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Full-Domain 3D Digital Twin for Comprehensive Analysis
and Validation of Standing Surface Acoustic Wave
Generation on LiINbO; Substrate

Felice Alberto Sfregola, Annalisa Volpe,* Andrea Zifarelli, Massimiliano Benetti,
Domenico Cannata, Vincenzo Spagnolo, and Pietro Patimisco

Standing Surface Acoustic Waves (SSAWSs) generated on a piezoelectric sub-
strate are largely used to create stable surface force patterns in active lab-on-a-
chip devices. This study presents the development and experimental validation
of a full-domain 3D digital twin for a SSAW device based on 128° YX LiNbO;,
commonly used for acoustofluidic applications. The model is developed

in COMSOL Multiphysics to accurately capture the electromechanical interac-
tions that govern SSAW generation and its interaction with the substrate. Its
predictive accuracy is validated through electrical characterization with a vector
network analyzer and surface displacement mapping with a laser Doppler
vibrometer, demonstrating strong agreement between simulations and experi-
mental data. This validation proves the reliability of digital twins for predictive
modeling and design optimization of SSAW devices, offering a more precise
and efficient alternative to traditional models and trial-and-error approaches.

1. Introduction

Surface acoustic wave (SAW) devices have seen significant ad-
vancements in recent years due to their ability to precisely ma-
nipulate surface acoustic energy, making them valuable in a wide
range of applications.[!! Originally developed for telecommuni-
cations, where they play a critical role in high-frequency signal
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processing,?l  SAWs technology has
expanded into fields such as mass
detection and biochemical sensing.]%]
This versatility has driven their integra-
tion into lab-on-a-chip (LOC) systems,
enabling  miniaturized  diagnostics,
including gravimetric detection and
real-time biochemical analysis.*] SAW
technology has also found a role in
quantum acoustodynamics, enabling
strong interactions between surface
waves and superconducting qubits, con-
tributing to advancements in quantum
computing.’] In biomedical research,
standing SAWs (SSAWs), specifically
Rayleigh waves, enable precise, non-
invasive manipulation of microparticles,
cells, and fluids.l’) Early studies by
Shi et al. demonstrated SSAWs as a
powerful tool for particle manipulation,’] continuous
separation,l®! and precise cell patterningl® in microfluidic
channels, paving the way for acoustic tweezers and advanced
particle sorting techniques. These innovations have enabled
high-throughput SSAW-based cell sorting!'%! and fluorescence-
activated cell manipulation," significantly enhancing the
capabilities of microfluidic systems. Beyond cellular applica-
tions, SAW microfluidic platforms have been employed for
extracellular vesicle enrichment,'?} offering promising break-
throughs in cancer biomarker discovery. As SSAW technology
continues to evolve, accurate numerical modeling becomes
essential for optimizing device performance and expanding
its applicability. Developing high-fidelity digital twins capa-
ble of capturing complex electromechanical interactions is
crucial to overcoming the limitations of traditional modeling
approaches and accelerating the design and implementation of
next-generation SSAW devices.

The physics governing SAW-based devices is inherently com-
plex and involves the intricate coupling of multiple physical do-
mains, including mechanics, piezoelectricity, acoustics, and fluid
dynamics. Unlike simpler resonant systems, the interaction be-
tween acoustic waves and the surrounding medium cannot be
solved analytically due to the nonlinear and anisotropic nature
of the materials involved. Accurately capturing these effects re-
quires advanced numerical models capable of resolving wave
propagation and electromechanical coupling with high fidelity.
Digital twins have emerged as an essential tool for optimizing
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these devices, allowing for precise modeling of key SAW proper-
ties —including phase and group velocity, polarization, electrome-
chanical coupling coefficient. In anisotropic substrates, these
characteristics depend on the crystallographic plane and the wave
propagation direction within the plane. Furthermore, when the
Poynting vector and wave vector are not parallel, the power flow
angle (PFA) is non-zero and causes beam steering,[!*] making an-
alytical solutions impossible and necessitating numerical mod-
eling. The accuracy of a digital twin depends on rigorous vali-
dation against experimental data.'*] After their validation, dig-
ital twins enable precise prediction of system behavior under
varying conditions, identification of optimal operating param-
eters, and acceleration of device design and testing. This ap-
proach not only reduces development costs and time but also
overcomes the limitations of traditional trial-and-error methods,
which often fail to account for the complex multiphysics inter-
actions in SAW systems. For instance, in acoustofluidics, where
SAWs interact with fluids and particles, an accurate numerical
model is essential for predicting wave propagation, interference,
and diffraction effects ultimately leading to improved device
performance.

The characterization and optimization of SAW have tradi-
tionally relied on electrical measurements using a vector net-
work analyzer (VNA), with limited adoption of experimental
methods for directly measuring surface displacement and wave
propagation.['] However, electrical characterization alone pro-
vides a limited perspective, as it does not fully capture the in-
tricate electromechanical interactions governing SAW systems
behavior. Although some studies have combined experimental
measurements with simulations, they have often relied on sim-
plified computational domains. For example, Weser et al. ana-
lyzed the influence of interdigital transducer (IDT) parameters
on SAW fields but limited their study to a reduced 2D com-
putational domain, inherently neglecting critical 3D effects.!%]
Similarly, Smagin et al. employed 3D simulations but simplified
their models to reduced domains with a limited number of IDTs,
which did not fully replicate experimental conditions.['”] Conse-
quently, the predictive accuracy of these models remains uncer-
tain, raising questions about their accuracy and applicability to
real-world devices.

Given these limitations, the present work introduces a full-
domain 3D digital twin of a 128° YX LiNbO,; SSAW device, com-
monly used for SSAW generation in acoustophoresis applica-
tions. While 2D modeling remains attractive due to its reduced
computational cost, it fails to capture essential 3D wave propaga-
tion effects, such as out-of-plane displacement components and
the actual spatial distribution of acoustic energy. In contrast, a
full 3D approach, though computationally intensive, enables a
more accurate representation of the electromechanical coupling,
wave interference, and device response under realistic operating
conditions.

The digital twin was built in COMSOL Multiphysics to ac-
curately simulate the generation, propagation, and interaction
of SAWs on the actual device. The model was validated first
through VNA characterization and subsequently with surface
displacement measurements with an interferometer, enabling
a direct and comprehensive comparison between the simu-
lated and experimental frequency responses and displacement
fields.
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2. Background

Acoustic waves in piezoelectric materials arise from the intrinsic
coupling between mechanical deformations and electrical polar-
ization within the medium, known as piezoelectric effect. It is
governed by a set of fundamental equations that describe how
mechanical stress and strain interact with electric fields. The
propagation of acoustic waves is described, in terms of displace-
ment u, by the piezoelectric wave equation!'®!

*u, 3 o*u, 3 0E,
T Zj,k,lzl Cij 9%, + Zk:l eiﬂ‘a_xj ()

where p is the material density, c;3, are the elastic stiffness coef-
ficients, e, are the piezoelectric constants, and E, = d¢/dx;, rep-
resents the electric field components. The last term of the wave
equation acts as a source for acoustic wave generation under a
time-varying electrical potential. Piezoelectric materials are com-
monly used as efficient transducers, converting electrical signals
into mechanical vibrations and vice versa. To have a unique solu-
tion for the system, Equation (1) must be coupled with continu-
ity equation accounting for the principle of charge conservation
within the material. The continuity equation can be expressed in
terms of electric displacement D and charge density pyas

V.-D=p @

In regions without free charges (p; = 0), the electric displace-
ment is solenoidal, and its divergence is zero.

SAWs are a specific solution of such a system in the form of
elastic waves that propagate across the surface of a piezoelec-
tric material with an amplitude that decays exponentially into the
substrate. The strong coupling between electrical potential and
SAWs has enabled various applications over the years, exploiting
the interaction between surface deformation and the surround-
ing medium. These include the realization of sensing platforms
for detecting gas or liquid species, as well as acoustophoresis in
microfluidic devices. Among the various modes of SAW, Rayleigh
waves are of particular interest due to their unique polarization
characteristics and efficient surface confinement. Their ellipti-
cal particle motion enables strong coupling with surrounding
medium, making them ideal, for example, for precise manipu-
lation in microfluidic systems. The most used method for gen-
erating SAWs on piezoelectric substrates is through IDTs. They
consist of periodic metallic electrodes (fingers) deposited onto the
substrate surface, where an applied alternating voltage induces
mechanical wave propagation via the inverse piezoelectric effect.
The synchronism frequency of the IDT is determined by the
relationship

f= G)

where vis the SAW velocity in the medium, and p is the finger pe-
riodicity. The frequency bandwidth of the IDT is a crucial param-
eter for the overall performance, particularly when SAW-based
devices are used as oscillators.["] It is influenced by parameters
such as the electrode width, spacing, aperture, and is inversely
proportional to the number of fingers in the IDT design.[!]
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The efficiency of SAW excitation with IDTs depends on the
choice of piezoelectric material, as well as the impedance match-
ing between the IDT and the driving circuit. It is measured in
terms of the electromechanical coupling coefficient K?, which
quantifies the ratio of mechanical energy converted in response

to electrical input, and vice versa. For SAW devices, it is defined
5118]

k=22 % (4)

v

where vyand v, are the SAW phase velocities for free and electri-
cally short-circuited surface, respectively. For anisotropic materi-
als, such as LiNbO;, the phase velocity depends on the crystal cut,
and propagation direction, which also affects the coupling coeffi-
cient K2. This directional dependence can lead to beam steering
effects, where the energy of the travelling SAW propagates along
a path dictated by the material’s slowness curve rather than the
initial wave vector direction.['] As a result, optimizing IDT align-
ment with respect to the material’s crystallographic axes is crucial
for maximizing wave propagation efficiency and overall device
performance.

SSAWs are generated when two counter-propagating SAWs
interfere constructively, forming a periodic stationary wave pat-
tern. This can be achieved by positioning two IDTs facing
each other on a piezoelectric substrate, and exciting them
simultaneously.">! In acoustofluidics, SSAW devices have been
utilized for manipulating microparticles?’! and biological cells!?!!
in LOC systems. The efficiency of SSAW-based particle manip-
ulation is influenced by several parameters, including the ap-
plied frequency and wave amplitude.??] Experimental studies us-
ing laser Doppler vibrometer (LDV) can provide insights into
SSAW field distributions and validate theoretical models of par-
ticle transport mechanisms.

The electrical behavior of SAW devices is often analyzed us-
ing the modified Butterworth-Van Dyke (BVD) equivalent circuit
model.[?] This model includes a motional branch with a series
connection of resistance (R,,), inductance (L), and capacitance
(C,,), representing energy losses, wave inertia, and mechanical
compliance, respectively. Additionally, a static capacitance (C,) is
placed in parallel with this branch.[?* Although the BVD model
offers a useful framework for analyzing SAW resonators, real-
world devices involve complex interactions that cannot be com-
pletely captured by simplified lumped-element circuit models.
Here, we propose 3D Finite Element Analysis (FEA) for model-
ing the full electromechanical behavior of SAW systems. FEA can
enable a more accurate study of wave propagation and material
anisotropy, addressing issues that analytical methods and equiv-
alent circuit models fail to resolve.

3. Modeling

The model geometry reproduces the fabricated SSAW device to
create a digital twin using COMSOL Multiphysics. The device
consists of two identical opposing IDTs with a pitch of 200 um
and an aperture of 8500 um, deposited on a 128° YX LiNbO, sub-
strate with a thickness of 500 pm. A detailed description of the
geometry and boundary conditions can be found in Supplemen-
tary File S1 (Supporting Information). The simulated structures
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include the full 3D device, as well as two reduced-domain mod-
els, consisting of a cross-sectional slice along the wave propaga-
tion direction, as shown in Figure 1. The reduced-domain mod-
els helps decrease the computational load without compromising
accuracy in eigenfrequency analysis. Each domain is meshed to
resolve the acoustic field while maintaining high computational
efficiency.

The meshing strategy, including element types and resolu-
tion considerations, is discussed in Supplementary File S2 (Sup-
porting Information). Convergence analysis confirmed that the
optimal trade-off between numerical precision and efficiency is
achieved with a maximum element size of Aguy /6.2 A free-
triangular surface mesh is applied to the substrate’s top surface,
while its depth is discretized using free-tetrahedral elements for
the full 3D model (Figure 2b). In the reduced-domain models, a
finer parametric sweep was implemented to enhance accuracy
(Figure 2a). Material properties, including stiffness tensor, di-
electric permittivity, and piezoelectric coefficients, were sourced
from COMSOLs material library for 128° YX-cut LiNbO; and
aluminum.

The simulation was conducted within a multi-physics frame-
work combining solid mechanics and electrostatics modules. The
solid mechanics module governs the elastic wave propagation,
while the electrostatics module couples electric fields and me-
chanical strain using the constitutive piezoelectric relations.!8]
To model the behavior of Rayleigh waves, a stress-free bound-
ary condition was applied at the top surface of the substrate.
At the bottom boundary, a vanishing field condition was im-
posed on both displacement u and electric potential ¢, preventing
wave reflections back into the domain. Additionally, low-reflective
boundary conditions were applied at the edges of the domain to
prevent reflections that could interfere with the standing wave
pattern. Finally, in the reduced domain, periodic boundary con-
ditions were imposed on the lateral edges to simulate an ideal
infinite wavefront without any edge effects.

The first step in the simulation process is an eigenfrequency
study to identify the natural oscillation modes (eigenmodes) of
the device and determine the optimal frequency for Rayleigh
wave excitation. The simulated frequency range was centered on
the expected operating frequency of 19.5 MHz, as calculated us-
ing Equation (3), ensuring that 10 eigenmodes were identified
within the reduced-domain model. These modes were analyzed
based on the defining characteristics of Rayleigh-type SAWs,
specifically by considering the ellipticity of surface displacement
and its exponential decay into the substrate. It is important to
note that modal analysis provides only qualitative insights into
the mode shapes and does not yield quantitative information
about displacement amplitudes, stress distribution, or electric
potential, as no external loads are applied. The chosen selected
eigenmode, identified at a frequency of 19.81 MHz, is shown
in Figure 3a as a 3D plot of the displacement field for a single-
wavelength unit domain.

Based on this result, a frequency-domain study was performed
on the 3D full-model to simulate the device’s electrical response
over a frequency range matching the experimental characteriza-
tion obtained using the VNA. The electrodes were excited with
an AC voltage corresponding to the experimental drive condi-
tions (i.e., fr = 19.47 MHz, V,;, = 4.2 V), enabling the extraction
of the numerical displacement field values along the same scan
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Figure 1. Schematic representation of the geometries used in simulations: a) single-wavelength element, b) reduced-domain model extracted from the

full-domain cross-section, and c) full-domain model.

lines used in the displacement measurements. Figure 3b shows
the simulated 3D standing displacement field along the normal
direction to the surface, confirming the strong directionality of
the SAW waves and the negligible impact of lateral bus bars.
The computational time for the frequency sweep in the reduced-
domain model was 6h 1min, while the full 3D model required
6h 40min, with the latter involving the solution of 2.3 X 107 de-

L LTSS
A

J VX
N
R L
o
SRR
W =

i

Wi
‘ : \A‘s Y
R
W

S

y

(a)

Figure 2. Mesh applied to a) reduced-domain models (single-wavelength element and cross-section) and b) full-domain model.
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grees of freedom (DOFs). This demonstrates a reasonable com-
putational cost despite the large problem size and highlights the
scalability of the modeling approach.

Additionally, a time-domain analysis was conducted to exam-
ine the transient phase leading to the formation of a stable
standing wave pattern. This study, which focuses on the first mil-
liseconds of the system’s dynamic response and the evolution of
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(a)
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Figure 3. a) Out-of-plane displacement eigenmode for a single-wavelength element at the simulated resonance frequency of 19.81 MHz. The deformation
is exaggerated for better visualization of the mode. b) Out-of-plane displacement for the full device under an AC signal corresponding to the experimental
conditions (fr = 19.44 MHz, Vpp = 4.2 V). The inset provides a magnified view of alternating nodal and antinodal lines.

wave interference, is detailed in the Supplementary File S3 (Sup-
porting Information). Finally, the simulation was repeated with
one IDT grounded to investigate the impact of IDT passivation
on SAW field generation. These numerical simulations provide a
direct comparison with the measurements that will be presented
in the next section.

4, Results and Discussion

4.1. Device Electromechanical Characterization

The electrical response of the device was evaluated within over
a 4 MHz range, with a 100-Hz bandwidth, centered at the
expected operating frequency of 19.5 MHz (see Section 6).
Figures 4a and 3b display the real and imaginary components
of admittance, respectively, with both experimental and sim-
ulated data normalized to their respective peak values. The
good agreement between the two datasets confirms the accuracy
of the model, particularly in predicting the resonance peak at
19.47 MHz. This highlights the advantages of FEA in providing
a highly accurate representation of real 3D systems, capturing

4L (a) Measured | |
— Simulated

Real Y11 normalized
o o o
= o o

o
)

0 L L L h
175 18 185 19 195 20 205 21 215

Frequency (MHz)

complex electromechanical interactions that cannot be fully de-
scribed using analytical models.

The mechanical response of the SSAW device was first charac-
terized by measuring the displacement amplitude on an antinode
point of the SSAW pattern at different excitation frequencies (see
Section 6), as shown in Figure 5. The highest resonance peak was
observed at 19.44 MHz, with a bandwidth of 100 kHz.

The frequency response peaks at 19.47 and 19.44 MHz,
obtained through electrical and mechanical characterization,
respectively, show excellent agreement. This validates the
strong electromechanical coupling of the device and justify the
widespread use of the Butterworth-Van Dyke equivalent circuit
of SSAW devices, where mechanical elements are modeled as a
series of lumped electrical components dependent on the device’s
physical properties.

The mechanical behavior of the SSAW device was further ex-
amined by measuring the displacement amplitude on an antin-
ode point as a function of peak-to-peak excitation voltage at
19.44 MHz, which maximizes the out-of-plane displacement
at an antinode point. The reconstructed characteristic curve in
Figure 6 shows a linear region between 0.5 and 5 V, with an
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1t = Simulated | -
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Figure 4. a) Real and b) imaginary parts of the measured (black) and simulated (red) admittance.
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Figure 5. Out-of-plane displacement measured at an antinode as a func-
tion of the excitation frequency.

efficiency of 1.29 nm V~1. Beyond this range, a deviation from
linearity was observed, likely due to polarization saturation ef-
fects as the electric field approaches the material’'s breakdown
threshold.[?] Hereafter, the driving voltage was fixed to 4.2 V to
guarantee a linear response of the device while achieving a strong
displacement amplitude.

4.2. SSAW Displacement Field Mapping

The surface displacement field within the IDTs active region was
mapped using an LDV with a 14 um spot size, capable of resolv-
ing out-of-plane displacements with sub-nanometer precision.
As shown in Figure 7, the experimental setup (see Section 6)
employed a waveform generator generating a sinusoidal signal

8[[ o Measured Data I

Linear Fit s

o [e] ~
T T T
L

Displacement (nm)
S

3 L 4
2 - -
1+ ]
0 o® s
0 1 2 3 4 5
op V)

Figure 6. Out-of-plane displacement measured at an antinode as a func-
tion of the peak-to-peak voltage V, at f, = 19.44 MHz. The solid blue line
represents the linear fit in the region where the device response is linear,
while the dashed line extends beyond this region to illustrate deviations
from linearity.
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that was amplified and split to simultaneously drive both IDTs,
generating SSAWs. The LDV beam was aligned perpendicular to
the device surface and focused using a three-axis micro-translator
system.

The measurement procedure (see Section 6) involved system-
atically scanning the LDV beam across the active region while
maintaining excitation at the device’s resonance frequency f, with
a constant peak-to-peak driving voltage (V,,, = 4.2 V). This ap-
proach enabled 2D comprehensive characterization of the SSAW
displacement field with a spatial resolution of 20 um.

The first scanning line (orange dashed line in Figure 7) follows
the wave propagation direction, from one IDT to the other. The
raw displacement measurement in Figure 8a reveals a periodic
pattern with regularly spaced peaks with an average amplitude
of 4.23 pm. Due to the interferometric nature of the LDV acqui-
sition, the measured output corresponds to the absolute oscilla-
tion amplitude at each scanned point. Consequently, peaks re-
semble the perfect alternation of node and antinode points. How-
ever, variations in the recorded peak-to-peak amplitude suggest
the presence of additional spectral components in the measured
signal.

To identify and analyze these unwanted spectral components,
a Fourier transform algorithm was applied to the displacement
data. As shown in Figure 8b, the resulting spectrum reveals a
dominant component at 102.8 um (k = 0.062 rad pm~1), corre-
sponding to half of the Rayleigh wavelength, an artifact of the
measurement method, as previously discussed. The presence of
lower-frequency components below 0.05 rad um~!, which cause
variations in peaks amplitudes, can be attributed to wave reflec-
tions at both the device boundaries and the IDT structures.?’]
Figure 9a shows the reconstructed pattern after applying a high-
pass filter with a cutoff frequency of 0.05 rad/um, effectively re-
moving these low-frequency contributions.

A direct comparison with simulation data (Figure 9b) shows a
strong correlation between the measured and simulated displace-
ment values, with a cross-correlation coefficient of 0.925 and a
perfect match in the number of peaks. However, certain limita-
tions of the LDV measurements should be considered when in-
terpreting the displacement values on y-axis. The laser spot, act-
ing as a probe of the displacement field, is not a point source but
rather has a gaussian-like profile with an FWHM of 14 ym. Con-
sequently, each measurement point can be viewed as the result
of an integration of the laser intensity distribution across the il-
luminated area. This characteristic of the measurement method
explains why, even after band-pass filtering, slight discrepan-
cies persist between the measured and theoretical displacement
values, and why nodal points are not detected as exact zero-
displacement values.

The second scanning line was taken perpendicular to wave
propagation, at the midpoint between the two IDTs, following
an antinode line (green dashed line in Figure 7). Figure 10.
presents a comparative plot of the simulated and measured dis-
placement mappings, demonstrating a strong overlap between
the two datasets. Both trends exhibit a central plateau-like re-
gion, flanked by two small lateral lobes corresponding to slightly
higher displacement amplitudes, which are more pronounced in
the experimental dataset. This discrepancy can be attributed to
wave diffraction effects, as both IDTs act as a finite aperture with
dimensions comparable to the SAW wavelength.[27:28]

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 7. Schematic representation of the experimental setup for SSAW field mapping. The scanning lines for mapping are indicated with orange and
green dashed arrows, corresponding to the directions parallel and perpendicular to the wave propagation, respectively.

Finally, measurements were also performed by exciting only
one IDT while grounding the other to study wave propagation
in a single-IDT configuration and its impact on the second one.
Following the same analysis performed for dual-IDT excitation
for SSAW generation, Figure 11 presents a comprehensive com-
parison of the results: the raw displacement data (Figure 11a)
compared with the SSAW case (Figure 8a); the trend after apply-
ing the Fourier transform algorithm (Figure 11b comparable to
Figure 8Db); reconstructed wave profile after applying a high-pass
filter (Figure 11c comparable to Figure 9a); simulated displace-
ment field (Figure 11d comparable to the dual-IDT simulation in
Figure 9b).

The low-frequency spectral components below 0.05 rad pm~
in Figure 11b demonstrate the absence of counter-propagating
waves in this configuration, leading to a more uniform displace-
ment field with negligible peak-to-peak variations caused by in-
terference effects (Figure 11c,d). Also, a direct comparison be-
tween Figures 9b and 11d demonstrates the ability of the 3D full-
domain digital twin to account for wave reflections from one IDT

1

Standing Wave Displacement
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Figure 8. a) Out-of-plane displacement measured along the SAW propa-
gation direction. The error on each data point is 0.47 nm and it was eval-
uated as the average mean absolute deviation across the repeated scans.
The black dashed line serves as a visual guide. b) FFT of the measured
displacement plotted in the wavevector space.
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Figure 9. a) Out-of-plane displacement reconstructed through IFFT after
suppressing low-frequency components. The black dashed line serves as a
visual guide. b) Simulated out-of-plane displacement along the SAW prop-
agation direction.

to the other in the simulation. Finally, the average oscillation am-
plitude for SAW propagation (single-IDT excitation, Figure 11a)
is 2.92 um, ~70% of that observed in the SSAW configuration
(dual-IDT excitation, Figure 8a). This result confirms that the
number of active IDTs directly affects wave generation efficiency
and highlights the critical role of transducer configuration in op-
timizing device performance.

5. Conclusion

This study presented the modeling, simulation, and experimen-
tal validation of a SSAW-based device for Rayleigh-type stand-
ing wave generation. A digital twin was developed using COM-
SOL Multiphysics to predict both the electrical and mechan-
ical response of the system. The frequency domain study ef-
fectively replicated the experimental conditions, providing valu-
able insights into the system’s electromechanical coupling and
wave propagation characteristics. The experimental validation
was conducted through LDV, which allowed precise measure-
ment of the out-of-plane displacement field with nanometric

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

85U017 SUOWIWIOD BAEaID 3|qedtjdde aup Aq peuenob afe sejonte VO ‘8sn Jo se|ni Joj Aeiq18ulUO 48]/ UO (SUOTIPUOD-PUE-SULBY /W0 A8 |IM"AlR1q | U [UO//:SdNY) SUORIPUOD Pue swe 1 8y} 88s *[6Z0z/0T/9T] Uo AriqiTauliuo A8|IMW ‘1eg 1a 001udel|od Aq G/ZT0GZ0Z WUPe/Z00T OT/I0P/W00 A3 1M Aleiq | Bul JUO"peoLADe//:SaNY WOy papeo|umod ‘0 ‘X60.S9E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

121 Measured Data |

— Simulated Data

Displacement (nm

8000 10000

4000 6000
Length (um)

0 2000

Figure 10. Out-of-plane displacement measured (black) and simulated
(red) along an antinode scan line.

resolution. This methodology facilitated a direct comparison be-
tween the simulated and observed wave behavior, further rein-
forcing the reliability of the FEA model. Compared to other mod-
eling approaches, such as the modified BVD equivalent circuit,
FEA has proved to offer a more comprehensive representation of
the physical phenomena. It not only predicted physical quantities
with high accuracy but also captured wave propagation effects
such as interference and diffraction, resulting in a more accurate
and predictive model of the overall SAW device performance.

By demonstrating strong agreement between simulation and
experiment, this study lays the foundation for advanced simu-
lations that integrate more complex systems, such as microflu-
idic channels where the interaction between acoustic waves and
fluid flows must also be modeled. In this context, 3D full-domain
digital twins will drive the design of optimized acoustofluidic de-
vices for several applications, like particle manipulation, droplet
control, and enhanced biosensing in LOC systems. These mod-
eling techniques will provide a systematic framework for analyz-
ing surface waves-fluids interactions and the resulting acoustic
force fields, which influence particle motion based on factors like
size, density, and compressibility. This shift toward simulation-
driven design will drive the next generation of high-performance
SAW-based microfluidic devices, speeding up their adoption in
biomedical and industrial applications.

6. Experimental Section

Materials: The SSAW-based device was fabricated using 128° YX-
cut lithium niobate (LiNbO3), widely recognized for its high electrome-
chanical coupling coefficient and low acoustic losses. Specifically, this
crystal orientation provides enhanced wave propagation speed (~ 3980
m s~ for Rayleigh waves) and a coupling coefficient K? of ~5.5%, signifi-
cantly higher than alternative materials such as quartz (0.16%), zinc oxide
(1.1%), or aluminum nitride (0.4%).12%3% Additionally, its Curie temper-
ature of #1210 °C ensures thermal stability, making it highly reliable for
long-term stability.

Device Fabrication: The IDTs were patterned onto the LiNbO; sub-
strate by conventional photolithographic process using negative photore-
sist, exposed by UV radiation (Mask Aligner EVG 610). The metallic film
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was made of Al (thickness 200 nm) grown by radio frequency magnetron
sputtering from a 99.999 % pure Al target in an Ar (99.999 % pure) at-
mosphere. Finally, a lift-off procedure allows to remove the unexposed re-
sist in order to obtain the electrodes geometry. Key parameters such as
the number of electrode pairs, aperture width, and periodicity are listed in
Table 1.

Experimental Setup: The experimental setup consists of a waveform
generator (Model SMB100B, Rohde&Schwarz GmbH) connected to a
broadband amplifier (Model BBA150, Rohde & Schwarz GmbH), which
excites both IDTs simultaneously with a sinusoidal waveform using a
power splitter, as schematized in Figure 7. AVNA (Model ZNL3, Rohde &
Schwarz GmbH) was used to assess the device's frequency response and
impedance characteristics as part of its electrical characterization. A laser
doppler vibrometer (LDV, Model VFX-F-110, Polytec GmbH) was used to
detect out-of-plane displacements caused by SSAWs generated when both
IDTs are excited.

For the interferometric measurements, the sample was mounted on a
mechanical three-axis micro-translator. The beam of the LDV was aligned
perpendicularly to the device surface and focused on it with a spot size
of 14 um on the surface. The LDV was configured to detect vibrations up
to 24 MHz, applying a high-pass filter to remove low-frequency mechan-
ical oscillations below 60 kHz. This configuration allowed for the detec-
tion of displacements with amplitudes below one nanometer. An oscillo-
scope was used to visualize and store the LDV signal for post-processing
analysis.

Methods: The scanning strategy followed a systematic approach to en-
sure high measurement accuracy and repeatability. First, the contribution
of electronic noise was evaluated, and the temporal stability of the device
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Figure 11. a) Out-of-plane displacement measured along the SAW prop-
agation direction in the single-IDT configuration. The error on each data
point is 0.07 nm and it was evaluated as the average mean absolute de-
viation across the repeated scans. The black dashed line serves as a vi-
sual guide. b) FFT of the measured displacement plotted in wavevector
space. c) Out-of-plane reconstructed displacement using IFFT after sup-
pressing low-frequency components. d) Out-of-plane displacement simu-
lated along the SAW propagation direction in the single-IDT configuration.
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Table 1. Key design parameters of the IDTs fabricated on the LINbO; substrate.

Periodicity (p) [um] Number of electrode pairs (N,)

Aperture width (W) [um]

Centre-to-Centre distance [um] Al thickness [um)]

100 18

8500 7750 0.15

response was verified to exclude hysteresis effects. The LDV beam was
then focused on a selected antinode point of the standing wave pattern
generated by the SSAW to record out-of-plane displacement values, both
at different excitation frequencies and peak-to-peak voltage levels. The res-
onance frequency fz was identified as the value at which the displacement
amplitude reaches its maximum. Additionally, the linear response range
as a function of the sinusoidal voltage Vpp applied to both IDTs was de-
termined. The full mapping of the surface displacement pattern was per-
formed at the resonance frequency and fixed driving voltage. Measure-
ments were acquired with a spatial resolution of 20 um, corresponding
to at least 10 data points per wavelength. The surface mapping was per-
formed along both directions, parallel and perpendicular to the wave prop-
agation, as indicated in Figure 7. Each scan was repeated three times to
improve statistical reliability and minimize measurement uncertainty.

The SAW propagation behavior was further investigated by selectively
exciting one IDT while grounding the other. This configuration enabled
a direct comparison between the double-IDT excitation, which generates
SSAWs, and single-IDT excitation, which produces traveling SAWs. The
collected measurements were processed using a Fourier transform-based
algorithm to analyze the frequency components of the temporal signal ac-
quired by LDV.
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