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Surface acoustic waves (SAWs) offer great potential for quantum information
processing, optomechanics, acoustofludics, and acoustic tweezers. However,
existing SAW chips lack the ability to control SAWs in a manner similar to
current metamaterials, which can achieve versatile subwavelength-resolution
manipulation of bulk acoustic waves. This study presents on-chip phased
interdigital metamaterials (PIMs) featuring customized interdigital electrodes
whose geometries are encoded with deep-subwavelength-resolution phase
profiles, enabling versatile transformation of SAWs and manipulation of fluids
and micro/nano-objects. Our on-chip PIMs can transform forward SAWs into
waves with desired wavefronts and energy patterns, such as SAWs propagating
in a specified direction, a SAW jet with energy confined in a wavelength, and
twin jets. They also enable “diode-like” SAW transmission, allowing for routing
the information carried by SAWs along a forward pathway while blocking
backward communication. Additionally, SAWs generated by PIMs exhibit
unique energy patterns, allowing for versatile active control of fluid streaming
and micro/nano-object distributions.

Surface acoustic wave (SAW) technologies, employing nanoscale detection with SAW-based biosensors**~%, processing small volumes of
“earthquakes” on piezoelectric chips, have shown great potential in  bioliquids with SAW-based acoustofluidic devices?*~**, and contactless
various fields such as quantum acoustics'*, optomechanics®®, wireless manipulation of tiny bio-samples ranging from nano- to millimeter

communication'® ™

, and acoustofluidics ™. In quantum acoustics, a  scales (e.g., zebrafish®*?, cells**?, exosomes**, and nucleic acids**)

superconducting qubit can be coupled with SAWs, exhibiting non-
linear SAW reflection and relaxation of an excited qubit through SAW
emission®. In optomechanics, SAWs can resonantly excite an opto-
mechanical cavity>° and precisely trigger single-photon generation by
controlling the injection of electrons and holes into quantum dots’.
For communication systems, SAW-based filters, duplexers, and multi-
plexers play critical roles'®". In recent years, SAWs have increasingly
found numerous applications in life sciences?® %, including bioparticle

using SAW-based acoustic tweezers.

Despite advances in SAW technologies, multiple challenges
remain. Interdigital transducers (IDTs) with parallel straight electrodes
and concentric arc-shaped electrodes have long been predominantly
used for generating straight-wavefront and focused SAWs? 264647,
respectively. Beyond these traditional designs, IDTs with various
unique electrode geometries have been developed to achieve different
functionalities — for example, focused IDTs with electrode geometries
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derived from slowness curves for improved SAW focusing*®™!, spiral-

shaped IDTs for generating acoustic vortices”*>*, and angularly
slanted IDTs capable of steering SAW direction via frequency
tuning®**. However, a generalized approach for designing IDTs with
complex-shaped interdigital electrodes that can generate SAWs with
user-defined wavefronts and energy patterns remains lacking, thus
limiting the development of customized SAW devices tailored to
generate optimal SAW fields for specific application needs. Moreover,
few studies have developed metamaterials capable of transforming
incident SAWs into waves with targeted propagation directions,
wavefront shapes, and energy profiles, and no SAW metamaterial
device to date can simultaneously perform such transformations and
enable “diode-like” SAW information delivery. Although some studies
have explored mechanisms that use components (e.g., thin film tran-
sistors, magnetoelastic coupling layers, etc.) placed in the SAW path to
modulate transmitted SAWs>>®, integrating these components into
large arrays for subwavelength-resolution SAW field transformation
remains challenging due to the difficulty of scaling down the complex
intermediate modulators to subwavelength dimensions and/or fabri-
cating arrays that incorporate many of them. Recently, Xu et al.
introduced sawtooth-shaped metasurfaces bonded to a substrate for
SAW deflection®®, and Wang et al. demonstrated both SAW focusing
and deflection by depositing metasurfaces composed of pillar arrays
with varied designs onto a substrate®’. However, these approaches
require complex fabrication processes due to the addition of extra
microstructures, and their functionalities remain limited to SAW
deflection and/or focusing. Third, in applied acoustics, a long acoustic
jet with energy highly focused within a wavelength shows great
potential for acoustic sensing and diagnostics®®*7°, and acoustic twin
beams with energy confined in paired beams enable unique acoustic
tweezers for single-object manipulation””>. However, no studies have
realized on-chip SAW jets that could benefit SAW sensor development
or explored SAW twin beams that might enable novel SAW tweezers
for arranging micro/nano-objects.

To address these gaps, this study presents phased interdigital
metamaterials (PIMs) for multi-mode manipulation of on-chip
SAWSs, microfluids, and micro/nano-objects, such as transforming
SAW wavefronts and energy fields, generating unique vortex
streaming, and arranging micro/nano-objects into various pat-
terns. Compared to traditional simple-configuration IDTs, the
PIMs are composed of complex-shaped electrodes encoded with
deep-subwavelength-resolution, position-dependent phase pro-
files, thus allowing for generating SAWs with tailored wavefronts
and energy fields. These PIM offers a unique approach for
developing SAW chips that can steer incident SAWs and trans-
form them into waves with diverse wavefronts and energy pat-
terns—without relying on wave interactions with complex-shaped
microstructures (such as the micropillar arrays and sawtooth
microstructures used in recently developed metasurfaces®®®’),
which require intricate microfabrication processes to be inte-
grated onto the substrate. Compared to those metasurfaces
designed for SAW deflection and/or focusing®®®’, our PIM-based
chip can achieve more complex SAW field transformations and
enable “diode-like” routing of information carried by SAWs.
Through validation experiments, our PIM-based chips were suc-
cessfully demonstrated to transform forward-direction SAWs into
waves propagating in desired directions, long single SAW jets, as
well as a pair of SAW jets (i.e., twin SAW jets). These chips also
successfully routed the information carried by SAWs along the
forward pathway while forbidding information delivery in the
backward direction. Furthermore, as our PIMs can generate SAWs
with unique energy patterns (e.g., pseudo-standing SAWs, single
SAW jets, and twin jets), they enable appealing acoustofluidic
functions for actively controlling fluids and micro/nano-objects.
These functions were validated by arranging microparticles into

various patterns, aligning multi-walled carbon nanotubes
(MWCNTs), generating counter-chirality streaming vortices, as
well as driving the motions of nano-objects.

Results

On-chip phased interdigital metamaterials (PIMs) for manip-
ulating surface acoustic waves (SAWSs), fluids, and micro/nano-
objects

The PIM is inspired by acoustic holography, which leverages a wave
transformation module (e.g., an acoustic lens or metamaterial) con-
taining customized, position-dependent phase information to mod-
ulate acoustic waves generated from a transducer (e.g., a piezoelectric
plate)’*7¢, as illustrated in Fig. 1a. The commonly used acoustic holo-
graphy approach struggles to manipulate high-frequency SAWs pro-
pagating along a piezoelectric wafer’s surface due to the challenges in
developing and manufacturing arrays of microscale, subwavelength
elements capable of inducing desired phase shifts in a range of O to 2
rad. To address these challenges, we developed PIMs that integrate the
wave transformation and generation modules by encoding the desired
position-dependent, subwavelength-resolution phase information into
the shapes of the PIMs’ microscale interdigital electrodes, as illustrated
in Fig. 1a (right). This approach allows for engineering both the SAW
wavefronts and energy distributions by carefully designing the PIM’s
interdigital electrode pattern with subwavelength resolution. Based on
this mechanism, four example PIMs have been designed to generate
SAWs propagating in a desired direction (Fig. 1b), pseudo-standing
SAWs (Fig. 1c) with an energy pattern like that of standing SAWs gen-
erated by a pair of parallel IDTs, a long SAW jet with most SAW energy
focused in a long narrow beam (Fig. 1d), and SAW twin jets with most
SAW energy confined in a pair of long narrow beams (Fig. 1e).

PIMs can also be used to develop SAW chips that transform inci-
dent SAWs and achieve “diode-like” unidirectional transmission of the
information carried by SAWs. As illustrated in Fig. 1f, by integrating
four key modules, including a typical straight-electrode IDT, a lossy
material (e.g., high-damping paste or polymer), a gain module (e.g.,
one-way amplification circuit), and a PIM, we have developed a SAW
metamaterial chip capable of transforming forward-propagating SAWs
into waves with desired wavefronts and energy distributions. For
example, when straight-wavefront SAWs incoming from the left side of
the chip reach the straight-electrode IDT, an electrical signal is gen-
erated from the IDT. This signal is then amplified by a one-way
amplification circuit and sent to the PIM on the right side of the lossy
material. This allows the incident straight-wavefront SAWs to be
transformed into SAWs with desired wavefronts and energy distribu-
tions, depending on the PIM’s electrode pattern. In contrast, the
information of SAWs incoming from the right side of the metamaterial
cannot be transmitted to the left side, as the amplification circuit
ensures one-way transmission and amplification of the electrical signal.
The lossy material is also critical to achieving “diode-like” unidirec-
tional transmission of SAW information, as it absorbs SAWs arriving
from both sides of the piezoelectric substrate and breaks the wave
path through the substrate.

In addition to manipulating SAW propagation, PIMs can facilitate
the development of acoustic tweezers for manipulating micro/nano-
objects, as well as on-chip flow control devices that can generate ver-
satile fluid streaming fields. On one hand, using a pair of PIMs, custo-
mized distributions of acoustic potential valleys can be generated to
trap tiny objects using acoustic radiation forces and arrange them in
various patterns, such as tilted parallel-line-like and two-dimensional
(2D) lattice-like arrangements (Fig. 1g, h). With this design approach,
infinite customized SAW energy patterns can be generated to con-
struct diverse object patterns by carefully designing the electrode
shapes of PIMs through the encoding of desired phase profiles. On the
other hand, traveling SAWs from PIMs can generate acoustic streaming
in a liquid layer on the SAW substrate, further inducing drag forces on
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Fig. 1| Schematics illustrating the designs and mechanisms of phased inter-
digital metamaterials (PIMs) for manipulating on-chip surface acoustic waves
(SAWs), fluids, and micro/nano-objects. a Schematic of a PIM. Its mechanism is
inspired by acoustic holography that uses a wave transformation module (e.g., a
lens or metamaterial) containing required position-dependent phase information
for modulating acoustic waves generated from a plane-wave transducer. Our PIM
integrates the wave transformation and generation modules, by encoding the
required subwavelength-resolution position-dependent phase information into the
shapes of the microscale interdigital electrodes deposited on piezoelectric wafers.
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b-e Four different designs of PIMs for generating SAWs propagating a desired
direction, pseudo-standing SAWSs, a long SAW jet, and SAW twin jets, respectively.
f Schematic illustrating the mechanism of a metamaterial that is based on a PIM for
enabling the functions of transforming on-chip SAWs and “diode-like” transmission
of SAW information. g, h Schematic illustrating the function of arranging micro-
objects using the acoustic radiation force generated by a PIM. i, j Schematic illus-
trating the function of driving micro/nano-object motions using acoustic streaming
generated by a PIM. The yellow and blue parallel lines in (b) and (f) represent SAW
wavefronts, while the SAW intensity patterns in (a) and (b) are illustrated in red.

tiny objects to transport them along streamlines. PIMs open a route for
generating customized fluid streaming fields, as the PIMs’ electrode
configurations can be engineered to generate various traveling SAW
fields. For instance, a PIM designed to generate a long narrow SAW
beam can produce a jet flow accompanied by multiple pairs of counter-
chirality vortices on different sides of the jet flow (Fig. 1i). When cus-
tomized to generate two long narrow SAW beams, two fluid jets
accompanied by more pairs of counter-chirality vortices can be gen-
erated (Fig. 1j).

To support the development of PIMs, we established an analytical
model (see Supplementary Note 1 and Supplementary Fig. 1) to quickly
predict SAW fields generated by PIMs. Moreover, we have performed
laser vibrometry-based SAW field visualization experiments to validate
the ability of PIMs to generate SAWs with different wavefronts and
energy patterns. Furthermore, using our PIMs, we have developed
SAW metamaterial chips and experimentally validated their functions
of transforming incident SAWs and performing “diode-like” transmis-
sion of SAW information. In addition, through a series of acoustofluidic
experiments, we have demonstrated the capability of PIMs to generate
acoustic streaming and arrange the distributions of micro/nano-
objects. The key experimental results, along with the related data
analysis and discussion, are given below.

Generation of versatile surface acoustic wave (SAW) fields

The shape of a PIM’s interdigital electrode is critical for generating
SAWs with the desired frequency, wavefront shape, and energy pat-
tern. Based on our proposed approach, which encodes the desired
subwavelength-resolution spatially varying phase information into
the electrode shape, we have developed multiple PIMs (see Supple-
mentary Figs. 2 and 3 for configurations) to generate customized
SAWs, such as tilted SAWs propagating in a desired direction and
pseudo-standing SAWs. The mathematical descriptions of electrode
shapes are provided in Supplementary Note 2. To characterize the
PIMs, we acquired their generated SAW displacement and energy
fields using a laser vibrometry system (Supplementary Fig. 4) and

further analyzed the generated SAW field’s wavenumber spectrum in
the k,-k, domain.

To generate SAWs propagating in a direction of eg = (cos 6, sin 6)
(illustrated in Supplementary Fig. 2a), the PIM’s electrode shape
should be encoded with a spatial-varying phase profile having a con-
stant gradient —w cot 8/c,,,(6), where w is the angular frequency and
Csuw(0) is a direction-dependent SAW velocity. For example, when
using a PIM (illustrated in Fig. 2b) encoded with a gradient phase
profile shown in Supplementary Fig. 3b (top), the laser-measured SAW
displacement field in Fig. 2e shows tilted wavefronts perpendicular to
the SAW propagation direction 8=80 deg. This is also confirmed by
the wavenumber analysis result in Fig. 2h, showing a high-intensity
wavenumber spot in 80 deg in the kck, domain. In contrast, SAWs
generated by a traditional straight-electrode IDT propagate in the
90 deg direction (Fig. 2d) and have a high-intensity wavenumber spot
in 90 deg in the kck, domain (Fig. 2g). Additionally, the simulation
results agree well with the experimental results (Fig. 2d-f), successfully
validating our analytical model, which is for quickly predicting SAWs
generated by PIMs with complex-shaped interdigital electrodes and
guiding the PIM design and optimization.

By encoding the electrode shape with a phase profile in Supple-
mentary Fig. 3c, which alternates between O and m rad with a spatial
period of Ad, we developed a PIM to generate pseudo-standing SAWSs.
Details of the phase profile expression and PIM design can be found in
Supplementary Note 2 and Supplementary Fig. 2b. For validation, we
manufactured a PIM and performed laser-based SAW field character-
ization. The measured SAW intensity field (Fig. 2f, right) is similar to
the intensity fields of standing SAWs generated by a pair of parallel
IDTs, and thus the SAWs generated by our PIM are referred to as
‘pseudo-standing SAWSs’ in this study. From the measured intensity
field, it is evident that the x-direction spacing between adjacent
intensity peaks is Ad/2, which depends on the design of the PIM rather
than the generated SAW’s wavelength (1). Moreover, this spacing is the
same as the peak spacing in regular standing SAWs created by the
interference of SAWs carrying wavenumbers of +2m/Ad generated at a
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The white curves represent the theoretical wavenumber contour at 18.8 MHz. The
first row gives the results of a traditional straight-electrode IDT. The second and
third rows give results of phased interdigital metamaterials (PIMs) that can gen-
erate SAWs propagating in the 80 deg direction and pseudo-standing SAWs,
respectively.

frequency f=cg4(0)/Ad. To further analyze the ‘pseudo-standing
SAWSs’, the acquired SAW field is transformed to a wavenumber spec-
trum in the k,-k, domain. The experimental wavenumber spectrum in
Fig. 2i clearly shows two high-intensity spots symmetric to the ky-axis.
Our experimental results in the x-y and k«<k, domains prove the
effectiveness of generating ‘pseudo-standing SAWs’ using only a PIM
to generate traveling SAWs propagating in one direction, rather than
the traditional method of using multiple IDTs to generate counter-
propagating SAWs.

Generation of long narrow surface acoustic wave (SAW) jets

In addition to generating SAWSs propagating in a desired direction and
pseudo-standing SAWs, we have developed and validated PIMs (illu-
strated in Fig. 3a-d) for generating single long SAW jets and twin jets.
An acoustic jet is a highly focused acoustic beam with a long beam
length in the wave propagation direction while maintaining a
subwavelength-scale width®*7°, which is defined by the distance
between the beam’s full width at half maximum (FWHM) points illu-
strated in Supplementary Fig. 5. However, few methods can generate
one or multiple long SAW jets on piezoelectric chips. Our developed
PIMs overcome this limitation, enabling the generation of a long SAW
jet and a pair of jets (i.e., twin jets) at high frequencies, such as tens of
megahertz. Moreover, key parameters of a SAW jet, such as beam
length, orientation, and center position, can be customized by care-
fully designing the PIM'’s electrode configuration.

The key to generating a long SAW jet is to optimize the PIM’s
electrode shape so that the PIM can generate a series of focused SAWs
whose focal points gradually change from x¢(1) to xg(N) as illustrated in
Supplementary Fig. 5. Using this approach, a long SAW jet with an
energy profile ranging from xg(1) to xg(N) can be generated, as con-
firmed by the alignment of the generated SAW jet with the focal points
shown in Supplementary Fig. 6. Moreover, SAW jets can exhibit dif-
ferent shapes by customizing PIM design parameters (e.g., the number

of electrodes N, device span W, focal length d,, and beam center shift
As), as demonstrated by the simulation results in Supplementary Fig. 7,
which also reveal how these parameters affect beam width (W,). The
results show that the beam width gradually increases with increasing
focal length and/or decreasing device span. When the number of
electrodes is small (e.g., N=2), this relationship aligns with the pre-
diction W,=1.02 1 d,/ W,, which is commonly used to estimate the
beam widths of focused ultrasound transducers’’®, Second, shifting
the jet away from the device centerline toward the edge (i.e., increasing
As) results in a gradual increase in beam width. Third, as the number of
electrodes increases, the beam width initially increases and then
reaches a plateau. Additionally, by appropriately selecting the design
parameters, subwavelength-scale beam widths can be achieved. These
relationships observed from simulation results provide valuable gui-
dance for optimizing PIM designs.

For experimental validation, we fabricated three PIMs, whose
electrode shapes were designed based on phase profiles in Supple-
mentary Fig. 3d-f, for generating single long SAW jets with different
energy distributions (see Fig. 3a-c). When using a PIM (Fig. 3a)
designed with focal points close to its electrodes, the measured SAW
displacement and energy fields (Fig. 3e, i) clearly show a long SAW jet
near the electrodes along the PIM’s centerline. When using a PIM
(Fig. 3b) designed with focal points far from the electrodes, along SAW
jet far from the PIM electrodes is generated, as shown by the measured
SAW displacement and energy fields (Fig. 3f and j). We also showed the
ability to generate an off-center SAW jet (see Fig. 3g and k) by using a
PIM whose focal points offset from the PIM centerline. To further
analyze the generated SAW jets, the multi-dimensional Fourier trans-
form was applied to the acquired wavefields to reveal their wave-
number components. Compared to the unfocused SAW’s spectrum
(Fig. 2g) with only a high-intensity spot, the SAW jets generated along
the centerline have wavenumber components widely and symme-
trically spread in the +tk, directions (Fig. 3m, n). When a SAW jet is left
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spectra of generated SAW fields. The white curves represent the theoretical
wavenumber contour at 18.8 MHz. The first to fourth columns show the results of
generating a long SAW jet near a PIM, a long SAW jet far from a PIM, an off-center
SAW jet, and twin jets, respectively.

shifted, its spectrum becomes asymmetric with higher intensity in the
region with k, < 0 (Fig. 30).

In addition to demonstrating single SAW jets, we fabricated a PIM
(Fig. 3d) capable of generating a pair of long, narrow jets (referred to as
twin jets), which, to the best of our knowledge, has not been achieved
before. This PIM minimizes the SAW energy along the centerline
through destructive interference, thus allowing for splitting a SAW jet
into two lobes to create twin jets. Here, energy minimization is
achieved by introducing an additional phase change of m rad to half of
the PIM originally designed to generate a single SAW jet. The experi-
mental SAW intensity field in Fig. 31 (right) confirms the generation of a
pair of slim SAW jets (i.e., twin jets) with a low energy region confined
between them. The wavenumber spectrum in Fig. 3p for twin jets
shows two high-intensity regions that are nearly symmetric to the k-
axis, in contrast to the single jet’'s wavenumber spectrum in Fig. 3m.
Additionally, we found that after splitting a single jet into twin jets, the
width of each split jet becomes smaller than that of the original.
However, as the device span increases, this effect gradually diminishes,
as shown in Supplementary Fig. 7I.

The above analytical and experimental results demonstrate the
ability to generate a single long SAW jet and twin jets using PIMs whose
electrode shapes are encoded with customized spatial-varying phase
profiles. Moreover, by optimizing the interdigital electrode config-
uration, PIMs can be developed to generate SAW jets with customized
beam lengths and positions. Furthermore, compared to a traditional
focused IDT with concentric arc-shaped electrodes, a PIM with the
same span (W), number of electrodes (N), and center electrode focal
length (d.) can generate a significantly longer focused SAW beam,
although its width slightly increases, as shown in Supplementary Fig. 8.
Additionally, the four SAW fields (Fig. 3i-I, left) simulated using our
analytical approach described in Supplementary Note 1 closely

resemble their corresponding experimental SAW fields (Fig. 3i-l,
right). The beam widths measured from the experimental SAW fields
are also close to those obtained from the simulation results (see
Supplementary Fig. 9 for beam width comparisons), except for the
case in Fig. 3k, which may be attributed to SAW field measurement and
device fabrication errors. These results indicate that our analytical
model is effective in predicting complex SAW jets generated by PIMs,
thereby facilitating the design of PIM devices.

Transformation and ‘diode-like’ transmission of on-chip surface
acoustic waves (SAWSs)

Acoustic metamaterials are attracting increasing attention for trans-
forming incident acoustic waves by modulating the phase and ampli-
tude profiles of waves transmitted through them, as well as for
achieving “diode-like” transmission of acoustic waves, ie., one-way
routing’’®%. However, most studies focus on manipulating low-
frequency acoustic waves such as bulk waves in air, fluids, and solids.
Few studies have realized metamaterials capable of transforming the
energy field of SAWs into desired patterns. Moreover, few studies have
developed metamaterials that can both transform on-chip SAWs and
achieve “diode-like” wave transmission.

To address these limitations, we have developed SAW metama-
terial chips (illustrated in Fig. 1f) that can both transform incident SAW
fields into desired patterns and achieve ‘diode-like’ routing. Our SAW
metamaterial chip is composed of four key modules: (i) a straight
electrode IDT, (ii) a lossy material (e.g., high-damping paste or poly-
mer) bonded on the substrate for absorbing SAWs as proven by
experimental results in Supplementary Fig. 10, (iii) a one-way gain
module (e.g., amplification circuit) for signal amplification and break-
ing symmetry, as well as (iv) a PIM for emitting transformed SAWs. In
the forward direction, an incident SAW is first received by the left-side
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waves with different wavefronts and energy patterns. a Chip design and (b)
acquired SAW fields for steering straight-wavefront SAWs propagating in the +y-
direction to a direction 10 deg off the +y-axis. ¢ Chip design and (d) acquired SAW
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fields for transforming straight-wavefront SAWs to a focused SAW jet. e Chip design
and (f) acquired SAW fields for transforming straight-wavefront SAWs to twin jets.
g Chip design and (h) acquired SAW fields showing that backward transmission of
SAWs is prohibited.

straight-electrode IDT, generating an electrical signal that is amplified
by the one-way gain module. The amplified voltage signal is then sent
to the PIM to emit a transformed SAW to the right side of the chip.
Through this process, an incident SAW can be transformed into a SAW
with the desired wavefront/energy pattern, which depends on the PIM
design. In the backward direction, a SAW incoming from the right side
of the chip is first received by the PIM, producing an electrical signal.
However, this signal cannot be delivered to the left-side straight-
electrode IDT, due to the one-way amplification circuit. In addition, the
SAW propagating in the —y-direction cannot transmit through the
piezoelectric substrate to the left side of the chip because the on-
substrate high-damping lossy material absorbs SAWs.

For validation, we fabricated and characterized three SAW trans-
formation chips having different PIM designs (see Fig. 4a, c, and e).
When using the design in Fig. 4a, the acquired SAW displacement fields
in Fig. 4b and Supplementary Movie. 1 reveal that incident SAWs pro-
pagating in the +y-direction can be steered to a direction 10 deg off the
+y-axis. When using the chip design in Fig. 4c, the incident straight-
wavefront SAWs are transformed into a focused SAW jet, as shown by
the acquired displacement fields in Fig. 4d and Supplementary
Movie. 2. Moreover, using the chip design in Fig. 4e, the incident SAWs
are transformed into twin jets, as shown in Fig. 4f and Supplementary
Movie. 3. In addition, the “diode-like” SAW transmission capability has
been validated. The acquired SAW displacement fields in Fig. 4h and
Supplementary Movie. 4 show that SAWs generated on the right side of
the chip cannot transmit to the left side. The acquired transmission
spectra in Supplementary Fig. 11 further confirm the ‘diode-like” high
transmission in the forward direction and nearly zero transmission in

the backward direction. By reversing the amplification circuit, back-
ward high transmission can be achieved, while prohibiting forward
transmission. Therefore, as validated by our experimental results in
Fig. 4 and Supplementary Fig. 11, our developed SAW metamaterial
chips enable the transformation of incident SAW fields into desired
patterns, as well as the ‘diode-like’ delivery of the information carried
by SAWs. Additionally, since the chip uses an IDT positioned to the left
of the lossy material for SAW sensing, a small portion of the incident
SAW energy (~9.3%, according to experimental results) is reflected.
The IDT’s inherent filtering capability allows for frequency-selective
SAW transmission. By replacing the sensing IDT with differently
shaped sensing electrodes, it may be possible to reduce SAW reflec-
tions and enable multi-frequency or broadband SAW transmission — an
interesting direction for future investigation.

Phased interdigital metamaterials (PIMs) for acoustofluidics
Acoustofluidics has shown great potential for generating and con-
trolling fluid flows, as well as arranging and transporting micro/nano-
objects in fluids. In recent years, these acoustofluidic abilities have
been increasingly used for developing lab-on-a-chip devices for bio-
medical research and applications such as rotating cells, separating
bioparticles, concentrating exosomes, as well as transporting and
mixing biofluids'**. Here, we demonstrate that our PIMs can be used
for acoustofluidics by enabling acoustic streaming to manipulate fluids
and applying forces on micro/nanoparticles to transport and arrange
them. The acoustofluidic experiments were performed using setups
illustrated in Supplementary Fig. 12, with particle distributions and
motions recorded by a camera.
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Fig. 5 | Experimental results showing acoustofluidic phenomena achieved by
phased interdigital metamaterials (PIMs). a Chip design and (b, c) results of
patterning 35 pm SiO, microparticles and multi-walled carbon nanotubes
(MWCNTs) using tilted standing surface acoustic waves (SAWs) generated by a pair
of PIMs. d Chip design and (e, f) results of patterning microparticles and MWCNTs
using pseudo-standing SAWs generated by a pair of PIMs. g Chip design and (h, i)

results of transporting 35 um and 550 nm SiO, microparticles using a focused SAW
energy beam. j Chip design and (k, I) results of transporting 35 pm and 550 nm SiO,
microparticles using a pair of focused SAW beams. m Chip design and (n, o) results
of transporting 35 pm and 550 nm SiO, microparticles using three energy beams of
pseudo-standing SAWSs.

When using a pair of PIMs for generating tilted standing SAWs, the
acquired microscopic image in Fig. 5b and Supplementary Movie. 5
show that 35 um SiO, particles are arranged in a tilted, parallel-line-like
distribution, as these microparticles are trapped by the potential val-
leys of the generated tilted standing SAWs. Interestingly, micro-
particles can be arranged in a 2D lattice-like pattern (see Fig. Se and
Supplementary Movie. 6), when using a pair of PIMs designed for
generating pseudo-standing SAWSs. Previous approaches for con-
structing 2D lattice-like particle patterns typically required orthogon-
ally arranged IDTs that generated SAWs propagating along orthogonal
axes; however, our PIM-based approach requires only SAWs propa-
gating along a single axis, which has not been presented before to the
best of our knowledge. Since SAWs generated on a piezoelectric wafer
are accompanied by dynamic electric fields, we also demonstrated the
ability of our PIMs for arranging MWCNTSs using the accompanied
electric fields. When using tilted standing SAWs, MWCNTs align per-
pendicular to the node lines, forming multiple parallel groups in the
potential valleys of the tilted standing SAWs, as shown by the acquired
microscopic image in Fig. 5c. When using pseudo-standing SAWs,
MWCNTSs align along the SAW propagation direction, forming multiple
groups (see Fig. 5f) in SAW potential valleys with a 2D lattice-like dis-
tribution. Additionally, the arrangements of microparticles and
MWCNTSs observed in the above experiments can be predicted using
analytically simulated SAW-induced acoustic radiation and dielec-
trophoretic force fields, respectively (see Supplementary Note 1 and
Fig. 13 for the simulation approach and results, respectively).

In addition to arranging the distributions of micro/nano-objects,
we demonstrated the ability to transport particles, as well as generate
unique fluid streaming fields. First, when using a PIM to generate a long
narrow SAW beam, Fig. 5h and Supplementary Movie 7 show that 35
p1m SiO, particles were transported along the SAW beam, primarily by
the acoustic radiation force. The acoustic streaming pattern (Fig. 5i),
observed through 500 nm SiO, particles influenced mainly by the
streaming-induced drag force, revealed a microscale jet flow accom-
panied by multiple pairs of counter-chirality vortices symmetric to the
jet (Supplementary Fig. 14d and Movie. 8). Interestingly, this flow
pattern resembles the classical free in-air subsonic jet with an array of

vortices®’, but here it is observed in a microscale liquid environment on
a piezoelectric chip. Second, when using a PIM to generate two long
narrow SAW beams, 35 pm particles were transported along the two
SAW beams (see Fig. 5k and Supplementary Movie. 9), with some
microparticles trapped along the centerline between the two SAW
beams due to minimal SAW potential from destructive interference.
The streaming pattern (Fig. 51) revealed by 500 nm particles shows that
each high-potential SAW beam induced a forward flow with counter-
chirality streaming vortices on different sides, and interestingly, the
combined effect of inner vortices created a backward flow along the
low-potential centerline between the two SAW beams (Supplementary
Fig. 14e and Movie. 10). Third, when using a PIM to generate pseudo-
standing SAWs with multiple high-intensity beams, 35 pm particles
were transported by these high-intensity beams (Fig. 5Sn and Supple-
mentary Movie. 11). Moreover, each SAW beam induced a forward
streaming flow with multiple pairs of counter-chirality streaming vor-
tices on different sides (Supplementary Fig. 14f and Movie. 12). Their
combination created an array of periodically arranged streaming vor-
tices (Fig. 50), having the same chirality along the +y-direction and
alternating chirality in the +x-direction.

Discussion

In this study, we have developed and validated PIMs, which enable
versatile transformation of SAWs on piezoelectric chips, “diode-like”
transmission of SAW information, generation of fluid streaming vor-
tices, as well as manipulation of micro/nano-objects. The PIMs have
complex interdigital electrodes, whose shapes are encoded with pre-
determined position-dependent phase profiles, enabling the ability to
generate SAWs with desired wavefronts and energy patterns, such as
SAWs propagating in a desired direction, pseudo-standing SAWs, long
single SAW jets, and twin jets. These PIMs open unique pathways for
developing metamaterial chips to control on-chip SAWs and for
designing acoustofluidic devices to manipulate fluids and micro/nano-
objects. Based on PIMs, on one hand, we have developed SAW chips,
which are able to transform forward-propagation SAWs into waves
having the desired wavefronts and energy patterns, as well as achieve
“diode-like” delivery of SAW information by forbidding the
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transmission of the information carried by backward-propagation
SAWs. On the other hand, we successfully demonstrated multiple
acoustofluidic functions using PIMs, such as arranging micro-objects
into different patterns, generating streaming vortices, and manip-
ulating nano-objects.

Traditional IDTs for SAW generation have simple configurations,
such as an array of parallelly arranged electrodes for generating
straight-wavefront SAWSs. This study breaks the limitation by offering a
generalized approach for designing a customized PIM with complex-
shaped interdigital electrodes, whose geometries are encoded with the
desired position-dependent phase function @4(x). Supplementary
Fig. 15 compares the SAW fields generated by our PIM and a phased
array composed of numerous elements along straight lines, with
excitation phases satisfying the same phase function ¢,(x). Notably,
these SAW fields are nearly identical when the observation distance
exceeds three wavelengths from the source. This indicates that our
PIM, with its complex-shaped electrodes, can produce a SAW field
nearly identical to that of the phased array, without requiring the
complex multi-channel excitation system needed to supply different
signals to individual elements of the phased array.

An analytical approach considering the direction-dependent SAW
speed has been developed for quickly predicting SAWs generated by a
PIM with complex electrodes, as well as providing guidance for PIM
design and optimization. Compared to the multiphysics finite element
method, our analytical approach significantly reduces computation
time while producing SAW fields that closely match those from finite
element models with a fine mesh size of A\/8 (see Supplementary
Note. 3 and Figs. 16 and 17). Although the finite element method is a
more generalized approach capable of addressing diverse wave pro-
pagation problems and capturing more detailed features (e.g., geo-
metry, material properties, and boundary conditions) of the SAW chip,
our analytical approach is more efficient for its intended purpose:
predicting SAW fields generated by PIMs with complex-shaped elec-
trodes. In addition, the SAW fields predicted by our analytical model
agree well with experimental results measured by laser Doppler
vibrometry, as validated by multiple tests with SAW propagating in
different directions, pseudo-standing SAWs, and single and twin
SAW jets.

Although various metamaterials have been developed for con-
trolling low-frequency acoustic waves in air, fluids, and solids,
designing metamaterials for on-chip SAWs remains challenging”® %
Few studies realize metamaterials that can both transform on-chip
SAWs and achieve “diode-like” delivery of SAW information. This study
addresses these challenges by developing unique SAW metamaterial
chips with four key components: a straight-electrode IDT deposited on
a piezoelectric substrate, a high-damping paste-based lossy material
attached on the piezoelectric substrate, an amplification circuit-based
gain module, and a PIM. The laser vibrometry-based validation tests
show that our manufactured chips can transform forward-propagation
SAWs into waves with desired wavefronts and energy distributions,
such as SAWs with a steered propagation direction, energy-focused
long jet beams, and twin jet beams. Additionally, the laser vibrometry-
based validation study shows that the information carried by forward-
propagation SAWs transmits through the chip, while backward SAW
information delivery is blocked.

This research introduces unique SAW energy patterns, including a
long SAW jet, twin SAW jets, and pseudo-standing SAWs, analyzes their
space-domain patterns and wavenumber-domain spectra, and inves-
tigates their abilities for acoustofluidics. The high-frequency (e.g., tens
of megahertz) long SAW jet has highly focused SAW energy in a long
beam with an FWHM value smaller than a wavelength. This breaks the
limit of previous studies focusing on acoustic jets at low
frequencies®®°. Our twin SAW jets, which have a pair of long SAW jets
very close to each other in the space domain and a pair of wavenumber
components in the space domain, fill the gap of previous studies

limited to single jets. Furthermore, compared to previous studies
using acoustic jets for sensing applications, we demonstrated the
ability of acoustic jets for acoustofluidics, such as generating stream-
ing vortices and manipulating micro/nano-objects. In addition to SAW
jets, this study introduces and analyzes pseudo-standing SAWs, which
are formed by the interference of traveling SAWs generated by a
single-side PIM, and their ability for manipulating micro/nano-objects
is successfully demonstrated. Our numerical and experimental results
show that a pseudo-standing SAW has a similar energy pattern com-
pared to a regular standing SAW generated by a pair of counter-
direction straight-electrode IDTs. Moreover, the period of SAW node
lines depends on the PIM’s electrode design instead of the SAW
wavelength, while this parameter in regular standing SAWs equals half
a wavelength. Furthermore, the pseudo-standing SAW can arrange
micro/nano-objects into parallel-line-like patterns, as validated by the
microscopic images of acoustofluidic experiments.

Despite the successful demonstrations described above, the PIMs
presented in this study still have several limitations, including the
inability to control SAWs propagating in multiple directions and the
lack of control over SAWs at multiple frequencies or across a wide
frequency band. Looking ahead, we plan to design PIMs with electrode
geometries different from those presented in this paper, aiming to
generate other intriguing on-chip SAW patterns, control SAWs pro-
pagating in multiple directions, enable wideband operation, and
increase device frequencies. Note that additional challenges arise as
design frequencies enter the gigahertz range. Device fabrication
becomes more complex and costly because interdigital electrode
widths and spacings are reduced to the submicron regime, necessi-
tating high-resolution lithography (e.g., electron-beam lithography). In
addition, thermal drift (e.g., temperature-induced resonance fre-
quency shift) becomes more pronounced, thereby requiring strategies
for device temperature control.

In a nutshell, this study advances the fields of SAW chips, meta-
materials, and acoustofluidics, by introducing a unique approach to
develop PIMs with complex-shaped interdigital electrodes to generate
on-chip SAWs with desired wavefronts and energy distributions, as
well as by developing PIMs that can generate pseudo-standing SAWs,
single long SAW jets, and twin SAW jets. These PIMs enable novel
metamaterials for transforming on-chip SAWs and “diode-like” trans-
mission of SAW information, and they enable acoustofluidic functions
such as generating streaming vortices and contactless manipulation of
micro/nano-objects. Beyond these demonstrated functions, we will
continue exploring the potential functions of PIMs, such as patterning
cells, concentrating bioparticles, rotating cells, and stimulating cells.
With unique capabilities of manipulating SAWs, microfluids, and
micro/nano-objects, we expect this study can inspire researchers for
the development of future SAW metamaterials for quantum acoustics,
optomechanics, signal processing chips, as well as acoustofluidic
devices for chemical and biomedical applications.

Methods

Simulation of surface acoustic waves (SAWs) generated by
phased interdigital metamaterials (PIMs)

To predict the wavefields of SAWs generated by PIMs with complex-
shaped electrodes, an analytical model was established. The details of
the analytical model are given in Supplementary Note 1, and a sche-
matic of the analytical model is shown in Supplementary Fig. 1. Since
the performance of a SAW device is influenced by both the electrode
design and the anisotropic material properties of the piezoelectric
substrate, our model considers both the geometries of complex-
shaped interdigital electrodes as well as the direction-dependent SAW
velocity and electromechanical potential-to-displacement ratio. Based
on the analytical model, we can predict the displacement, electric
potential, and intensity fields of SAWs generated by PIMs. Using these
fields, the SAW-induced acoustic radiation and dielectrophoretic

Nature Communications | (2025)16:10303


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66488-z

forces acting on small particles can then be analyzed, as detailed in
Supplementary Note 1, enabling the prediction of their arrangement
within the generated SAW field.

Design and manufacturing of phased interdigital
metamaterials (PIMs)

To design a PIM for generating SAWs with desired wavefronts and
energy distributions, a subwavelength-resolution spatial-varying phase
profile ¢,4(x) needs to be determined and then encoded into the
electrode configuration. Supplementary Note 2 gives the expressions
of the desired phase profiles for generating tilted SAWs, pseudo-
standing SAWs, a SAW jet, and twin jets. It also provides the relation to
encode the desired phase profile into the interdigital electrode’s pro-
file. Based on the approach in Supplementary Note 2, we designed
customized electrode patterns for different PIMs with a working fre-
quency of 18.8 MHz (see Supplementary Fig. 3 for all the phase profiles,
electrode configurations, and photos of fabricated devices). To man-
ufacture these PIMs, we deposited a 10 nm layer of chromium (Cr) and
then an 80 nm layer of gold (Au) on a 0.5 mm-thick Y128-cut LiNbO3
substrate using procedures including spin coating, lithography,
e-beam evaporation, lift-off, etc.

For the transformation and ‘diode-like’ transmission of SAWs, we
fabricated devices each integrating a SAW chip and a one-way ampli-
fication circuit (see Supplementary Fig. 18 for the schematic and photo
of adevice). The circuit consists of a BGA 2869 amplification chip (NXP
Semiconductors), a 220 Q resistor (R), and four 400 nF capacitors (G,
C,, G5, and Cy). Its operational frequency range spans from 0.1 MHz to
2 GHz. To ensure stable amplification without noticeable nonlinear
waveform distortion, the input signal at the signal-in port and the
direct current (DC) voltage bias at the Vpc port were kept below 1V and
12V, respectively. The signal-in port is connected to the straight-
electrode IDT, allowing the SAW signals acquired by the IDT to be fed
into the circuit. The amplified signal at the signal-out port is supplied
to the PIM transducer for SAW generation. To generate SAWs with
varying displacements, the output voltage at the signal-out port can be
adjusted by varying the DC voltage bias applied to the amplification
circuit. In this study, a DC voltage bias of 9V was used to generate
SAWs strong enough for reliable measurement using a laser Doppler
vibrometer.

Acquisition of surface acoustic wave (SAW) fields

To measure SAW fields generated by a PIM, we used a customized
laser Doppler vibrometry setup illustrated in Supplementary Fig. 4.
A function generator (DG1022, Rigol) is used to generate a Hanning
window modulated multi-cycle sine signal with a center frequency
matching the IDT’s resonance frequency (18.8 MHz). This excitation
signal is sent to the IDT for SAW generation. A laser Doppler vib-
rometer (FX-1-130, Polytec Inc.) is used to acquire SAWs propagating
on the piezoelectric substrate based on the Doppler effect. The laser
beam is focused on the top surface of the piezoelectric wafer, and it
is perpendicular to the wafer for measuring the generated SAW’s
out-of-plane displacement component. The output voltage signal
from the laser Doppler vibrometer is recorded by an oscilloscope
(TDS 2014C, Tektronix). By using the laser Doppler vibrometer’s
decoder information (10 nm/V), the measured voltages are con-
verted to out-of-plane displacements of SAWs. To acquire a time-
space wavefield of generated SAWs, a point-by-point scanning
approach is performed, by gradually changing the laser position and
acquiring displacement waveforms. At each scanning position, the
measurement is repeated eight times to acquire eight waveforms,
which are averaged to obtain a denoised waveform. By combining
the denoised waveforms acquired at all scanning positions within
the desired SAW measurement region, a time-space wavefield u(t, x)
containing the information of the SAW propagation can be obtained.
By further applying Fourier transform to the time-space wavefield, a

frequency-space wavefield U(f, x) is obtained. The SAW intensity
field /(f;, x) at a selected frequency of f; is evaluated using |U(f;, X)[%
The cumulative SAW energy field is evaluated with the relation
E(X)= [ |H(t,x)[>dt, where H(t, X) is obtained through the Hilbert
transform of the wavefield u(¢, x). To analyze the wavenumber
content of the generated SAWs, the 2D Fourier transform is applied
to the frequency-space wavefield U(f, x), yielding the frequency-
wavenumber spectrum S(f, k). The spectrum at a selected frequency
fi is then extracted and plotted in the k,-k, wavenumber space, as
illustrated in Supplementary Fig. 4. From the resulting wavenumber-
domain spectrum, the key wavenumber components of the gener-
ated SAWs can be analyzed.

Procedures of acoustofluidic experiments

To validate the ability of our PIMs for arranging micro/nano-objects
and generating fluid streaming, multiple acoustofluidic experiments
were performed. As shown in Supplementary Fig. 12, a continuous sine
signal at a frequency matching the PIM’s resonance frequency was
generated by an arbitrary function generator (FG3052C, Tektronix),
amplified by a power amplifier (A075, E&I), and then sent to the PIM for
generating SAWs. A small microfluidic chamber was attached to the
LiNbO; substrate and loaded with deionized water containing micro/
nano-objects, such as 35pum SiO, microparticles, MWCNTs, and
550 nm SiO, nanoparticles. The SAW device with the microfluidic
chamber is placed on the translation stage of an inverted microscope
(TE2000-U, Nikon) to observe the object manipulation process. A
camera is used to capture microscopic images and record movies
during and after the SAW-based object manipulation. To visualize the
fluid streaming, the acquired time-sequential images were stacked
together.

Data availability

Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request.
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