively.

While the acoustic �eld is active, the bubbles are
trapped within the antinodes. When the �eld is shut
o�, buoyancy e�ects transport the bubbles away. To
increase the e�ect, the resonance characteristic of the
gas bubbles themselves was used. Depending on their
size, bubbles have resonance frequencies at which
they oscillate. This oscillating movement reduces the
bubbles� adherence to the glass surface, allowing them
to be more e�ciently removed by the acoustic radi-
ation force of the standing wave �eld. For constrained
gas bubbles, for which the in�uence of surface tension
is not negligible, the resonance frequency can be de-
rived from the Rayleigh-Plesset equation, as described
in [4]:
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χ �χ�
� �χ�

�
�

�

φ

��
υ� �

�τ

χ�
� υ�

� �
χ�

χ

���

� υ� � �τ

χ
� �σ �χ

χ
� υ� � ρ �π¯

� (3)

Here, the oscillating bubble radius χ in an acoustic
�eld depends on its �rst- and second-order time deriv-
atives �χ and �χ as well as the surface tension acting
on the bubble τ, the �uid density φ� and the viscosity
σ, as well as the hydrostatic pressure υ� and the vapor
pressure inside the bubble υ� and the initial bubble
radius χ�. ρ �π¯ is the time-dependent pressure vari-
ation from the acoustic �eld and ξ is the polytropic
index.

For the assumption of small amplitude variations
in bubble radius, the resonance frequency ν� can be
calculated with [4]:

ν� �
�

χ�
�
φ��

�ξ

�
υ� �

�τ

χ�
� υ�

�
� �τ

χ�
� υ� � �σ�

φχ�
�

� (4)

The material properties as can be seen in table 1.
According to Figure 1 the resonance frequency for
bubbles of the size in the range between ��� µm and
� mm ranges from �µ� kHz to �� kHz.

Tab. 1: Material properties of gas bubbles and water
at 20��.

φλ ��
�� ���

τλ�
� �µ����

σλ�� � 
 �µ��� � ����

υ�λ�� ��� ���

υ�λ�� ����

ξ �µ�

For the experimental setup, a measurement cham-
ber with dummy sensors as optical sensors was con-
structed in order to serve as a basis for gas bubble
removal. The housing is depicted in Figure 2. For
the generation of ultrasonic frequencies, piezoelectric
transducers were considered because they can act
on a wide range of frequencies and can be driven at
high voltages for large de�ections. Since the space
for attaching the transducers was limited, they were
placed directly on the top side of the quartz glass
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Fig. 1: Resonance frequency of gas bubbles in water
for di�erent bubble diameters.

surface, next to the optical sensor dummy. Lead zir-
conate titanate (PZT) transducers (PIC 255 material,
PI Ceramic GmbH, Lederhose, Germany), measuring
�� mm � � mm � 1 mm were used. Two transducers
were placed in a row on both sides of the dummy
to span its entire length, reaching a total length of
�� mm. The goal was to remove any gas bubbles
from the glass surface under the dummy elements.
The same procedure was carried out on the back of
the housing because there is another dummy element
there. The prepared measurement chamber is depicted
in Figure 2.

Fig. 2: Measurement chamber with dummy sensor
and prepared glass surface with piezo transducers.

The necessary wavelengths for the standing wave
fields were found using equation (1) where the sys-
tem’s width, χ, was �� mm. This resulted in a set
of wavelengths and with the speed of sound in water
being ���� m/s, distinct frequencies were determined.
FEM simulations were conducted in COMSOL Mul-
tiphysics software to prove the excitation concept on

DOI 10.5162/Ultrasonic2025/A4-a2



2025 ICU PADERBORN
9th International Congress on Ultrasonics - ICU

42

the geometry of the measurement chamber in before-
hand. The three-dimensional simulations included the
chamber�s �uid volume as well as the � mm thick
quartz glass plates. The excitation of the standing
wave �elds with the related driving frequencies was
modeled on top of the glass plates to emulate the
actuation with the piezo ceramics in the experimental
stage. To demonstrate standing wave excitation in
a �uid volume, a special measurement chamber was
constructed. The side walls were cut out and replaced
with glass plates, one of which was coated with a
primer. The experimental setup involved continuously
exciting the standing wave �eld at a frequency of
��� kHz and measuring the pressure �eld inside the
�uid with a laser Doppler vibrometer (PSV-400M,
Polytec GmbH, Waldbronn, Germany). The results
were then compared with those of the associated
�nite element method (FEM) simulation. Figure 3
compares the standing wave �elds from the exper-
iment and the simulation, showing that the results
agree qualitatively. This indicates that the generation
of the standing wave �eld and the corresponding ra-
diation force, which moves the gas bubbles toward
the �uid volume and away from the glass surface,
operated as intended. The �nal step was to optimize
the actuation to remove the bubbles faster and more
e�ciently.

Fig. 3: Laser Doppler vibrometer measurement of
pressure field inside measurement chamber (top).
FEM simulation of same excitation at ��� kHz (bot-
tom).

The �nal driving signal for the transducers was de-
signed to ful�ll two tasks. First, a standing wave �eld
had to be generated. Second, the resonance frequency
of the di�erent bubble sizes had to be met. To this
end, a chirp signal was designed to encompass the fre-
quency range between �χ� kHz and � kHz, striking a
balance between the �ndings of Figure 1 and the over-
all signal length and, consequently, the thermal load
on the piezo ceramics. The chirp signal was alternated
with continuous high-frequency sinusoidal signals at
the following frequencies: ���χ�� kHz, ���χ�� kHz,
���χ�� kHz and ���χ�� kHz. For clari�cation, the ex-
citation signal and the resulting frequency spectrum
are depicted in Figure 4. The signal was driven in
burst mode, and the burst delay was chosen to be
��¯ ms to ensure that the piezo ceramics would not
overheat, even with long-term usage. In the experi-
mental setup the signal was generated with a function
generator (33521A, Agilent Technologies, Waldbronn,
Germany) and ampli�ed to ¯�� Vpp with a voltage
ampli�er (A 1230-02, Dr. Hubert GmbH, Bochum,
Germany) before being fed into the piezo ceramics.

Results

The experimental investigation of gas bubble removal
revealed that combining the resonance frequency and
the standing wave approach signi�cantly optimizes
bubble migration, enabling e�cient removal across
the relevant sensor surface. Figure 5 shows the initial
gas-bubble-contaminated surface, as well as the stages
of the cleaned surface after up to three burst cycles of
the excitation signal shown in Figure 4. Most of the
adhering gas bubbles detached during the �rst burst
cycle, which occurred after �� µs. The last few bubbles
detached after the third cycle, which occurred after
about ��� µs. The �nal image on the right in Figure
5 shows the bubble-free surface after the bubbles in
the �uid were driven away by buoyancy.

For cases involving excitation at only the resonance
frequencies of the gas bubbles or the excitation of only
the standing wave �eld, the bubble removal results
were much lower than those in the combined, altern-
ating case presented in the Methods section. The
frequencies for the standing wave �eld were chosen
based on their e�ectiveness. Frequencies lower than
��� kHz did not signi�cantly a�ect the bubbles. Fre-
quencies higher than ��� kHz were also not suitable
for this task because increased overall power consump-
tion resulted in a lower maximum voltage to prevent
thermal destruction of the piezo ceramics. In this
case, frequencies higher than ��� kHz did not o�er
an increase in bubble manipulation.
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Fig. 4: One period of the excitation signal (top). Corresponding multi-band frequency spectrum (bottom).

Fig. 5: Applied strategy for bubble removal. Left to
right: start with no actuation, few bubbles on surface
after the �rst burst cycle, no bubbles on surface after
three burst cycles, result after shutting o�.

Conclusion
The brief cleansing period and low power usage of
burst mode actuation o�er an energy-e�cient, non-
invasive method that maintains long-term precision

and reliability of optical sensors in liquid environments.
Unlike mechanical or chemical cleaning, this approach
avoids sensor degradation or contamination. Addition-
ally, ultrasonic wave parameters can be adjusted in
real time to adapt to changes in temperature and
�ow conditions. This makes acoustic bubble removal
a scalable solution for water quality monitoring and
advances acoustic bubble migration technology, en-
hancing optical sensor performance.
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Abstract: Based on the interaction among non-spherical bubbles, this study investigated the
dynamic behavior and internal temperature changes of non-spherical oscillating bubbles in a
high-intensity sound �eld from a theoretical perspective. Under the condition of the same initial
parameters, when the sound �eld frequency approaches megahertz, the research found that
in liquids with di�erent viscosities and surface tensions, the temperature inside the bubbles is
di�cult to reach the high temperature required for sonoluminescence..
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Background, Motivation and Objective
Ultrasonic waves propagating in liquid media can
cause cavities and bubbles within the medium to grow
and collapse under their in�uence. This phenomenon is
known as acoustic cavitation [Azadegan2025]. Cavi-
tation bubbles exhibit the characteristics of slow ex-
pansion and rapid collapse during the oscillation pro-
cess. This phenomenon can trigger various physical
e�ects, such as micro�ow, impact waves and shear
forces. These acoustic cavitation e�ects have been
widely applied in �elds such as biomedicine and sono-
chemistry [Wei2023]. The cavitation phenomenon
caused by ultrasonic waves, especially its stable state
and inertial state, plays an important role in the sono-
chemical process. Therefore, by controlling the ap-
plied power or adjusting the driving frequency, the ex-
pected sonochemical e�ect can be e�ectively achieved
[Avramovic2025].

To date, most analyses on the prediction of cav-
itation e�ects have mainly been based on spherical
bubble dynamics. However, the shape of the bubbles
may deviate from spherical, especially near the inter-
face of di�erent media or in the cavitation bubbles
around the bubbles. This deviation in shape can lead
to non-spherical oscillations, which in turn may cause
the light intensity emitted by sonoluminescent bubbles
to be signi�cantly lower than that of spherical bub-
bles, or form high-speed jets in the liquid[Liu2025].
The high temperature generated inside the collapsing
bubble (i.e., the "hot spot") is the trigger factor for
most sonochemical reactions. Therefore, under di�er-
ent solution compositions and conditions, accurately
measuring this temperature is particularly important.
At a frequency of 20 kHz, even in the presence of
alcohol, the bubble temperature did not show a sig-
ni�cant change. The cause of this phenomenon may

be related to the transient characteristics of cavita-
tion bubbles [Rae2005]. Furthermore, it was observed
that at higher frequencies, as the alcohol concentra-
tion increased, the average bubble temperature (i.e.,
the aforementioned chemical temperature) did indeed
decrease [Ashokkumar2011]. With the increase of
alcohol concentration, the measured temperature of
cavitation bubbles shows a decreasing trend. In al-
cohol of the same concentration, the in�uence of
long-chain alcohols is more signi�cant. The reason
for the decrease in bubble temperature under high-
frequency conditions lies in that the high-temperature
environment generated when cavitation bubbles col-
lapse promotes the evaporation and decomposition
of volatile solutes, thereby leading to the accumu-
lation of hydrocarbon products [Ashokkumar1999].
The above-mentioned research mainly focuses on the
variation of bubble temperature with frequency in al-
cohol solutions, while the mechanism of temperature
variation with time within non-spherical oscillating
bubbles in high-intensity sound �elds is still under
further exploration.

The main purpose of this study is to numerically
investigate the non-spherical bubble dynamic behav-
ior of three bubbles in left-right symmetrical and
asymmetrical environments in a high-intensity sound
�eld, as well as the relationship between the internal
temperature of the bubbles and �uid parameters, by
applying the published three-bubble model[Wu12022,
Wu22022].

Results
In order to deeply study the oscillation phenomenon
of multiple non-spherical bubbles in a high-intensity
sound �eld, this section will adopt the formula (23)
of the theoretical model proposed in the previous
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Fig. 1: The evolution of spherical and aspherical com-
ponents of three identical bubbles at uniform distances
in alcohol and �axseed oil.

literature[Wu12022, Wu22022] to numerically sim-
ulate the interaction of non-spherical oscillating bub-
bles in di�erent liquids of a high-intensity sound �eld.
Previous work on the interaction among three non-
spherical bubbles has mainly focused on the inter-
action of bubbles in water. Based on the study of
non-spherical oscillating bubbles in water, this paper
further explores the oscillation phenomena of three
non-spherical bubbles in alcohol and castor oil, as
shown in Fig. 1. Firstly, we set the viscosities of al-
cohol and castor oil as h=0.0011 Pa·s and h=0.033
Pa·s respectively, with the initial radii and distances
of bubbles are χ����� � χ����� � χ����� � � φυ,
τ����� � τ����� � ��� φ�. Other parameters refer
to the previous literature. We also set sound waves
with a pressure amplitude of 1.1 bar and a frequency
of σ � �ρπ � �� kHz to simulate the oscillation
behavior of three bubbles. The research results show
that when the middle bubble is in the left-right sym-
metrical mode, the oscillation of its non-spherical
even symmetrical mode is more obvious, while the
odd symmetrical mode approaches zero (see Fig. 1(e)
and (h)), which is consistent with the research re-
sults in water. Meanwhile, the study also found that
the spherical and non-spherical oscillation patterns of
the three bubbles in alcohol were signi�cantly greater
than those in castor oil, as shown in Fig. 1. This
further indicates that as the viscosity increases, both
the volume of the bubbles and the amplitude of the
non-spherical oscillation decrease.

Based on the research results in Fig. 1, this study
aims to conduct an in-depth analysis of the temper-
ature changes within three non-spherical oscillating
bubbles located in a left-right symmetrical environ-
ment. The driving frequencies were set to 20 kHz
and 1000 kHz respectively to predict the relationship
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Fig. 2: The temperatures inside the bubbles in alcohol
and �axseed oil liquids at di�erent frequencies.

between the internal temperatures and frequencies of
the three bubbles immersed in alcohol and �axseed
oil with di�erent viscosities, as shown in Fig. 2. At a
driving frequency of 20khz, the temperature of the
oscillating bubbles in the alcohol reaches a peak of
approximately 800k. Conversely, when the frequency
increased to the megahertz range, the temperatures
observed in both alcohol and �axseed oil were close to
280 K. This result indicates that achieving sonolumi-
nescence temperatures in liquids of di�erent viscosities
under a megahertz sound �eld is challenging.

Figure 1 mainly discusses the oscillation phenomena
of three non-spherical bubbles in alcohol and �axseed
oil in a 20 kHz sound �eld. To further investigate
the oscillation in�uence of the megahertz sound �eld
on these three non-spherical bubbles, we analyzed
the evolution of the spherical and non-spherical com-
ponents of the bubbles in alcohol and �axseed oil
over time at a frequency of 1000 kHz, as shown in
Fig. 3. The initial distance is set to be consistent
with the other parameters in Fig. 1. The research
results show that when the three bubbles in alcohol
and �axseed oil are in a left-right asymmetric pat-
tern, the non-spherical component of bubble 3 is the
smallest (see Figs. 3(f) and (i)), which is consistent
with the relevant research results conducted in water.
Compared with Fig. 1, the initial distances and initial
radii of bubble 1 and bubble 2 are the same. However,
when the frequency approaches megahertz, both the
spherical and non-spherical components of the bub-
bles decrease signi�cantly. This further indicates that
as the frequency increases, the oscillation behavior
of non-spherical bubbles in alcohol and �axseed oil
becomes increasingly close to a spherical state.

The research results in Fig. 2 indicate that viscos-
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Fig. 3: The in�uence of megahertz sound �elds in al-
cohol and �axseed liquids on non-spherical oscillating
bubbles.

ity has a signi�cant in�uence on the temperature of
non-spherical bubbles. However, �uid parameters are
also closely related to surface tension. The tempera-
tures within three non-spherical bubbles in alcohol and
sulfonic acid with di�erent surface tensions under a
megahertz sound �eld are shown in Fig. 4. The surface
tensions of alcohol and sulfonic acid are χ � �φ���
N/m and χ � �φ��� N/m respectively. To better
control the variables, we adopted the same viscosity
parameters in the experiment, and the other initial
parameters were consistent with those in Fig. 3. The
research results show that when the driving frequency
is 20 kHz, the temperature of the oscillating bubbles in
the alcohol reaches the maximum value, approaching
3000 K. When the frequency was raised to megahertz,
the temperatures in both alcohol and sulfonic acid
were close to 280 K. This result indicates that under
the megahertz sound �eld, it is di�cult to achieve
the high temperature required for sonoluminescence
in liquids with di�erent surface tensions.

Conclusion

In a high-power ultrasonic �eld, the prediction of the
internal temperature of non-spherical bubbles is help-
ful to achieve the expected sonochemical e�ect by
adjusting the driving frequency. Studies show that in
liquids such as alcohol and �axseed oil, the oscillation
trends of non-spherical bubbles are similar to those
of spherical and non-spherical bubbles in water. Fur-
thermore, when viscosity and surface tension change,
as long as the driving frequency reaches the mega-
hertz level, the internal temperature of the bubble is
di�cult to reach the high temperature required for
sonoluminescence.
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Fig. 4: The in�uence of surface tension on thetem-
perature inside the bubble in alcohol and sulfonic acid
solutions.

Acknowledgments
This work was supported by the National Natural
Science Foundation of China (Grant No. 12374441),
and the Fundamental Research Funds for the Cen-
tral Universities of Education of China (Grant No.
GK20246034),and the Project Supported by Natural
Science Basic Research Plan in Shaanxi Province of
China (Program No.2025JC-YBQN-066).

References
References
[1] M. Azadegan, B. Rahmatizadeh and M.

T. H. Beheshti, et al. �Control of acous-
tic cavitation yield bydual frequency sonica-
tion: A Lyapunov exponent analysis�. In: Ap-
plied Acoustics 239 (2025), pp. 1 10829.
DOI:10.1016/j.apacoust.2025.110829.

[2] W. Wei, Y. Wang, Z. Wang, et al. �Microscale
acoustic streaming for biomedical and bioa- na-
lytical applications�. In: TrAC Trends in An-
alytical Chemistry, 160, (2023), pp. 116959.
Doi.org/10.1016/j.trac.2023.116958.

[3] V. Avramovic, L. Hallez and C. Inserra, et al.
�Acoustic spectra processing for the determina-
tion of cavitation threshold in a high-frequency
sonoreactor in water and PEG mixtures from
1 to 54 mPa.s�. In: Ultrasonics Sonochemistry,
119, (2025) pp. 107388. Doi: 10.1016 /j.ultsonch.
2025. 107388.

[4] Y. Liu, X. He and C. Huang, et al. �Interac-
tion dynamics between cavitation bubbles and
compressible air bubbles in an in�nite domain�.
In: International Journal of Heat and Mass

DOI 10.5162/Ultrasonic2025/A4-a3



2025 ICU PADERBORN
9th International Congress on Ultrasonics - ICU

47

Transfer, 249, (2025), pp. 127214. Doi:10.1016
/j.ijheatmasstransfer.2025.127214.

[5] J. Rae and M. Ashokkumar, O. Eulaerts, et al.
�Estimation of ultrasound induced cavitation bub-
ble temperatures in aqueous solutions�. In: Ultra-
sonics Sonochemistry, 12, (2005), pp 325-329.
Doi: 10.1016/j.ultsonch.2004.06.007.

[6] M. Ashokkumar.�The characterization of acous-
tic cavitation bubbles � An overview�. Ultrason-
ics Sonochemistry, 18, (2011), pp. 864-872, Doi:
10.1016/j.ultsonch.2010.11.016.

[7] M. Ashokkumar, P. Mulvaney and F. Grieser.
�The e�ect of pH on multibubble sonolumines-
cence from aqueous solutions containing simple
organic weak acids and bases�. In: Journal of
the American Chemical Society, 121 (1999), pp.
7355�7359.Doi: 10.1021/ja990482i.

[8] Y. Wu , W. Chen and L. Zhang, et al. �The
left-right symmetrical and asymmetrical defor-
mations in a three-bubble system�. In: Journal
of the American Chemical Society, 152. (2022),
pp. 2446-2455, Doi: 10.1121/10.0014905.

[9] Y. Wu, Z. Lei and R. Liu, et al. �The oscillations
of non-spherical bubbles in liquid,Ultrasonics
Sonochemistry�. 114, (2025), pp. 107262, Doi:
10.1016/j.ultsonch.2025.107262.

DOI 10.5162/Ultrasonic2025/A4-a3



2025 ICU PADERBORN
9th International Congress on Ultrasonics - ICU

48

Acoustic Wave Propagation in
Porous Piezoelectric Media

Zhixiang Sun 1,2, Yinqiu Zhou 1,2, Xiuming Wang 1,2, Lin Liu 1,2, Xiao He 1,2, and Yonghao Lu 1,2

1Institute of Acoustics, Chinese Academy of Sciences, Beijing 100190, China
2University of Chinese Academy of Sciences, Beijing 100049, China

zhouyinqiu@mail.ioa.ac.cn

Abstract: Porous piezoelectric media are heterogeneous complex materials composed of a piezo-
electric solid skeleton with �uid-�lled pores, holding signi�cant value in transducer optimization
and understanding bone regeneration mechanisms. However, existing studies are predominantly
theoretical, lacking rigorous full-wave�eld numerical simulations, particularly accurate treatment
of the coupled poroelastic and piezoelectric e�ects. To address this issue, this work develops
a high-�delity staggered-grid �nite-di�erence time-domain (FDTD) framework for simulating
acoustic wave propagation in anisotropic porous piezoelectric media. A mechanical-electrical
coupled staggered grid rigorously handles electromechanical coupling by solving Poisson�s equa-
tion at each time step. Numerical results are validated against analytical solutions from the
Christo�el equation, demonstrating superior accuracy compared to simpli�ed coupling schemes.

Keywords: Porous piezoelectric media, FDTD, Biot theory, Poisson�s equation, Staggered grid

Introduction
Porous piezoelectric media (PPMs) consist of a piezo-
electric solid skeleton with �uid-�lled pores, such as
porous piezoelectric ceramics and human bone tissue.
Compared to traditional dense piezoelectric materials,
PPMs exhibit advantages including low density, low
acoustic impedance, and low mechanical quality fac-
tor, making them valuable for optimizing the acoustic
performance of porous piezoelectric composites and
transducers, as well as understanding the regeneration
mechanisms of piezoelectric bone tissue [1].

Currently, theoretical research on PPMs is primar-
ily based on classical Biot theory [2, 3]. Vashishth
and Gupta combined Biot theory with piezoelectric
e�ects, deriving the Christo�el equation for trans-
versely isotropic PPMs [4]; Sharma investigated the
e�ects of piezoelectricity on wave velocities [5]. Re-
garding numerical simulations, methods have been
developed for non-porous piezoelectric materials [6,
7] and non-piezoelectric porous media [8], but rigor-
ous full-wave�eld simulations for PPMs remain scarce.
Meanwhile, under quasi-static approximation, some
numerical studies have employed oversimpli�ed elec-
tromechanical coupling treatments, which actually
introduce arti�cial sti�ening e�ects and break the
intrinsic anisotropic symmetry of the material [9, 10].

To address these issues, this work proposes a
mechanical-electrical coupled staggered-grid FDTD
framework for simulating wave propagation in porous
piezoelectric media. The method rigorously couples
mechanical and electrical �elds by solving Poisson�s
equation at each time step, ensuring numerical sta-

bility and physical accuracy. We validate numeri-
cal results against analytical solutions based on the
Christo�el equation, demonstrating that the rigorous
Poisson-based coupling scheme is essential for ac-
curate simulation, particularly for quasi-shear wave
propagation.

Acoustic Wave Propagation Theory
Following the framework established by Vashishth and
Gupta [4, 11], wave propagation in porous piezoelec-
tric media is governed by a coupled system combining
Biot�s poroelasticity theory with piezoelectric consti-
tutive relations. The governing equations consist of:

Biot’s equations of motion describe the mechan-
ical motion of the coupled solid skeleton and pore
�uid:

χ���� � φ��
�� �υ� � φ��

�� �υ
�
� � τ��� �υ� − �υ�

� �

χ�
�� � φ��

�� �υ� � φ��
�� �υ

�
� − τ��� �υ� − �υ�

� �
(1)

where χ�� and χ� are stress components for solid and
�uid phases, υ� and υ�

� denote the displacement vec-
tors, φ��

�� , φ��
�� , and φ��

�� are dynamic density coe�cients
accounting for inertial coupling, and τ�� represents
the dissipation function related to �uid viscosity and
permeability.

Piezoelectric constitutive equations relate the
mechanical and electrical �elds on the basis of Biot�s
theory:

χ�� � σ����υ��� �ρ��υ
�
��� − π���ξ�

χ� � ρ��υ��� �νυ�
���

µ� � π���υ��� � λ��ξ�

(2)
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where χ���� are elastic sti�ness coe�cients, φ�� and
υ represent coupling parameters between solid and
�uid phases, τ��� are piezoelectric constants, σ�� are
dielectric permittivity components, ρ� is electric dis-
placement, and π� is the electric �eld.

Quasi-static approximation and Gauss’s law
assume the magnetic �eld is negligible, allowing the
electric �eld to be expressed as the negative gradient
of electric potential. With zero free charge density
inside the medium, the electric �eld equations are:

π� � �ξ��

ρ��� � ν� � �
(3)

where ξ is the electric potential and ν� is the free
charge density. Equations (1)�(3) together constitute
the complete system of governing equations.

For plane harmonic wave propagation, we seek so-
lutions of the form:

�µ�λ µ
�
� λ ξ� � �κ�λ ��λ θ� ���

�
ηζ

�ε�δ�

γ
� β

��
(4)

where ζ is angular frequency, γ is phase velocity, δ� de-
note spatial coordinates, and ε� are direction cosines
of the propagation vector. Substituting the plane
wave solution (4) into the governing equations (1)�
(3) yields an algebraic eigenvalue problem, leading to
the Christo�el equation:

������ � � (5)

This equation predicts the existence of four propagat-
ing wave modes in the medium. The analytical phase
and group velocities obtained by solving Eq. (5) serve
as benchmark solutions for validating the numerical
FDTD scheme presented in the next section.

Numerical Simulation Framework
To simulate full wave�eld propagation in porous piezo-
electric media, we develop a high-order staggered-grid
FDTD method that rigorously handles electromechan-
ical coupling. We focus on a transversely isotropic
medium in the 2D δ�-δ� plane.

Beyond the mechanical equations (Eqs. (1)�(2)),
the electrical �eld is governed by the Poisson equation
derived from Gauss�s law � � � � �:

σ��
α� �ξ

αδ�
� σ��

α� �ξ

α
�
�

α

αδ

�
τ��

�
αγ�

α

�

αγ�

αδ

��

�
α

α


�
τ��

αγ�

αδ
� τ��

αγ�

α


�

(6)

where �ξ is the time derivative of electric potential.
The right-hand side couples the mechanical velocity
�eld to the electric potential. Solving this equation

Fig. 1: Schematic of the electro-mechanical coupled
staggered grid.

at every time step captures the complete dynamic
electromechanical interaction. This rigorous approach
di�ers fundamentally from simpli�ed schemes that
assume χφ�υχτ � �, which e�ectively decouples the
system and introduces arti�cial sti�ening e�ects [9,
10].

To implement this rigorous scheme, we design an
electro-mechanical coupled staggered grid. Our key
innovation is the strategic co-location of the electric
potential rate �σ with the vertical velocity ρ� at grid
position �πξ ν � �

� �, as shown in Fig. 1. This arrange-
ment ensures that all spatial derivatives in both the
stress-update equations (Eq. (2)) and the Poisson
equation (Eq. (6)) can be computed using the same
high-order stencils, preserving coupling physics with
high-order accuracy and numerical stability.

Based on this grid arrangement, the time-marching
algorithm proceeds in three stages at each time step.

Stage 1: Velocity Update. Velocities are updated
from stress gradients using Eq. (1). For the horizontal
velocity of the solid skeleton:

ρ
�������
���������� � ρ

�������
���������� ��τ

�
µ��

�
φ�λ

���
�����������

�φ�λ
���
�����������

�
� µ��φ�λ

����
���������

� κ�µ�� − µ���
�
ρ

�������
���������� − ρ

��������
����������

� �

(7)

where φ� and φ� denote spatial di�erence operators.
Similar expressions apply to other velocity compo-
nents. This stage follows the standard Biot poroelastic
formulation without piezoelectric terms.

Stage 2: Electric Potential Solution. The Pois-
son equation is solved for �σ using the updated velocity

DOI 10.5162/Ultrasonic2025/A5-a1



2025 ICU PADERBORN
9th International Congress on Ultrasonics - ICU

50

Tab. 1: Material parameters for PZT-2 porous piezo-
electric medium.

Parameter Value Parameter Value

χ�� (kg/m�) 5082 φ�� (GPa) 148.0
χ�� (kg/m�) −1155 φ�� (GPa) 74.2
χ�� (kg/m�) 4928 φ�� (GPa) 131.0
υ�� (C/m�) −2.324 φ�� (GPa) 25.3
υ�� (C/m�) 10.99 τ (GPa) 20.0
υ�� (C/m�) 9.3 σ�� (GPa) 8.8
ρ�� (nF/m) 3.984 σ�� (GPa) 5.2
ρ�� (nF/m) 2.081

field:

ρ��π
�
�
�ξ
�������
��������� � ρ��π

�
�
�ξ
�������
���������

� π� �υ�� �π�ν� �π�ν���
�������
���������

�π� �υ��π�ν� � υ��π�ν��
�������
���������

(8)

The grid arrangement ensures that the source term ve-
locities, after undergoing second-order differentiation,
are naturally located at �µλ κ � ����, coinciding with
the center position of the second-order derivatives on
the left-hand side. The sparse coefficient matrix is
pre-computed once, and the linear system is solved
directly at each time step.

Stage 3: Stress Update. After computing the
electric potential rate �ξ, stresses are updated from
velocity and electric potential gradients using Eq. (2).
For θ��:

θ
�����
������� � θ

���
�������

�¯η

�
φ��π�ζ

�������
������ � φ��π�ζ

�������
������

�σ��

�
π�ν

��������
������ �π�ν

��������
������

�

� υ��π�
�ξ
�������
�����

�

(9)
The term υ��π�

�ξ represents the piezoelectric con-
tribution. Similar expressions apply to other stress
components.

Results and Validation
To validate the proposed FDTD framework and
demonstrate the necessity of rigorous electromechani-
cal coupling, we perform theoretical calculations and
numerical simulations for wave propagation in trans-
versely isotropic porous piezoelectric media. We select
PZT-2 type porous piezoelectric ceramic as the repre-
sentative material, with parameters listed in Tab. 1.

We first establish the analytical benchmark by solv-
ing the Christoffel equation (Eq. (5)) to obtain veloc-

Fig. 2: Analytical solutions for PZT-2 porous piezo-
electric medium: (a) Phase velocity polar plot, (b)
Group velocity polar plot, (c) Skewing angle as a
function of propagation angle.

ities for all wave modes as functions of propagation
angle χ. As shown in Fig. 2, the theory predicts four
distinct wave modes: the fast quasi-longitudinal wave
(qP1), quasi-shear wave (qSV), and horizontally po-
larized shear wave (SH) characteristic of anisotropic
elastic media, plus the slow quasi-longitudinal wave
(qP2) arising from solid-�uid coupling in the porous
microstructure. For transversely isotropic media with
6mm symmetry, the ��� Christo�el system decouples
into a � � � system governing the SH wave (velocity
independent of piezoelectric coupling) and a � � �
system governing the three in-plane coupled modes
(qP1, qSV, qP2) where electromechanical e�ects are
signi�cant [11]. The phase and group velocity polar
plots (Fig. 2a,b) exhibit strong anisotropic character-
istics re�ecting material symmetry. These analytical
solutions serve as rigorous benchmarks for numerical
validation.

The numerical FDTD simulations are performed
on a 10 mm � 10 mm computational domain with
spatial grid size �φ � �υ � �� τm and time step
�σ � � � ��−� s. The spatial discretization employs
eighth-order accuracy while time integration maintains
second-order accuracy. An impulse source with center
frequency ρ� � � MHz is applied at the domain
center. Dirichlet boundary conditions are enforced at
all boundaries.

Fig. 3 presents snapshots of multiple physical �elds
computed by the rigorous FDTD approach at �π�τs,
demonstrating the comprehensive capability of the
numerical framework. Clear concentric wave fronts
corresponding to di�erent modes are visible: the out-
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Fig. 3: Snapshots of multiple physical �elds from
FDTD simulations at �χ�φs: (a) Horizontal veloc-
ity υ� of solid skeleton, (b) Horizontal velocity υ�

� of
pore �uid, (c) Normal stress τ��, (d) Shear stress τ��,
(e) Pore pressure τ�, (f) Electric potential σ.

ermost front represents the fast qP1 wave, followed by
qSV, with the slower qP2 wave in the interior. Note
that the SH wave, which vibrates out of plane, cannot
be captured by this two-dimensional implementation.
The numerical wave speeds extracted from these wave
fronts show excellent agreement with the analytical
solutions in Fig. 2, con�rming the accuracy of the
staggered-grid FDTD method.

Having validated the numerical framework against
analytical solutions, we now investigate the fundamen-
tal importance of rigorous electromechanical coupling
treatment. Two approaches are compared: the sim-
pli�ed approach assumes ρπ�ξρν � �, e�ectively
decoupling the system; the rigorous approach solves
the full Poisson equation (Eq. (6)) at each time step,
maintaining complete dynamic coupling.

Fig. 4 presents a direct comparison between these
two approaches alongside theoretical predictions. The
rigorous method (center) faithfully reproduces all the-
oretical wave characteristics, with wave front positions
matching the analytical benchmarks. Conversely, the
simpli�ed treatment (left) produces visible deviations
in the wave�eld structure, with the qSV wave show-
ing the most pronounced discrepancies while qP1 and
qP2 modes remain relatively una�ected.

The underlying physical mechanism stems from the
constraint imposed by ρπξρν � �, which prevents
the electric �eld from dynamically responding to time-
varying mechanical strain. This arti�cially enhances
the e�ective elastic sti�ness in certain crystallographic
directions, distorting wave velocities and disrupting
the intrinsic anisotropic symmetry. The rigorous Pois-
son equation treatment, by contrast, allows the elec-
tric potential to evolve naturally in response to the
instantaneous strain state, preserving both Gauss�s
law and correct electromechanical coupling physics.

Fig. 4: Comparison of electromechanical coupling
schemes: (a) Simpli�ed approach with χφυχτ � �,
(b) Rigorous Poisson equation approach, (c) Analyti-
cal velocity distribution from Christo�el equation.

The superior performance of the rigorous approach
is fundamentally enabled by the proposed electro-
mechanical coupled staggered grid design, ensuring
numerical consistency and physical coupling accuracy.

Conclusion
This work presents an FDTD framework based on an
electro-mechanical coupled staggered grid for simulat-
ing wave propagation in porous piezoelectric media.
By rigorously solving the complete Poisson equation
at each time step, the method accurately captures all
wave modes and achieves excellent agreement with an-
alytical solutions derived from the Christo�el equation.
Compared to traditional simpli�ed coupling schemes,
the proposed method accurately simulates quasi-shear
wave propagation while avoiding noticeable velocity
deviations and wave�eld distortions. The framework
provides a robust numerical tool for investigating elec-
tromechanical wave phenomena in anisotropic porous
piezoelectric materials, with applications in transducer
design and piezoelectric tissue characterization.
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Abstract: Understanding elastic wave propagation in unsaturated porous media, critical for
geophysical exploration, especially in hydrocarbon reservoirs and CO� storage formations,
demands accurate numerical frameworks. This study introduces a numerical model based on
Lo�s three-phase theory to analyze wave dynamics in two-�uid saturated porous media. The
governing equations are reformulated into a velocity-stress form and solved using a hybrid
algorithm that combines the time-splitting scheme and staggered-grid �nite-di�erence method
(FDM), e�ectively addressing sti�ness issues in porous media simulations. Our �ndings reveal four
distinct wave modes: three compressional waves (P1, P2, P3) and one shear wave (S). Notably,
slow compressional waves (P2, P3), driven by solid-�uid and �uid-�uid relative motions, show
strong dependence on �uid viscosity and frequency. Although these waves are rarely observable
at seismic frequencies, their energy distribution and conversion into propagating P1/S waves
at interfaces are crucial. Wave�eld snapshots demonstrate complex mode conversions among
all four waves, re�ecting intricate solid-wetting/nonwetting �uid coupling. Key contributions
include the algorithm�s robustness in simulating multi-wave phenomena, the �uid-phase energy
dominance in slow waves, and the complexity of interface-induced mode conversions.

Keywords: numerical simulation, wave propagation, CO� geological sequestration, porous media

Introduction

Numerical simulation serves as a vital approach for
investigating the acoustic properties of underground
reservoirs [1]. Particularly, the staggered-grid �nite-
di�erence method (FDM), with high e�ciency and
low numerical dispersion, has emerged as a primary ap-
proach for simulating spatiotemporal characteristics of
acoustic wave propagation in complex heterogeneous
media.

The porous media framework, considering the solid-
�uid coupling e�ects, provides more accurate rep-
resentations of acoustic wave propagation in actual
geological formations. The e�cacy of staggered-grid
FDM has been well established through seminal works
by Dai et al. [2]. However, signi�cant challenges re-
main when studying more complex three-phase porous
media, such as CO� storage reservoirs. Although Lo et
al. established a wave theory for unsaturated porous
media based on Eulerian formulation [3], which has
been successfully applied by other scholars in �uid-
containing complex materials and CO� geological stor-
age monitoring, numerical simulation research on its

acoustic propagation characteristics remains inade-
quate. Current analyses of spatiotemporal responses
in Lo�s theory primarily rely on analytical solutions,
proving insu�cient for practical reservoirs with strong
heterogeneity or complex geometries [4]. Therefore,
developing a numerical algorithm based on Lo�s the-
ory for acoustic responses in porous reservoirs holds
substantial theoretical and practical value.

Numerical arithmetic based on Lo’s theory

χ
��������
���������� � χ

���−�����

���������� �φ��υτσ�ρ
���
�����������

�φ��υτσ�ρ
���
����������� �φ��υτσ�π

���
����������

�φ��υτσ�π
���
����������ξ

ρ
�����
������� � ρ

���
������� � νυτσ�χ

��������
������

� νυτσ�χ
��������
������ ξ

(1)
Based on the previous work of Qi et al., a numeri-

cal simulation algorithm for acoustic �elds in porous
media based on Lo�s model was developed using the
time-splitting method and the staggered grid �nite
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Figure 8. Corresponding seismograms with SCO2 = 0.4 in layer B. 

The waveforms from depths of 700 m and 1000 m are subject to decimation for detailed 

analysis. Figure 9 shows the comparison under different injected SCO2. The variation of CO$_2$ can 

be observed by time-lapse arrival times of the reflected and transmitted waves, particularly the 

compressional waves. In this scenario, the difference between injected SCO2 is 0% and 5% is minimal. 

At this time, CO$_2$ mainly dissolved into the brine, resulting in lower free SCO2. Additionally, the 

acoustic response becomes more pronounced while free SCO2 increases, particularly showing the 

decrease in compressional velocity and the delay of travel time. As expected, the acoustic methods 

can effectively detect the migration of free-phase CO$_2$. However, the process of dissolution 

seems impossible to detect. 

Fig. 4: Corresponding seismograms with χ��� = 0.4
in layer B

 

 

 

Figure 9. Received waveforms for different injected SCO2 in layer B: (a) Z = 700 m; (b) Z = 1000 m. 

4. Conclusion 

In this paper, we analyze the wave propagation characteristics in porous media saturated with 

CO$_2$ and brine. Using the time-splitting staggered-grid finite-difference algorithm, we 

efficiently obtained the wavefield snapshot and waveforms in unsaturated porous media. The energy 

distribution and generation mechanism of various types of waves in unsaturated porous media, as 

well as the acoustic wave mode conversion at the interface, have been systematically analyzed. 

Synthesizing the study, we undertake a comparative exploration of VSP responses within saline 

aquifers, while considering variations in CO$_2$ saturation. 

The proposed numerical algorithm allows us to effectively illustrate the transmission process 

of four waves in unsaturated porous media. At seismic frequencies, only P1 and S waves are 

considered propagating waves, while P2 and P3 waves are identified as diffusion waves influenced 

by the viscous coefficient. The propagation behavior and energy distribution at the interface vary 

significantly across different components, highlighting the strong coupling between the solid grain, 

wetting fluid, and non-wetting fluid. This coupling must be considered when assessing wave 

attenuation. Moreover, a series of waveforms for VSP monitoring has been modeled to account for 

both CO$_2$ saturation and dynamic fluid effects. The results indicate that an increase in free SCO2 

Fig. 5: Received waveforms for di�erent injected χ���

in layer B: (a) Z = 700 m; (b) Z = 1000 m.

detect the migration of free-phase CO�. However, the
process of dissolution seems impossible to detect.

Conclusion
In this paper, we analyze the wave propagation char-
acteristics in porous media saturated with CO� and
brine. Using the time-splitting staggered-grid �nite-
di�erence algorithm, we e�ciently obtained the wave-
�eld snapshot and waveforms in unsaturated porous
media. The energy distribution and generation mecha-
nism of various types of waves in unsaturated porous
media, as well as the acoustic wave mode conversion
at the interface, have been systematically analyzed.
Synthesizing the study, we undertake a comparative
exploration of VSP responses within saline aquifers,
while considering variations in CO� saturation.

The proposed numerical algorithm allows us to ef-
fectively illustrate the transmission process of four
waves in unsaturated porous media. At seismic fre-
quencies, only P1 and S waves are considered propa-
gating waves, while P2 and P3 waves are identi�ed as

di�usion waves in�uenced by the viscous coe�cient.
The propagation behavior and energy distribution at
the interface vary signi�cantly across di�erent compo-
nents, highlighting the strong coupling between the
solid grain, wetting �uid, and non-wetting �uid. This
coupling must be considered when assessing wave
attenuation. Moreover, a series of waveforms for VSP
monitoring has been modeled to account for both
CO� saturation and dynamic �uid e�ects. The results
indicate that an increase in free χ��� corresponds to
a time delay in arrivals.
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Abstract: This study presents a method of characterizing the performance of a capacitive
micromachined ultrasound transducer (CMUT) as receiver using a chirp signal on the transmitter.
This approach enables the spectral analysis of key characterization parameters - sensitivity,
bandwidth, and noise equivalent pressure within a single-shot measurement. To assess the e�ec-
tiveness of the chirp-based approach relative to conventional single-tone excitation, both signal
types were applied in a pitch-and-catch experiment involving two distinct CMUT probes. The
results demonstrate a higher-resolved bandwidth and improved robustness against uncorrelated
acoustic noise when employing the chirp excitation signal.

Keywords: Capacitive Micromachined Ultrasonic Transducers, Ultrasound, Receiver Characteri-
zation, Experimental Setup, Synchronized Swept-Sine Technique

Introduction
Capacitive micromachined ultrasound transducers
(CMUTs) are attracting increasing interest due to
their design �exibility, cost-e�ective mass production
and their capability of monolithic integration within
receiver electronics. With high receive sensitivity and
broad bandwidth, they are particularly promising for
use as receive elements in ultrasonic sensing and imag-
ing applications. To evaluate the in�uence of di�erent
designs on their performance, a characterization of
their receiver behavior is essential. To isolate and anal-
yse the receiving performance, the �pitch-and-catch�
setup adapted from Klemm et. al [1] is employed.
This setup includes two line-of-sight con�gurations:
one with a CMUT and a transmitter facing each
other, and another where a hydrophone captures the
emitted pressure from the transmitter. This dual ap-
proach allows comprehensive sensitivity assessment by
comparing the CMUT output with the hydrophone-
recorded pressure. In contrast to other studies, partic-
ular emphasis is placed on characterizing the receive
behavior across a wide frequency spectrum, which
is critical for broadband sensitivity analysis and the
evaluation of the noise equivalent pressure (NEP). As
these information are vital for optimizing CMUTs as
the ultrasound transduction mechanism for a wide
range of applications [2]. To cover the desired fre-
quency range, common pulse and single-tone (ST) for
discrete frequencies or a broadband chirp signal can
be used. Whereby multiple STs and a chirp signal can
be better compared due to the precisely controlled

frequency of a ST [3]. In this work, we present an
exponential chirp excitation as an e�cient alterna-
tive, enabling broadband characterization in a single
measurement. This method reduces the need for multi-
ple tone-by-tone acquisitions, allowing sensitivity and
NEP to be derived from a single dataset. Two CMUT
probes, di�ering in their diameter of the membrane,
are used to be characterized with both signal methods
in the "pitch-and-catch" con�guration. The results
obtained using the exponential chirp are compared
with those from conventional ST measurements, us-
ing the generated derived characteristics sensitivity,
bandwidth and NEP as metric.

Methods
Two excitation signals were employed in the pitch-
and-catch experiments: an exponential chirp span-
ning a bandwidth of 1...16 MHz with a duration of
1 ms, and 32 single sinusoidal tones ranging from
1...16 MHz in 500 kHz steps, each with a duration
of 100 µs. Both signal types were recorded using the
CMUT probes and a hydrophone. The experimental
con�guration, illustrated in Fig. 1, consists of a water
tank and two independent pitch-and-catch con�gu-
rations. In both setups, a piezoelectric transmitter
(SONOTEC SONOSCAN IK-10-6) was used, driven
by a high-bandwidth power ampli�er (Mini-Circuits
ZHL-32A+) in combination with coaxial �xed atten-
uators (Mini-Circuits VAT-A-SERIES). As receivers,
either a hydrophone (HGL-0400, preampli�er: AH-
2010-100; ONDA Corporation) or one of the CMUT
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Fig. 1: Schematic presentation of the "pitch-and-
catch" measurement setup with both line-of-sight
options either an applied hydrophone (in blue) or a
CMUT (in black). Figure adapted [1].

probes was aligned with the transmitter at a distance
and depth of 60 mm. Each CMUT probe, provided by
Fraunhofer IPMS, featured an active area of 250 µm ×
250 µm and included an integrated circuit. Therefore,
this characterization method inherently re�ects the
combined performance of both the integrated circuit
and the CMUT. Two CMUT variants were evaluated:
CMUT1, with a nominal frequency (χ�) of 6.5 MHz
and a DC bias of 64 V, and CMUT2, with a nomi-
nal frequency of 8 MHz and a bias voltage of 72 V.
These nominal frequencies were determined based on
impedance measurements. For consistent comparison,
both CMUTs were supplied with 90% of their maxi-
mum bias voltage using a custom-designed Eval-Kit
(φ � �� �) [4]. Signal generation and data acqui-
sition for the chirp measurements were performed
using a National Instruments system consisting of
an FPGA controller (NI PXIe-8133) and a FlexRIO
transceiver module (NI FlexRIO-5781R). To automate
the ST measurements, we used Python-controllable
devices. A signal generator (SDG 1062X, SIGLENT)
transmitted sinusoidal excitation signals with an ampli-
tude of 1 υ��, while a digital oscilloscope (PicoScope
3406B, Pico Technology) handled data acquisition.
Both instruments were synchronized via a trigger.
Each ST measurement was recorded 32 times and
averaged to reduce noise, whereas the chirp measure-
ment was recorded only once. As the applied chirp
signal includes fade-in and fade-out phases, the data
corresponding to the �rst and last frequencies were
excluded. This led to a bandwidth range of 2...14
MHz ([χ�;χ�]) being considered for the comparison.
The chirp data was analyzed using the synchronized
swept-sine technique (SST) as described by Novak et
al. [5], which allows the separation of individual har-
monic orders in the CMUT response. The sensitivity

was determined based on the �rst harmonic to isolate
the linear response and eliminate nonlinear e�ects. It
is de�ned as the ratio between the CMUT�s recorded
output signal and the reference pressure measured
by the hydrophone (Eq. (1)) [1]. The pressure values
were derived from the measured voltage, converted
to pressure using the calibration data speci�c to the
hydrophone employed.

τ �
σ����

ρ����������
(1)

To determine the 6 dB bandwidth, the sensitivity
spectrum was converted into the dB domain, and the
frequency range within 6 dB of the peak sensitivity
was calculated as schematically presented in Fig. 2 b)
with eq. (2).

πξν �
χ���� � χ���

χ�
(2)

The NEP was derived as the ratio of the
recorded noise level to the calculated sen-
sitivity and the recorded frequency range
(χ� �
� � ���µλκ� χ� �������� � ���µλκ)
(Eq. (3), Fig. 2).

θηρ �
σ���
�

τ �
�
�χ

(3)

Noise measurements were conducted in the same wa-
ter tank environment, with no excitation signal applied.
The noise levels observed for the two signal types di�er
due to variations in the electronic acquisition con�gu-
rations and the applied averaging methods. Since the
absolute noise level of the PXIe system is three times
higher than that of the Picoscope, the chirp-based
measurement acquired with the PXIe was normalized
by a factor of three to ensure comparability. Both
spectra, sensitivity and NEP, of both signal types are
compared through a deviation calculation. Therefore,
the ST dataset is interpolated, and for each frequency
in the recorded chirp signal, the di�erence between the
ST amplitude and the chirp amplitude is calculated.
Finally, the average of these deviations is computed.
As the di�erence between the sensitivity and NEP
spectrum is only a constant factor, only the deviation
of the sensitivity spectrum is considered.

Results
The SST of Novak et al. [5] showed that only a sec-
ond harmonic component was present in the CMUT
probe signals, located around the �30 dB level. As a
result, no separation of higher harmonic orders was
conducted in subsequent calculations. Fig. 2 presents
the sensitivity and NEP spectra for both signal ex-
citation methods. Over the full recorded bandwidth,
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Fig. 2: Comparison of both signal types recorded by the two CMUT probes. Results of the sensitivity (a) and
the NEP (b) calculation based on Equation(1) (3) and the characterization parameters (c). (d) Schematic
presentation of the bandwidth calculation.

the di�erence between the signal types amounts to
19.3 % for the CMUT1 and 14.6 % for the CMUT2.
When the bandwidth is restricted to a ±4 MHz range
around the resonance frequency, the probes exhibit a
deviation of 8.9 % and 11.5 %. Even closer, within
a ±2 MHz range, the CMUT1 shows a deviation of
1.7%, and the CMUT2 showed a deviation of 7.5%.
The maximum recorded sensitivity values di�ered by
7.3% for the CMUT1, with both signals showing the
maximum at 7.5 MHz. For the CMUT2, the devia-
tion in maximum sensitivity between signal types was
1.9% but the resonance frequencies di�er. A broader
bandwidth was conducted by CMUT1 (10.4%) and
by CMUT2 (1.17%) when the chirp signal was used.
After applying a linear correction factor, the NEP

values for CMUT1 di�ered by 0.33 mPa/
�
χφ, and

for CMUT2, by 0.22 mPa/
�
χφ.

Discussion
The chirp-based measurement o�ers higher frequency
resolution within a single acquisition, enabling a more
precise determination of the absolute characterization
parameters such as resonance frequency and band-
width range, as illustrated in Fig. 2a. In contrast,
the ST measurement required averaging over 32 in-
dividual acquisitions to achieve comparable accurate
values at a reduced frequency resolution. Despite this,
the level of disruption in the lower frequency range
is comparable, suggesting that the disturbances are
inherent to the measurement setup or probe behavior
rather than random noise. In the higher frequency
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Fig. 3: The percentage deviation of the calculated
sensitivity from ST and chirp signal measurements
of the CMUT probes is shown in box plots across
di�erent frequency ranges.

range, the ST method appears more susceptible to
disturbances, leading to a higher number of outliers in
the recorded data. Although using smaller frequency
steps in the ST approach could improve resolution, it
would also signi�cantly increase measurement time.
As the improvement of the resolution by a factor
of n would require n × m measurements, where m
is the number of repetitions for each measurement.
Furthermore, from a practical implementation and
noise robustness perspective, it is important to note
that chirp-based measurements require an excitation
and acquisition system with su�cient transmission
bu�er capacity and an adequately high sampling rate
to generate, transmit, and accurately capture chirp
waveforms. These requirements may not be met in all
hardware setups, potentially limiting feasibility.

Conclusion
The measurements using the chirp signal proved ben-
e�cial in terms of reduced acquisition time and higher
spectral resolution, enabling a more precise analysis of
parameters relevant for receiver behavior characteriza-
tion. The observed response of the CMUT receivers
was consistent across both excitation methods, sug-
gesting that the use of a chirp signal represents a
valid and e�ective alternative for CMUT receiver char-
acterization.
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Abstract: Piezoelectric micromachined ultrasonic transducers (PMUTs) using aluminum ni-
tride (AlN) as the active piezoelectric layer represent a powerful and compact alternative to
conventional bulk piezoelectric elements. Due to their CMOS compatibility, high mechanical
robustness, and strong potential for miniaturization. This paper presents a detailed insight into
the design and fabrication and characterization of PMUTs utilizing cavity SOI technology and a
unique in�nite cell design for improved channel shape and size development.
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Introduction and Motivation
Ultrasound technology is currently undergoing a fun-
damental transformation, shifting away from bulky,
discrete components toward highly integrated, mini-
aturized systems [1], [2]. In particular, micromachined
ultrasonic transducers (MUTs) are enabling entirely
new applications in the �elds such as medical imaging
technology, automotive systems, and consumer elec-
tronics due to their compact design and low-voltage
electronics integration.

MUTs generate acoustic signals using thin �lm
membranes; these signals can be analyzed through re-
�ection and interaction with objects for both imaging
and actuation/sensing purposes. When arranged in
arrays, MUTs enable spatially resolved detection and
high-resolution ultrasound and photoacoustic imaging
[3], [4].

The development of piezoelectric MUTs provides
powerful, CMOS-compatible alternatives to traditional
bulk piezoelectric elements. AlN has proven to be a
particularly well-suited active piezoelectric material,
o�ering excellent thermal stability, low dielectric losses,
and outstanding process compatibility with modern
silicon technologies [3], [5], [6], [7] [8].

The PMUTs presented in this paper are based on
cavity SOI-based membranes and utilize AlN for the
generation and detection of ultrasound signals. Fab-
ricated using well established, wafer-based MEMS
processes, they enable highly miniaturized, scalable,
and cost-e�ective production. Due to their compact
size, low operating voltage, and high integration cap-
ability, these PMUTs are ideal for use in portable
devices, industrial inline measurement systems, as

well as in medical diagnostic equipment.

Operating Principle
PMUTs consist of numerous oscillating membranes
that generate ultrasonic waves. Their operation is
based on the unimorph principle, wherein a piezo-
electric layer is sandwiched between top and bottom
electrode and is bonded to a thin, silicon membrane.
When an electrical voltage is applied, the membrane
deforms due to the inverse piezoelectric e�ect, gen-
erating ultrasonic waves. In contrast, an incoming
acoustic wave causes mechanical deformation which
is then converted into an electrical signal [2], [7], [8].
This dual functionality enables both the transmission
and sensing of ultrasound signals. Figure 1 shows
the cross section of a PMUT, after applying a signal
between the top and bottom electrode.

Fig. 1: Cross-section of a PMUT showcasing the op-
erating principle
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Fig. 2: The design of a PMUT cell array with an
enlarged PMUT cell and dimensions

PMUT Design
A key innovation of this work lies in its patented cell
architecture, which o�ers a high degree of application
�exibility. These PMUTs wafer consist of numerous
individual cells structures of 1 x 1 mm², each com-
prising 150 circular membranes. Each PMUT cell can
be operated independently or interconnected via wire
bonding to form arrays. By adapting the wire bonding
layout, the geometry, size, and number of acoustic
channels can be freely con�gured without requiring
any changes to the silicon chip design itself. Whether
a linear, circular, or complex array con�guration is
needed, the PMUT chip can be easily tailored to the
speci�c application using automated wire bonding
technology.

This post-fabrication recon�guration of the channel
layout enables fast prototyping and modular system
integration. The design of the PMUT cell array is
shown in Figure 2, The �gure shows a small part
of the wafer along with a enlarged sketch of the
individual PMUT cell. The Four corner areas act as
the contact for bottom electrode whereas the top
electrode covers the full center area of chips (except
for the membranes). The top electrode covers 60 %
of the total membrane area for optimal output.

Fabrication
The fabrication of PMUT cells is carried out on two
150 mm wafers which are then bonded together using
direct bonding. The PMUTs were fabricated using
a simple three mask process.Figure 3 shows a cross-
sectional representation of the fabrication process.
The fabrication process begins with the deposition of
the resist to create cavities in the handle wafer. The
resist is then patterned accordingly, followed by DRIE

Fig. 3: Process �ow of PMUTs for formation of cavit-
ies (a) Wafer Bonding (b) Si grinding and etching (c)
SiO2 wet etching (d) Deposition of Ti/Pt and AlN
(e) via etching for contact to bottom electrode (f) Al
depostion and patterning

process for etching 25µm Si. These cavities de�ne the
position of each PMUT membrane. For the device
wafer fabrication, the process begins with the growth
of 3 µm thermal oxide on both sides of the Si.

The bonding of the two wafers was performed using
direct bonding. To �nd the optimum bonding para-
meters the wafers were bonded at room temperature
both in atmospheric pressure and in vacuum, step
(a). The wafers are then subsequently annealed at
1000 °C to enhance the bond strength and the quality
of the interface between the bonded wafers. Figure
4 presents IR images depicting the conditions of the
wafers before and after annealing, speci�cally for those
bonded through direct bonding at room temperature
in vacuum and under atmospheric pressure.

After bonding, the SiO2 is etched using a wet etch
process, step (b). The wafer is then thinned down
until 40 µm Si is remaining on top of the SiO2 using
a grinding step. This Si is then removed using a dry
etching process. The 3000 nm SiO2 is further reduced
down to 1500 nm using wet etching forming a thin
SiO2 membrane on top of the cavities, step(c).

The Ti/Pt stack is subsequently deposited using a
PVD process. 20 nm Ti is deposited which functions
as an adhesion layer between Pt and SiO2, while the
100 nm deposited Pt serves two functions, it acts
primarily as the bottom electrode for the PMUTs as
well as functions as a seed layer for the AlN. Then
600 nm AlN is deposited using PVD, step (d). A thin
layer of SiO2 is deposited using PE-CVD, this SiO2
layer acts a hard mask for the AlN etching.

After the SiO2 deposition, the second mask is used
to de�ne vias to the bottom electrode through dry
etching of the SiO2 and AlN, step (e). Once the
vias are etched a �nal 500 nm of Al top electrode
is deposited. In the �nal step the thrid mask is used
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Fig. 4: IR Images of the PMUT wafers after bonding
at (a) atmospheric pressure and (b) in vacuum and
post annealing IR images of wafers bonded at (c)
atmospheric pressure and (d) in vacuum

to pattern the top electrodes of PMUTs. The Al is
etched using a wet etch process, step (f). PMUTs
with a membrane diameter of 50 µm were fabricated
with an overall cell size of 1000 µm x 1000 µm. An
optical microscope image of part of the fabricated
PMUT array form the wafer is shown in Figure 5.

Fig. 5: A microscopic image of a part of a fabricated
array from a PMUT wafer

Characterization
The wafer-level electrical characterization of a PMUT
cell arrays was carried out.The out-of-plane membrane
de�ections are recorded at the center using a Polytech

Fig. 6: LDV measurement for the membrane delfrc-
tion and frequency of the PMUTs

Fig. 7: The Frequency vs Amplitude plot of the
PMUTs in an oil bath.

MSA-100 3DLaser Doppler Vibrometer (LDV) with an
ACTR-110 axis controller. The PMUTs were actuated
with a chirp signal with a voltage amplitude of 1 V
and the resonance frequency as well as the membrane
de�ections were recorded.

These PMUTs exhibit a resonance frequency of
around 12.7 MHz in air with a out of plane membrane
de�ections of 14 nm/V. The resonance frequency
varies slightly over the wafer with a standard deviation
of 3.1 %. The dynamic membrane de�ection of the
PMUT membrane is plotted in Figure 6. The electrical
capacitance of each cell over the wafer is measured
using a an automatic prober (Karl Suss PA-200) and
an LCR meter (Keysight, E4980A) and was found to
be around 57 pF.

The transmit performance of the PMUT array was
measured using an acoustic hydrophone (Müller In-
struments, Germany) in an oil bath. A 3 mm x 1 mm
linear PMUT array was �stly diced, mounted and wire
bonded to a PCB. The PMUT linear array was ex-
cited by connecting it to the function generator and
actuating it with a square burst wave of 5 cycles of
10 V and the frequency response was recorded at 10
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Fig. 8: Wire bond plans for (a) Matrix arrangement
of cells (b) linear arrangement of cells

mm. The output of the hydrophone was connected to
an oscilloscope through a preampli�er. The maximum
pressure was recorded at 7.5 MHz. Figure 7 shows
the frequency vs amplitude of PMUTs in Oil.

Modular Chip and Cell array design
A signi�cant advancement of this technology is its
PMUT cell architecture, which provides extreme �ex-
ibility for various applications. As the entire wafer
consists of numerous PMUT cells, allowing for �ex-
ible chip con�guration and customized form factors
by adapting custom wafer dice plans. Furthermore,
each PMUT cell can function independently or be
connected through wire bonding to create various
array shape and size.

By adapting the wire bonding layout, it is possible
to customize the geometry, dimensions, and quantity
of acoustic channels without necessitating alterations
to the design of the silicon chip. The PMUT chip can
be readily adapted to accommodate various con�g-
urations, including linear, circular, or intricate arrays,
utilizing automated wire bonding technology. This
ability to recon�gure the channel layout after fabrica-
tion facilitates rapid prototyping and supports modular
system integration. Figure 8 show two of these custom
array geometry.

Conclusion
The design, fabrication and characterization PMUTs
based on cavity SOI platform with an in�nite cell
design was discussed in this paper. A simple 3-mask
fabrication process for the development of AlN based
PMUT was developed and PMUTs with 50 µm mem-
brane diameter were successfully fabricated. This cav-
ity SOI-based process enables fabrication of smaller
diameter membranes, overcoming the challenges of
high aspect ratios faced in traditional DRIE-based Si
back etching for small membranes.

The post fabrication mechanical electrical and
acoustic characterization was carried out to evalu-
ate the performance of the PMUT cell arrays. These

PMUTs exhibit a resonance frequency of 13 MHz in
air and the frequency shifts to 7.5 MHz in liquids
with an overall bandwidth of 110 % in liquids. The
capacitance/cell of the PMUTs is 57 pF.

The advanced PMUT cell architecture design o�ers
exceptional �exibility in chip con�guration, enabling
the customization of acoustic channels without alter-
ing the silicon chip design. This adaptability allows
for the creation of various array shapes and sizes, fa-
cilitating rapid prototyping and seamless integration
into modular systems.
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Abstract: This work presents a top-down manufacturing technology for the fabrication of �exible
ultrasonic arrays made of polymer PMUTs. The top-down fabrication allows all contacting from
the backside of the PMUTs and thus the aperture area stays free from any electrical contacts.
The PMUTs of the fabricated array and test structures have center frequencies between 100
kHz and 450 kHz and an average 6 dB bandwidth of 8 %. The maximum amplitude in air for
any membrane was 100 nm with a sinusoidal excitation of 10 Vpp. The bending radius of the
array was 10 mm.

Keywords: �exible array, top-down fabrication, polymer PMUT

Introduction
The international state of the art in the fabrication
of ultrasonic transducers is currently still dominated
by the application of the piezoelectric ceramic PZT.
Increasing demands on the environmental compati-
bility of the applied materials, energy e�ciency, de-
sign options for the array, low manufacturing costs
and increased demand have led to the development
of PMUTs (piezoelectric micromachined ultrasonic
transducers) and CMUTs (capacitive micromachined
ultrasonic transducers). Both types of transducers are
fabricated using microsystems technology. The state
of the art in CMUTs corresponds to the developments
in Prof. Khuri-Yakub�s working group at Stanford Uni-
versity in California. Many publications on this topic
can be found at https://pro�les.stanford.edu/butrus-
khuri-yakub. Prof. Khuri-Yakub is considered as the
inventor of CMUTs and his work over the last 30
years describes the development of CMUTs. While
this research group develops CMUTs with silicon tech-
nology, Gerardo et al [1] built an array of polymer
CMUTs. Other works on polymer CMUTs are mainly
focused on �exibility or transparency [2];[3];[4]. Al-
though PMUTs can generate a higher sound pressure,
have a higher sensitivity and do not require an addi-
tional bias voltage, the development of micromachined
ultrasonic transducers was focused on CMUTs for a
long time. The development of PMUTs was in the
background because a high bandwidth is easier to
achieve with CMUTs and this feature is necessary for
a clear ultrasound imaging. This disadvantage was
overcome with the work of Hajati et al [5] and Dausch
et al [6]. Using innovative membrane designs, they
succeeded in increasing the bandwidth to up to 170%
. These two working groups are building PMUT ar-

rays with silicon technology. The research groups of
Paul Heremans and Jan Genoe at the Catholic Uni-
versity of Leuven and at imec in Leuven are working
in the �eld of PMUTs made of polymer. However,
they mostly produce PMUTs according to the con-
ventional down-top principle. So far only one of their
publications reports on the fabrication of PMUTs
using the top-down method [7]. However, the fabrica-
tion route described there does not appear to bene�t
from the advantages of the top-down approach, as
the PMUTs are contacted in the aperture area. The
present work describes the manufacturing of �exible
polymer PMUTs using the top-down approach. The
PMUTs are contacted from their rear side and the
aperture area remains free of electrical contacts.

Simulation
The micromachined manufacturing of PMUTs requires
several masks for photolithographic structuring. To de-
termine the necessary manufacturing steps and the di-
mensions of the masks required for this, the shapes of
the PMUTs were simulated at the beginning.The sim-
ulations of the oscillation behavior of a single PMUT
were performed using the �nite element method with
Ansys software. The following material parameters
were used for the simulations with Ansys: polymer
photoresist dry �lm ADEX™ from DJ MicroLaminates,
Inc. (E = 4 GPa, density = 1.5 g/cm�, Poisson num-
ber = 0.22), zinc oxide (ZnO) (E = 120 GPa, density
= 5.68 g/cm�, Poisson number = 0.34), polyimide (E
= 2.6 GPa, density = 1.29 g/cm�, Poisson number
= 3.5). The �nite element model for the simulation
with ANSYS was a two-dimensional, rotationally sym-
metrical model, so that the entire three-dimensional
geometry was taken into account. Figure 1 shows the
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results of the simulation in comparison with the mea-
sured center frequencies from Table 1. For disc-shaped
ZnO and electrodes on the membranes a good agree-
ment between the measurements and the simulation
can be seen. For the ring-shaped ZnO and electrodes
on the membranes, there was a deviation at lower
frequencies. But at higher frequencies the geometry
of PMUTs with ring-shaped ZnO and electrodes can
be simulated with su�cient accuracy.

Fig. 1: green dots for measurement results of disc-
shaped ZnO and eletrodes and orange dots for mesure-
ment results of ring-shaped ZnO and electrodes, yel-
low dots for simulation results of disc-shaped ZnO
and eletrodes.

Fabrication
With the results of the simulations the shape and
dimensions of test structures and a linear array with
32 elements and a center frequency of 300 kHz were
determined. Each element of the array should have
2 x 70 PMUTs. The linear array was placed in the
center of a wafer and the remaining area was �lled
with test structures of 2 x 2 PMUTs of di�erent di-
ameters and thus di�erent frequencies. The diameters
of the PMUTs of the test structures were 300 µm,
400 µm, 500 µm, 600 µm and 700 µm. The PMUTs
were manufactured according to the fabrication steps
described below:

1) Application of a 5 µm thick layer of polyimide
(PI) with additives on a silicon wafer using spin coat-
ing. 2) Application of a second 5 µm thick layer of
PI on the �rst PI layer. 3) Deposition of a 300 nm
thick platinum ground electrode by sputtering. The
pads for contacting the array with an electronic were
placed after the �rst and last PMUTs of an array ele-
ment. The vias for contacting the top electrode were
positioned between the array elements at approx. 100
µm from the PMUT�s edge of an array element. 4)
Sputtering of the piezoelectric zinc oxide (ZnO) and
its photolithographic structuring using a wet etching
process. The dimensions of the ZnO layer were kept
slightly smaller than those of the ground electrode. In

this way, the ZnO could be applied exclusively to the
ground electrode. 5) Deposition and structuring of the
platinum top electrode with titanium as an adhesion
aid on the structured ZnO using a lift-o� process and
sputtering. The ZnO and the top electrode were made
disc-shaped and ring-shaped. Figure 2a schematically
shows the status after fabrication step 5).

Fig. 2: schematical description of the steps involved
in the new top-down PMUT manufacturing process.

6) Application of a 10 µm thick layer of PI using spin
coating and structuring the via holes for contacting
the top electrode using reactive ion etching. Figures
2b and c schematically show these fabrication steps.
7) The 70 via holes of one element were connected
to each other. The contact was routed to the outside
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Elliptical polarization and irrotational characteristics of
inhomogeneous plane elastic longitudinal waves
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Abstract: When a homogeneous plane longitudinal or P-wave in a �uid is incident on a
�uid-solid interface at a supercritical angle, it generates an inhomogeneous refracted P-wave
in the elastic solid. In this study an inhomogeneous elastic P-wave is demonstrated to have
components parallel to and perpendicular to the direction of propagation, exhibiting elliptical
polarization characteristics. While the wave�eld remains irrotational, the traveling velocity along
the propagation direction is slightly less than that of a homogeneous P-wave.

Keywords: longitudinal wave, inhomogeneous wave, polarization, elastic medium, borehole.

Introduction
When discussing P-waves, the common perception
is that particle displacement aligns with the propa-
gation direction�a characteristic indeed true for ho-
mogeneous plane P-waves. However, inhomogeneous
P-waves propagating along elastic medium interfaces
(or surfaces) exhibit nonuniform amplitude distribu-
tion across wavefronts, with amplitudes decaying as
distance from the interface/surface increases [1]. This
raises the question: Does particle displacement in in-
homogeneous elastic P-waves remain parallel to the
propagation direction?

In elastic media, inhomogeneous waves are often
termed evanescent, decaying, or vanishing waves. In-
homogeneous plane P-waves commonly occur near
interfaces or surfaces, such as "glide" P-waves in
acoustic logging [2] and P-head waves at the sea�oor
in marine exploration [3]. The P- and S-waves mea-
sured in acoustic logging propagate axially along the
borehole wall before returning to the wellbore, travel-
ing at speeds close to those of body waves in homo-
geneous media. Some scholars refer to them as "glide
P-wave" and "glide S-wave" [4]. The glide P-wave
is also known as primary head wave, while the glide
S-wave is known as secondary head wave. Chen et
al. [5] observed that glide P-waves possess both axial
and radial displacement components.

These studies indicate that the borehole P-wave
di�ers signi�cantly from the homogeneous P-wave in
a unbounded medium. Here we focus our attention on
the properties of the refracted inhomogeneous P-wave
generated at �uid-solid interface.

Inhomogeneous Refracted P-Waves at a
Fluid-Solid Interface
Consider a homogeneous plane P-wave obliquely in-
cident from a �uid half-space to a solid half-space

Fig. 1: Schematic of refraction on a �uid-solid bound-
ary. (a) at small incident angle, (b) at supercritical
incident angle.

(Fig. 1a). Here both the �uid and the solid are as-
sumed to be perfectly elastic.

Wave conversions on the boundary obey Snell�s law

���χ�

φ�
�

���χ�

φ�
υ (1)

where φ� is P wave velocity in the �uid, φ� and φ� are
P and S wave velocities in the solid. χ� is the incident
angle in the �uid side. χ� and χ� are respectively the
angles of refraction P and S waves. It is assumed that
φ� τ φ� , so that χ� τ χ� . When χ� � ���, the
P wave in the solid is critically refracted and travels
along the boundary. In that case, the incident angle is

χ��
� � ����� φ�

φ�
σ (2)

When the incidence angle becomes larger than the
critically incidence angle, as in Fig. 1b, Eq. (1) remains
valid and

���χ� �
φ�

φ�
���χ� τ

φ�

φ�
���χ��

� � �σ (3)
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A0S0 A0S0

Fig. 1: S0 and A0 mode Lamb wave displacement
field snapshot.

same way, antisymmetric modes cannot be considered
as modes with only out-of-plane displacement val-
ues. The displacement associated with the S0 mode
exhibits symmetry on both sides of the casing and
appears as a compression wave. In contrast, the dis-
placement corresponding to the A0 mode is identical
on both sides of the casing and is characterized by a
�exural waveform.

Fig. 2 shows the wave structures of the two modes
along the thickness of the casing. For the symmetric
mode, the in-plane displacement (u)is axially symmet-
ric about the center of the casing thickness, while
the out-of-plane displacement(w)is centrally symmet-
ric about the center of the casing thickness(see 2a).
For the antisymmetric mode, the in-plane displace-
ment(u)is centrally symmetric about the center of
the casing thickness, and the out-of-plane displace-
ment(w)is axially symmetric about the center of the
casing thickness(see 2b).

Leaky Lamb Wave Simulation in Irregular Casing
To simulate the e�ects of corrosion, the thickness
of the upper casing was adjusted. Using the simula-
tion method described above, S0-mode Lamb waves
were excited in the casing. Fig. 3 illustrates the snap-
shots of the acoustic pressure �eld captured in the
simulation model. At 60 µs, the in-phase pressure
�eld in the casing indicates the exclusive presence of
the S0 mode. At 100 µs, after passing through the
irregular interface, the downward re�ected wave is
generated. At 140 µs, the out-of-phase pressure �eld
in the casing indicates A0 mode. The array receivers
were placed symmetrically on both sides of the casing
in the model. The labels on the inside of the casing
are RA and RA�, while those on the outside are desig-
nated as RB and RB�. The resulting waveforms are
presented in Fig. 4. As depicted in 4a, the waveform
received at the source distance of 31 cm has already
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Fig. 2: Wave structure (a) S0 mode. (b)A0 mode.

been in�uenced by scattered waves. For the receiver
at the source distance of 35 cm, the waveform dis-
plays an antisymmetric mode after 140 µs. In 4b, the
re�ected wave has been converted to the A0 mode.
The results indicate that the irregular interface not
only induces re�ection and transmission phenomena
but also causes mode conversion within the casing.

In pitch-catch logging, attenuation is calculated to
assess the medium phase state behind the casing[5].
Irregular interfaces, such as those caused by casing
corrosion, induce alterations in the waveforms of the
two receivers. Moreover, re�ections at these irregular
interfaces cause signi�cant attenuation. Attenuation
increases with the degree of corrosion. Therefore, cas-
ing inhomogeneity leads to the scattering of Lamb
waves. Placing receivers beyond the irregular results
in a diminished amplitude and increased attenuation
of the direct wave[6]. This increase in attenuation is
independent of the medium behind the casing and
the bonding condition. In addition to casing corro-
sion, perforation holes also generate irregular casing
interfaces, which can also result in increased attenua-
tion. Attenuation is maximized as the receivers span
these perforations. Consequently, in pitch-catch log-
ging results, perforation locations can be identi�ed by
analyzing local maxima in attenuation.
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Fig. 5: Results of ultrasonic pitch-catch logging data processing before and after perforation in X casing well.

[5] S. Thierry et al. �Ultrasonic cement logging: Ex-
panding the operating envelope and e�ciency�.
In: SPWLA Annual Logging Symposium. SP-
WLA. 2017, D053S016R006.

[6] D. N. Alleyne and P. Cawley. �The interaction
of Lamb waves with defects�. In: IEEE transac-
tions on ultrasonics, ferroelectrics, and frequency
control 39.3 (1992), pp. 381�397.
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Quantitative Ultrasonic Multilayer Characterization for
Integration Monitoring of Hip Implants
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Abstract: New quantitative data processing methods could enable ultrasound as a potential
diagnostic method for hip implant integration monitoring. For development of such methods,
suitable acoustic simulation tools are essential. In this work, a novel 1D FDTD simulation tool
for multilayer structures, considering frequency-dependent properties, is introduced, particularly
meeting the special needs of this application. Simulation results show excellent agreement with
experimental data, confirming accurate prediction of wave propagation in multilayer systems.

Keywords: Ultrasound simulation, Finite-Difference Time Domain (FDTD) simulation, Quanti-
tative Ultrasound (QUS), Hip prostheses, Multilayer systems

Introduction
Model-based ultrasonic methods for characteriz-
ing multilayer structures with thin interlayers are
well-known in industrial applications, such as non-
destructive testing of adhesive bonds [1]. In medicine,
quantitative ultrasonic (QUS) methods for tissue char-
acterization are gaining importance too [2]. However,
many anatomical structures are multilayer systems,
leading to multiple transmission and reflection ef-
fects. This complicates understanding sound propa-
gation and developing suitable data processing meth-
ods for analyzing such structures. One example is
the multilayer-like structure in the thigh of patients
with hip prostheses, consisting of soft tissue, bone,
a mm- to sub-mm-thin bone-implant interlayer, and
the implant [3]. Determining thicknesses and material
properties of these layers could enable a quantitative
implant integration monitoring and early detection of
pathological changes like implant loosening [4, 5].
The properties of each layer which are relevant for im-
plant integration quality (thicknesses, sound velocity,
sound impedances, attenuation coefficients) can vary
in large ranges [6], so it is not possible to capture all
configurations within experiments. Simulation studies
are therefore essential to identify the relevant con-
figurations for experimental evaluation of new data
processing algorithms. Furthermore, they enable visu-
alization and therefore deeper understanding of sound
propagation within the layered system itself, while, in
experimental analysis, ultrasonic transducers can only
detect signals at the outer layers of the system. Con-
sequently, they play an important role in the actual
development of new data processing methods too.
A suitable simulation tool for modeling longitudinal
ultrasound propagation in complex multilayer struc-

tures has to fulfill several requirements: the possibility
to model any desired multilayer system (various thick-
nesses and acoustic properties per layer), support
of any number of layers, representation of frequency-
dependent attenuation, inclusion of multiple reflection
and transmission processes at each layer boundary,
support of any excitation pulse frequency and shape
and visualization of the resulting wave field at any
time and location within the simulation area.
Well-known acoustic simulation tools for industrial
and medical purposes mainly include Field II [7], Sim-
Sonic [8], k-Wave [9] and COMSOL Multiphysics [10].
While Field II does not support multiple layers with
different properties, SimSonic fails to model more com-
plex attenuation patterns. MATLAB-based k-Wave
and COMSOL Multiphysics meet these requirements
but rely on commercial licenses.
This publication now introduces a novel, Python-based
and therefore completely open-source simulation tool
for ultrasonic propagation through multilayer struc-
tures, particularly addressing the special requirements
stated above. It currently works for one dimension
and parallel layers, but can potentially be extended to
more spatial dimensions. The basic principles of the
simulation tool are described as well as results from
a comparison with experimental data.
While this paper focuses on this new simulation tool
enabling the development of new multilayer charac-
terization methods, novel data processing procedures
themselves will be presented in future publications.

Materials and Methods
The presented simulation tool is based on a Finite-
Difference Time Domain (FDTD) approximation
of the linear transport equations in −x- and +x-
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direction, respectively,

χφ

χυ
� ��

τ

χφ

χσ
(1)

where φ represents the propagating sound field quan-
tity (e. g. mechanical stress) propagating in �υ-
direction through time σ with sound velocity τ. By us-
ing two linear transport equations instead of one wave
equation which combines both of them, sound propa-
gation in each direction can be visualized separately,
enhancing clarity of the simulation results. Within one
layer, the transport equations are discretized using
explicit Lax-Wendroff method

φ���
� � φ�

�

ρσ
� �τ

φ
�����
����� � φ

�����
�−���

ρυ
(2)

of ��ρυ�π ρσ�� to reduce numerical dissipation and
enhance accuracy. At the layer boundaries, Upwind
discretization with

φ���
� � φ�

�

ρσ
� �τ

φ �
��� � φ �

�

ρυ
(3)

was used to calculate the wave field φ���
� at the next

time step σ���. ξ and ν indicate the current space and
time step υ� and σ�, while ρυ and ρσ represent the
space and time increments. Given one of them, the
other one results from the well-known CFL condition
by taking the system’s highest sound velocity.
Fig. 1 illustrates how the simulation area is built by

Fig. 1: Schematic drawing of the simulation area and
the principle of calculating the next time step σ���.

one matrix per layer and propagation direction. Using
Eq. (2), φ���

� is computed for each point inside a layer.
Correct reflection and transmission behavior is applied
by first calculating the wave field at each boundary
point using Eq. (3) and then multiplying with the asso-
ciated reflection or transmission coefficient calculated
from the respective acoustic impedances by

µ�� �
λ� � λ�

λ� � λ�
� κ�� �

�λ�

λ� � λ�
(4)

as Fig. 1 shows too. � and θ indicate the previous and
next layer according to the propagation direction.

Frequency-dependent attenuation is modeled by a
Fourier decomposition of the excitation signal as
shown in Fig. 2. After decomposition, one simula-

Fig. 2: Spectral decomposition by Fourier expansion
for exemplary excitation signal.

tion with the associated monofrequent oscillation (see
Fig. 2) for each Fourier coefficient as input signal is
performed. In every time step, the resulting deflection
is reduced by the attenuation value for this specified
frequency. Finally, a summation of simulated wave
fields for all frequencies gives the wave field for the
actual broadband excitation signal.
As input parameters, the simulation tool needs thick-
ness, sound velocity, acoustic impedance, attenuation
coefficient and attenuation exponent for each layer as
well as the desired spatial increment, total simulation
time and excitation signal.

Results
Tab. 1 shows the relevant properties of an exemplary

Tab. 1: Properties of each layer of the exemplary mul-
tilayer system the simulation tool was tested with.

y. Thick- Sound Acoustic Attenuation

a ness velocity impedance coefficient

L mm m/s MNs/m3 dB/(cmMHz)

1 �η� �¯�� �η��� �η���

2 ¯η� ���� �η�¯� �η���

3 – �¯�� �η¯�� �η���

4 �� ���� ��η�� �η�¯�

multilayer system consisting of a flexible acoustic cou-
pling mat (layer 1), a cortical bone plate (layer 2), a
water gap of variable thickness (layer 3) and a tita-
nium plate (layer 4). The attenuation exponent was
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Non-Invasive Ultrasonic Measurement of Piston Position
in High-Pressure Hydraulic Cylinders
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Abstract: This work introduces a non-invasive ultrasonic method for accurate piston position
measurement in high-pressure hydraulic cylinders. By analyzing time-of-�ight shifts using
externally mounted transducers, it enables precise tracking without coming into contact with
the pressurized �uid. This prevents sealing issues, minimizes contamination risks, and reduces
maintenance e�ort. The method achieves sub-millimeter accuracy over an 80mm stroke.
Experiments con�rm its robustness and industrial applicability.

Keywords: ultrasonic position sensing, piston position measurement, high-pressure hydraulic
cylinders, non-invasive monitoring, time-of-�ight analysis

Introduction
High-pressure hydraulic cylinders are critical compon-
ents in industrial automation, especially in systems
requiring reliable control and high-precision motion
feedback. In many applications, such as automated
cable cutting, piston position must be determined with
high accuracy and robustness to ensure safety and
process quality. Conventional position measurement
techniques, such as magnetic �eld sensors or magneto-
inductive methods [1], [2], often require signi�cant
changes to the cylinder design and may be suscept-
ible to electromagnetic interference. Optical distance
sensors [3], though externally mountable, are sensitive
to contamination and re�ective disturbances, limit-
ing their suitability in harsh environments. Existing
ultrasonic methods [4]�[6], while promising, typically
rely on structural modi�cations such as windows or
recesses in the cylinder wall, which are unsuitable for
high-pressure applications.

To address these limitations, we present a novel
non-invasive ultrasonic method for real-time piston
position tracking that eliminates the need to access
the hydraulic �uid directly. The approach relies on
externally mounted piezoelectric transducers that gen-
erate and detect ultrasonic waves propagating through
the piston rod and cylinder structure. This method
requires no modi�cations to the pressure chamber, en-
abling easy integration into existing hydraulic systems
while withstanding variable pressure and temperat-
ure conditions common in industrial environments. A
robust algorithm and a stand-alone hardware enable
real-time measurement and end-position detection of
the hydraulic cylinder, o�ering a promising alternative
to traditional invasive and non-invasive measurement
techniques.

Fig. 1: Schematic representation of the experimental
setup of the piston, including the positions of the
three acoustic transducers.

The main objectives of this work are:

• To achieve real-time, sub-millimeter accurate pis-
ton tracking over the full stroke.

• To enable robust mechanical end-stop detection
under varying environmental conditions.

Materials and Methods
The method employs piezoelectric ultrasonic trans-
ducers arranged on the exterior of the piston rod and
the cylinder, as shown in Fig. 1. Two transducers are
used in a transmitter-receiver con�guration. The ul-
trasonic wave generated by the �rst transducer travels
along the piston rod, propagates through the seal
region, and is partially transmitted to the piston head,
which guides the wave toward the second transducer.
As the piston moves, the acoustic path length changes,
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Characterizing Elasticity of NiTi Epitaxial Film in
Austenitic Phase by Transient Grating Spectroscopy
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Abstract: We employ transient grating spectroscopy (TGS) with a 7 µm excitation wavelength
to analyze anisotropic elasticity of a thin supported �lm. The high sensitivity of TGS enables
detection of multiple surface acoustic modes�Rayleigh, Sezawa (both with strong out-of-plane
displacement), and Love (with transverse horizontal displacement)�in a slow-on-fast system of
a 3µm thick epitaxial NiTi shape-memory alloy �lm on MgO, investigated in the austenitic state
at 120 °C. Extracting elastic constants from angular dispersions is solved via the Ritz�Rayleigh
method, enabling analysis of the cubic elastic constants of the NiTi �lm and provides valuable
insights into the �lm�s properties.

Keywords: transient grating spectroscopy, guided waves, elastic anisotropy, inverse procedure,
shape-memory alloy

Introduction-Motivation
Characterizing elasticty of anisotropic thin �lms with
micrometer-scale thickness is challenging. The tradi-
tional contact quasi-static techniques of micro- and
nanoindentation using Oliver-Pharr [1, 2] analysis pro-
vide only limited information on the directional depen-
dence of the elastic response. For this reason, a wide
range of laser-ultrasonic approaches have been devel-
oped as alternatives, including picosecond ultrasonics,
resonant ultrasound spectroscopy, surface-wave spec-
troscopy, and Brillouin spectroscopy. However, these
methods provide only limited information about the
elasticity and are often experimentally complex and
time-consuming.

We employ transient grating spectroscopy (TGS)
[3, 4], a laser-based optical method that relies on
interference to achieve high sensitivity and strong k-
vector selectivity both in the generation and detection
of surface-guided acoustic waves. This approach en-
ables precise measurements of surface acoustic waves
(SAWs) at micrometer wavelengths, facilitating the
determination of the angular dispersion of wave ve-
locities.

Subsequently, a speci�cally designed minimization-
based inverse procedure, combined with a Ritz-
Rayleigh numerical model for elastodynamic properties
of layered systems, allows for the precise determina-
tion of the elastic constants [5, 6, 7].

This allows us to study wave behavior in anisotropic
�lms grown on anisotropic substrates [6], making it
highly useful for non-destructive evaluation of epitax-

ial �lms. However, evaluating such layered systems is
challenging. In addition to the well-known Rayleigh
and Sezawa surface acoustic waves, which exhibit
considerable out-of-plane motion, this is also sensitive
to detect Love waves and their directional dispersion.
Extensive experimental output also makes the inverse
problem�extracting elastic constants from measured
wave velocities�more complex. The analysis must ac-
count for how multiple propagation modes propagate
in di�erent directions, often intersecting with each
other, and whose intersection points are linked to the
very elastic constants being determined.

Methods - experimental setup
Transient grating spectroscopy (TGS), also referred
to as impulse stimulated thermal scattering (ISTS)
[8], is a laser-ultrasonic method designed for non-
contact, non-destructive probing of acoustic proper-
ties in solids.It can, however, also be employed for
the investigation of thermal properties [9]. The tech-
nique combines optical excitation of surface acoustic
waves (SAWs) with their optical detection through
light di�raction and consequent interference. Such
optical heterodyne (interference) detection was �rst
proposed by Maznev et al. [3]. In the present work, we
employed the modi�ed optical setup depicted in Fig-
ure 1, utilizing the di�erential heterodyne technique
introduced by Verstraeten et al. [8].

In this work, we used TGS setup similar to that in
Ref. [4]: SAWs are generated by a Nd:YAG pump laser
(1064 nm, 0.55 ns, 200 µJ, 1 kHz) and detected by

DOI 10.5162/Ultrasonic2025/P1.41









2025 ICU PADERBORN
9th International Congress on Ultrasonics - ICU

375

Enhancing Full Waveform Inversion for Ultrasound
Imaging with Langevin Stein Variational Gradient

Descent: Improved Accuracy and Uncertainty
Quantification
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Abstract: This study applies Langevin Stein Variational Gradient Descent (LSVGD) to Full
Waveform Inversion (FWI) for medical ultrasound imaging. LSVGD enables joint reconstruction
of speed of sound (SOS) and spatial uncertainty. Posterior accuracy is validated using a Gaussian
mixture model. Applied to a 2D breast phantom, LSVGD achieves reconstruction quality on par
with standard FWI, while highlighting uncertainty in heterogeneous regions. Results underscore
LSVGD’s utility for uncertainty-aware, high-resolution ultrasound imaging.

Keywords: Full waveform inversion, variational inference, uncertainty quantification, medical
ultrasound imaging, Bayesian inference

Introduction

FWI is a high-resolution technique increasingly ap-
plied in medical ultrasound to recover acoustic tissue
properties by minimizing the misfit between measured
and simulated wavefields [1]. However, conventional
FWI is deterministic and sensitive to the ill-posedness
of inverse problems, yielding a single estimate without
uncertainty quantification. The lack of uncertainty
information limits clinical interpretability, particularly
in heterogeneous biological tissues.

To address the limitations, Bayesian inversion re-
formulates FWI as a probabilistic problem, aiming
to infer a posterior distribution over model parame-
ters given the observed data [2]. Variational inference
(VI) methods, particularly Stein Variational Gradient
Descent (SVGD), approximate the posterior using
particle-based updates without assuming a paramet-
ric form [3]. Yet, SVGD is prone to mode collapse,
limiting its ability to capture multi-modal posteriors
[4]. Langevin SVGD (LSVGD) enhances SVGD by
introducing stochastic noise from Langevin dynamics,
improving posterior exploration [4, 5].

This work introduces LSVGD to medical ultrasound
FWI by deriving the log-posterior gradient. Posterior
approximation accuracy is validated using a Gaussian
Mixture Model. Application to a 2D breast phan-
tom demonstrates accurate SOS reconstruction and
pixel-wise uncertainty quantification. Results indicate
LSVGD matches standard FWI in accuracy while en-
abling uncertainty-aware imaging.

Methods
FWI is increasingly being adapted for medical ultra-
sound imaging to reconstruct detailed maps of acous-
tic properties, such as SOS, density, attenuation, and
others. FWI minimizes the difference between mea-
sured and simulated wavefields. The measured data
consist of pressure fields from ultrasound transducers,
while the simulated data are obtained by solving the
acoustic wave equation forward in time. The acoustic
wave equation in FWI is

m(x)
∂2p(x, t)

∂t2
− ∇2p(x, t) = fs(x, t), (1)

where p(x, t) represents the pressure field at position
x and time t, ∇2 is the Laplacian operator, and
fs(x, t) is the source term. The squared slowness
m(x) is related to the SOS, i.e., m(x) = 1/c2(x). In
2D FWI imaging, the parameter vector m consists of
m(x) at each position x. The vector m is iteratively
adjusted to reduce the error between the measured
data dobs

r and the simulated data dsim
r at each receiver

r. The error quantified in FWI is the L2 norm of the
data misfit,

Φ =
1

2

∑
r

∥dobs
r − dsim

r ∥2
2. (2)

The gradient of the misfit is computed using adjoint-
state methods, which allow for efficient updating of
the model parameters.

Standard FWI is formulated as a deterministic op-
timization problem that aims to find a single best-fit
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