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Noninvasive surface-acoustic-wave (SAW) tweezers provide a powerful tool for on-chip object manip-
ulation. However, the piezoelectric materials for generating SAWs are anisotropic with misaligned
directions of wave momenta and energy flow, making the conventional interdigital transducer (IDT) inap-
propriate for perfect SAW control. Here we propose a holographic IDT for phase-velocity engineering,
which improves the focusing quality of SAWs with smaller focal size, larger enhancement of intensity,
and precise control of focal position. For the holographic IDT, the focal size is approximately 78.2 μm at
40 MHz, which is 36% smaller than the one produced by a circular IDT. About twofold enhancement of
focal intensity and focal length of 10λ are further demonstrated for our design. Nonetheless, we show that
the holographic SAW tweezers can implement accurate sorting for solid objects of different sizes as well
as large active deformation for liquid droplets even at relatively low input power, which have important
biomedical applications.
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I. INTRODUCTION

Acoustic tweezers were invented by exchanging acous-
tic wave momenta with microscopic and/or macroscopic
objects to generate a nontrivial force effect that can
remotely manipulate solid particles and liquidlike droplets
or cells, which showcased important applications in
biomedical engineering, material synthesis, and microflu-
idic chips [1–12]. In general, acoustic tweezers can be
realized based on bulk acoustic waves and surface acoustic
waves (SAWs), the SAW-based tweezers having attracted
intense attention recently for microfluidic applications.
Specifically, with the unique features of localized ultra-
sound fields on the surface and the miniatured device fin-
gerprint, SAW-based acoustic tweezers can be utilized in a
wide range of applications such as particle and cell manip-
ulation [13–16], exosome isolation [17–19], and droplet
driving, atomization, and jetting [20–23].

As we know, SAWs can be generated by using an inter-
digital transducer (IDT) on a piezoelectric substrate. By
designing different configurations of IDTs, one can realize
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various SAW fields. For example, a straight IDT can gen-
erate plane SAWs [24–26] and a curved IDT can generate
focusing SAWs [27,28]. However, a piezoelectric material
with a noncentrosymmetric crystal structure is anisotropic,
for which the wave vector �k and energy flow −→ve of the
SAW do not have the same direction [29], making the
precise control of SAWs difficult if we do not consider
the factor of anisotropy. For example, a circular IDT can-
not generate a perfect focus in terms of the anisotropic
propagation of SAWs. The deflection of focal position and
the augmenting of the focal spot are unavoidable [30,31].
Therefore, there exists an urgent demand for eliminating
the deleterious effect of piezomaterial anisotropy, enabling
precise SAW field control for functional object manipula-
tion even under a low-input-power condition [32].

In this Paper, we develop a unique type of holographic
SAW tweezers, for which the IDTs are modified by con-
sidering the anisotropy of SAW propagation in order to
generate perfect SAW focusing with a smaller focal spot
than previously. We first measured the angular phase-
velocity distribution of 128° Y-cut LiNbO3 by using 12
pairs of IDTs oriented in different directions with an inter-
val of 15°. Based on the measurement result, we designed
and fabricated the holographic IDT by modifying the
electrode configurations to ensure that the direction of
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SAW momentum is consistent with the energy flow. Our
approach realized a focusing SAW beam (focal length
∼ 10λ) with the full width at half magnitude (FWHM)
being 78.2 μm at 40 MHz, which is 36% smaller than
the one generated by a conventional circular IDT. An
approximately twofold enhancement of focal intensity was
achieved. For the demonstration in potential applications,
we used the holographic IDT to implement the precise
sorting of microparticles of different sizes under a low
input power. Nonetheless, we demonstrate that the focused
SAW field generated by the holographic IDT can induce
large deformation of microdroplets, which is important for
droplet driving, atomization, and jetting.

II. RESULTS AND DISCUSSION

A. Anisotropic properties of LiNbO3

Figure 1(a) illustrates the principle for particle sorting
based on the focused SAW from the holographic IDT.
To implement the precise sorting of objects with differ-
ent sizes, high-quality SAW focusing is very important.
However, a conventional circular IDT is not the perfect
candidate for generating high-quality SAW focusing due
to the nontrivial anisotropy of the piezoelectric material.
Based on the time-reversal method, we adopt the holo-
graphic IDT approach to modify the circular IDT, with
the degree of deviation (time delay �tn) compensating the
phase (or wave vector) offsets in terms of anisotropy. The
designed holographic IDT actually follows the slowness
curve, which can result in much smaller focusing and a
larger energy enhancement in comparison with the circular
IDT. Figure 1(b) shows the fabricated SAW device sample
for particle sorting, which comprises three channels and
two sets of IDTs. The three channels consist of one input
channel to inject the particles of different sizes and two out-
put channels to collect the particles of smaller and larger
sizes, respectively. The two sets of IDTs are straight IDT
for aligning the mixed particles in a straight line and holo-
graphic IDT for separating the particles into two groups of
different sizes.

In our work, the slowness curve of SAWs was measured
in experiments for the next step of holographic IDT design.
As shown in Fig. 2(a), we employed 12 pairs of straight
IDTs oriented in different directions with an interval of 15°.
Here the spacing between adjacent gold electrodes should
be equal to λ/4, where λ is the propagation wavelength
of SAWs. To ensure measurement accuracy, we used a
laser Doppler vibrometer (LDV, UHF-120) to character-
ize the operation frequency and the wavelength of SAWs.
We then calculated the velocity based on this noncontact
measurement technique. For example, from the scanned
displacement field along the propagation direction, we
can calculate the effective wavelength using λeff = Seff/N,
where N is the number of intersection points between the
scanned field and reference plane. Figure 2(b) shows the
simulated and measured velocities in different directions,
where the maximum velocity is approximately 3973 m/s
at angles of 0° and 180°, and the minimum velocity is
approximately 3590 m/s at angles of 90° and 270°.

The superposition of SAWs propagating in different
directions generates a focusing beam on the surface. In
order to perfectly focus the SAW at the target position in
the anisotropic piezoelectric material, we adopted the time-
reversal approach that was used in acoustic holograms to
design the IDT. Let us set a virtual “point source” at the
focal position. The shape of holographic IDT should coin-
cide with the wave fronts produced by the point source,
where the wave vector �k and energy flow −→ve should be
consistent. To calculate the geometry of the holographic
IDT, we need to obtain the angular deflection between the
phase velocity and group velocity [31,33]:

� = tan−1
(

−∂k
k

)
, (1)

where k = ω/v(θ) is the wave vector and v(θ) is the phase
velocity along each direction θ . In addition, we define an
anisotropy parameter γ , which is the partial differentiation

(a) (b)

FIG. 1. (a) Precise microparticle separation based on holographic IDT. The inset illustrates the modification (time delay �tn)
between the circular and holographic IDTs. (b) The SAW-based microfluidic device with holographic IDT.

064003-2



HOLOGRAPHIC SURFACE-ACOUSTIC-WAVE TWEEZERS. . . PHYS. REV. APPLIED 20, 064003 (2023)

(a) (b)

(e)(c)

(d)

FIG. 2. (a) The fabricated SAW device with 12 pairs of straight IDTs for characterizing the anisotropy of phase velocity. (b) The
simulated and measured phase velocities at 40 MHz for SAWs propagating in different directions on the LiNbO3 substrate. Normalized
intensity distributions of out-of-plane displacements (z component) for (c) the circular IDT and (d) the designed holographic IDT. (e)
Quantitative comparison between the displacement intensity distributions on the dashed lines [at approximately 10λ from the electrodes
in (c),(d)], which are generated by the circular and holographic IDTs.

of the deflection angle � and the propagation angle θ :

γ = ∂�

∂θ
. (2)

For the 128° Y-cut LiNbO3 substrate, the anisotropy
parameter in each direction can be calculated from the
measured phase velocities in different directions. As shown
in Appendix A, the anisotropy parameter suffers from a
substantial change in different directions. The geometry
of the holographic IDT can thus be calculated from the
curvature radius of the metal fingers, which is expressed as

R(θ) = Lm
v(θ)

v(θ = 0)
, (3)

where Lm is the focal length for the mth finger and Lm =
L0 + mλ/2. For the case of γ θ2 ≤ 1, the curvature radius

R(θ) can be calculated by

R(θ) = Lm

(
1 + γ

1 + γ

θ2

2

)
. (4)

Here, we set L0 to be the distance from the innermost finger
to the predesigned focus and L0 = 10λ. λ is the propagation
wavelength of SAWs at 40 MHz, which is λ = 100 μm.
The anisotropy parameter γ is determined by the deflec-
tion angle and the designed propagation angle in the range
of [0, π /6]. With the information above, the configura-
tion of the holographic IDT can be readily obtained (see
Appendix A).

Figure 2(c) shows the normalized intensity distribution
of the out-of-plane displacement field (z component) for
the circular IDT, with the focus spot at a distance exceed-
ing 10λ. The anisotropy of the LiNbO3 substrate leads to
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an augmented focal spot. By using the holographic IDT in
Fig. 2(d), the SAW focusing is significantly improved with
a smaller focal spot and the focal position exactly at 10λ.
In Fig. 2(e), we present a quantitative comparison between
the focusing performance for circular and holographic
IDTs. The transverse intensity fields along the dashed lines
in Figs. 2(c) and 2(d) are normalized, where the focal
FWHM of the holographic IDT is around 87.7 μm, much
smaller than that of the circular IDT (122.77 μm) at the
target position (10λ). We further calculate the integral of
normalized intensity in the shadowed regions as marked in
Fig. 2(e), which are 0.068 and 0.074 for circular and holo-
graphic IDTs, respectively, showing an obvious intensity
enhancement.

Figure 3(a) illustrates the acoustic setup for measuring
the SAW fields via LDV. The out-of-plane displacement
of SAWs can be represented by the frequency shift of the
reflected laser pulse with respect to the reference light. In
the LDV setup, the Nd:YAG laser is focused to a spot size
of only 2.5 μm, which determines the resolution of field
scanning. Figure 3(b) shows the measured focal spot of
SAWs for the circular IDT, for which the maximum posi-
tion is located in the region around 36λ. Figure 3(c) shows

the measured focal spot of SAWs for the holographic
IDT, for which the maximum is located at exactly 10λ. In
Fig. 3(d), we present a quantitative comparison between
the measured FWHMs for the focal spots of circular and
holographic cases. Detailed information on the vibration
profiles measured by LDV can be found in Video 1. Com-
paring the transverse intensity field distributions at the
maximum positions as marked by the arrows in Figs. 3(b)
and 3(c), we find that the measured FWHM for the holo-
graphic IDT is 78.2 μm, which is 36.14% smaller than that
for the circular IDT (122.45 μm).

B. Microparticle manipulation via holographic SAW
tweezers

The holographic IDT is important for SAW-based appli-
cations. For example, by bonding a Polydimethylsilox-
ane (PDMS) layer to the piezosubstrate with the IDT-
based alignment and separation modules, we can realize a
microfluidic device for particle sorting. In the experiment,
an inverted fluorescence microscope (Zeiss Axio Observer
7) was used to analyze the sizes of fluorescent particles.
A real-time upright microscope (DM4000B/M, Leica) was

(b)(a)

(c) (d)

FIG. 3. (a) Schematic of holographic IDT and LDV systems for measuring the SAW fields. The measured out-of-plane vibration
intensity distributions for (b) circular and (c) holographic IDTs. The arrows in (b),(c) mark the positions of maximum intensities for
the focusing SAW fields created by the circular and holographic IDTs. (d) The measured FWHMs for SAW focusing by circular and
holographic IDTs.
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VIDEO 1. Measured out-of-plane vibration field driven by
conventional circular IDT and holographic IDT.

used to record the sorting process with a high temporal
resolution. A mixture of green (diameter: 5 μm; EGFP)
and red (diameter: 2 μm; Rhoda) fluorescent micropar-
ticles was used to characterize the sorting performance.
The mixed particles diluted in a surface-active agent (F127
solution) with a mixing ratio of 1:2:1 (Rhoda, EGFP, F127)
were injected in the channel by a micropump with a flow
rate of 10 nl/s. In the acoustic device, the straight IDT in
the alignment module (part I) produced a standing wave
at 29.88 MHz for aligning the particles via the vibration
node into a line, as shown in Fig. 4(a). The aligned parti-
cles moved to the separation module by the external flow,
where the acoustic radiation force of the holographically
focused SAWs acting on the large particles is much larger
than that acting on the small particles due to the relation of

F ∝ R6 [34,35] with R denoting the particle radius. From
the relation of F ∝ R6, we find that the SAW device has
a better performance for the mixed particles with larger
size differences. In Fig. 4(b), the fluorescent image clearly
shows that the EGFP particles are separated from the
Rhoda particles with a separation angle of θ . Figure 4(c)
shows the relation between separation angle θ and input
powers for the cases of circular and holographic IDTs.
The result shows that the holographic IDT outperforms the
circular IDT by exerting a much larger acoustic radiation
force as the input power is increased. The pronounced sep-
aration angle for the holographic IDT is caused by the more
localized focal spot and enhancement of SAW energy.

C. Enhanced droplet deformation via holographic
tweezers

We show a further application demonstration: liquid
object manipulation by the holographic SAW tweezers. In
our experiment, a liquid droplet with a volume of 0.2 μl
was precisely placed at the focal spot of focusing SAWs.
The acoustic setup is presented in Appendix B. The droplet
deformation was recorded by a high-speed CCD, where
the diameter D and height H of the liquid droplet were
utilized to characterize the deformation quantitatively. For
the circular IDT in Fig. 5(a), the droplet exhibited an
oscillation mode under ultrasound actuation and finally
stabilized into a hemiellipsoid one with a small shape
change. In Fig. 5(b), the holographic IDT showed a bet-
ter performance in deforming the liquid object of the same
volume into a flattened one with a nontrivial shape change.
The sequence animation of droplet deformation with time
evolution can be found in Video 2. To quantitatively char-
acterize the droplet shape changes for the two cases, we
introduce a scale factor of D/H, which is shown in Fig. 5(c)
with its relation to input power and time. We show the
variation of D/H in different time frames, which are ini-
tial states (power off: 0 mW), actuation states (power on:
250 mW), and final states (power off: 0 mW), which clearly

(c)(a)

(b)

FIG. 4. Snapshots of the bright and fluorescent fields for the (a) aligning module and (b) separating module. (c) The relationship
between the separation angle of mixed microparticles and input rf power.

064003-5

http://link.aps.org/multimedia/10.1103/PhysRevApplied.20.064003


PENG-QI LI et al. PHYS. REV. APPLIED 20, 064003 (2023)

(a)

(b)

(c)

FIG. 5. The real-time
deformation of micro-
droplets (0.2 μl) driven
by the (a) circular IDT
and (b) holographic IDT.
The diameter D and height
H of each droplet are
marked for characterizing
the deformation scale.
Scale bar: 1 mm. (c) The
measured deformation
scale D/H at different time
frames, where the gray
region indicates the “on”
state of power actuation.

demonstrates that the holographic IDT enables a larger
deformation of the liquid object than the circular one under
the same condition.

VIDEO 2. Microdroplet deformation process driven by con-
ventional circular IDT and holographic IDT.

III. CONCLUSION

In summary, we have presented a holographic SAW
tweezer for functional solid and liquid object manipula-
tion. The principle of the holographic SAW tweezer is
based on the time-reversal technique for creating a per-
fect focal point in anisotropic piezomaterials. With the
high-quality localization of SAW energy, the holographic
tweezer can achieve precise sorting of solid particles of
different sizes as well as large deformation of soft objects
even under a low input power. In our experiments, we
utilized the holographic IDT to successfully separate 5-
and 2-μm particles, for which the particle size plays a
key role in the separation process, given the same acoustic
properties, such as density and compressibility. By increas-
ing the SAW power above a threshold, the holographic
IDT enables a large deformation of droplets, which can
transform the mechanical work into heat efficiently and
is beneficial for the application of atomization. Our work
provides an approach for manipulating SAWs with pre-
cise on-chip distribution and large energy density, which
is important for microfluidic based applications.
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(a) (b)

FIG. 6. (a) A schematic of the SAW model used in the finite-element solver to calculate the eigenfrequency, where the thickness of
unit cell is 6λ, and the pitch of metal fingers is p = λ/2. (b) Simulated phase velocities in each direction for the SAW device.
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APPENDIX A: CHARACTERIZATION OF THE
ANISOTROPIC PARAMETERS

Material parameters such as the stiffness tensor, the
piezoelectric tensor, and the dielectricity tensor are deter-
mined by the cutting of the piezoelectric substrate. Here
we choose a 128° Y-cut LiNbO3 substrate and establish
the acoustic model in COMSOL Multiphysics 5.5, where
the pitch of the IDT is half the wavelength (p = λ/2).
As shown in Fig. 6(a), the substrate thickness is set to
be 6λ for preventing reflections from the bottom and the
influence of bulk modes. The SAW velocity is calcu-
lated by solving the eigenfrequency. Detailed information

on 128° Y-cut LiNbO3 used in the simulation can be
found in Appendix C. In the simulation, the distribution
of phase velocity along each direction can be calculated
by sweeping the rotation angle of the unit cell, as shown
in Fig. 6(b). The insets present the resonant modes at two
different angles of 0° and 50°, for which the eigenfrequen-
cies are 39.86 and 37.12 MHz, respectively, and the phase
velocities can be readily obtained since the wavelength is
determined.

We can use the measured phase velocities in different
directions to calculate the anisotropy parameter γ and the
geometric shape of the holographic IDT. In Fig. 7(a), we
schematically display the angular deflection between the
power flow angle (�) and the propagation direction (θ ). In
Fig. 7(b), we show the angular distributions of the power
flow angle (�) and the anisotropy parameter γ , which are
calculated by Eqs. (1) and (2), respectively. Since in our
case the propagation angle of SAWs is set in the range
of [−π /6, π /6], the anisotropy parameter γ is calculated

(b) (c)(a)

FIG. 7. (a) Schematic for the directions of energy flow and wave momentum for SAWs propagating on the 128° Y-cut LiNbO3
substrate. (b) The power flow angle (�) and the anisotropy parameter (γ ) in different directions. (c) The curvature radii of IDT fingers
versus the propagation angle calculated by Eqs. (3) and (4).
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(a) (b) (c)

FIG. 8. (a) Top view of the holographic IDT and microdroplet. (b) The measured input power that is applied to the circular and
holographic IDTs under different input voltages. (c) The measured S11 parameter of the circular and holographic IDTs within the
range of 36–44 MHz.

to be within [−1.0, 1.0], as shown in Fig. 7(b), where we
find the curvature radius of the IDT calculated by setting
γ = −0.41 in Eq. (4) shows the closest agreement with that
calculated by the ideal design rule of Eq. (3), as shown in
Fig. 7(c).

APPENDIX B: PERFORMANCE FOR DROPLET
MANIPULATION

The droplet-manipulation SAW device is shown in
Fig. 8(a). The holographic IDT comprises 30 pairs of
metallic electrodes. A high-precision pipette deposits
0.2 μl of degassed water at the focal point precisely. We
quantified the power difference between the two meth-
ods (circular IDT and holographic IDT). The correlation
between the input voltage and input power is shown in
Fig. 8(b), which is measured with a power meter. The
experiment shows that the proposed holographic IDT pro-
vides more efficient energy conversion and has signif-
icant acoustically actuated microdroplet deformation in
comparison with the circular IDT. Furthermore, we con-
ducted S11 measurements for the holographic and circular

IDTs at the resonance frequency of around 40 MHz, as
shown in Fig. 8(c). The S11 values were measured to be
−19.564 and −6.094 dB for the holographic and circu-
lar IDTs, respectively, which shows enhanced transmission
efficiency of the holographic method for the SAW device.

APPENDIX C: PARAMETERS FOR SIMULATION

The crystalline structure of LiNbO3 belongs to the point
group of 3m, which features threefold rotational symmetry
about the z axis and the mirror symmetry to the x axis [29].
For LiNbO3 substrates, the stiffness tensor matrix, piezo-
electric tensor matrix, and dielectric tensor matrix usually
keep in line with the cut of the crystal. We can rotate the
crystal axes with Euler angles to align them with Cartesian
coordinates in the finite element solver, or just transform
the plane matrix through a transformation matrix. In this
work, we employ the Bond matrix to perform the trans-
formation for 128° rotated Y-cut LiNbO3. The stress-strain
relation is expressed in the stress-charge form by Hooke’s
law as σ = ceε − eTE, D = eε + ε0εrSE, where ce is a 6-
by-6 matrix in the Voigt notation. The simplified relation

TABLE I. The parameters used in the numerical simulation.

Elastic stiffness matrix (GPa)

202.9 70.0 57.8 12.8 0 0
194.0 90.3 9.0 0 0

221.2 8.0 0 0
S 75.3 0 0

Y 56.9 −5.1
M 77.9

Coupling matrix (C/m2) Relative permittivity (1)

0 0 0 0 0.279 4.472 43.6 0 0
−1.880 4.447 −1.522 0.067 0 0 0 38.126 −7.006
1.715 −2.292 2.314 0.634 0 0 0 −7.006 34.633
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can be written as

⎡
⎢⎢⎢⎢⎢⎣

σ1
σ2
σ3
σ4
σ5
σ6

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎣

c11 c12 c13 c14 0 0
c11 c13 −c14 0 0

c33 0 0 0
S c44 0 0

Y c44 c14
M (c11 − c12)/2

⎤
⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎢⎣

ε1
ε2
ε3
ε4
ε5
ε6

⎤
⎥⎥⎥⎥⎥⎦

, (C1)

where ce are the parameters used in the finite-element
solver, [ce

′] = [M ][ce][N ]−1, M and N being the Bond
stress transformation matrix and the strain transformation
matrix, respectively. In Table I, we provide the stiffness
tensor matrix, piezoelectric tensor matrix, and dielectric
tensor matrix used in the finite-element calculation.
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