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Wave number–spiral acoustic tweezers for dynamic and
reconfigurable manipulation of particles and cells
Zhenhua Tian1*, Shujie Yang1*, Po-Hsun Huang1, Zeyu Wang1, Peiran Zhang1, Yuyang Gu1,
Hunter Bachman1, Chuyi Chen1, Mengxi Wu1, Yangbo Xie2, Tony Jun Huang1†

Acoustic tweezers have recently raisedgreat interest acrossmany fields includingbiology, chemistry, engineering, and
medicine, as they can perform contactless, label-free, biocompatible, and precise manipulation of particles and cells.
Here, we present wave number–spiral acoustic tweezers, which are capable of dynamically reshaping surface acoustic
wave (SAW) wavefields to various pressure distributions to facilitate dynamic and programmable particle/cell manip-
ulation. SAWspropagating inmultiple directions can be simultaneously and independently controlled by simplymod-
ulating themultitone excitation signals. This allows for dynamic reshaping of SAWwavefields to desired distributions,
thus achieving programmable particle/cell manipulation. We experimentally demonstrated the multiple functions of
wave number–spiral acoustic tweezers, among which are multiconfiguration patterning; parallel merging; pattern
translation, transformation, and rotation; and dynamic translation of single microparticles along complex paths. This
wave number–spiral design has the potential to revolutionize future acoustic tweezers development and advance
many applications, including microscale assembly, bioprinting, and cell-cell interaction research.
INTRODUCTION
Manipulating micro/nano-objects, such as cells and extracellular ves-
icles, plays an important role in many disciplines, including biology,
chemistry, engineering, and medicine (1, 2). Among various manip-
ulation techniques, such as optical (3), electrical (4),magnetic (5), and
acoustic tweezers (6–16), the acoustic tweezers have recently seen
increased interest due to their ability to achieve contactless, label-free,
and biocompatiblemanipulation (17–25). In particular, surface acoustic
wave (SAW) tweezers have additional advantages in terms of precision,
versatility, and suitability for point-of-care applications (17, 18). SAW
tweezers are capable of manipulating micro/nano-objects for a wide
range of applications, including patterning particles and cells (26, 27),
controlling cell-cell interactions (28), cell printing (16, 29), particle/cell
separation and sorting (30, 31), manipulating organisms (10), gen-
erating and translating droplets (32–35), and isolating extracellular
vesicles (36).

Despite tremendous progress in this field, current SAW tweezers
can only generate a limited array of wavefield distributions, which, in
turn, limits the maneuverability, reconfigurability, degrees of free-
dom, and functionality for particle/cell manipulation. Ideal acoustic
tweezers would contain more independently controlled transducers
with different configurations and orientations, allowing for more dy-
namic features, better performance, and the ability to reshape the
wavefields to more distributions. However, developing such SAW
tweezers is challenging. SAWs in piezoelectric substrates are usually
direction-dependent because of the anisotropic properties of piezo-
electric substrates (37). Moreover, high-end delicate programmable
multichannel electronics with high expense are required to indepen-
dently control a large number of interdigital transducers (IDTs) at
high frequencies (38, 39). In addition, although analytical models ex-
ist for simple cases (16, 28), there is no general model that considers
multiple SAWs with different frequency–wave number components
propagating in different directions, generated by a group of acoustic
transducers. This analytical model is critical for rapid simulations of
SAWwavefield, Gor’kov potential field, and acoustic radiation force,
as well as for exploring the capabilities and guiding the design of acous-
tic tweezers.

Dynamic acoustic wavefields lead to time-variant acoustic radiation
forces and thus open up the possibility of dynamic and reconfigurable
particle/cell manipulation for multiple functions in a single device. In
this work, we present wave number–spiral acoustic tweezers, a form
of SAW tweezers capable of performing dynamic and reconfigurable
particle/cell manipulation through themodulation of multitone excita-
tion signals encoded with the desired phases and amplitudes at differ-
ent frequencies. Wave number–spiral acoustic tweezers are composed
of multiple IDTs with different configurations, designed in such a way
that the wave numbers of generated SAWs vary gradually with respect
to directions, tracing two spirals in the wave number space. This wave
number–spiral design offers frequency-based steering, allowing one to
steer the direction and adjust the wave number of standing SAWs by
tuning the excitation frequency. Furthermore, in this design, a group
of IDTs can be controlled simultaneously yet independently bymod-
ulating a multitone excitation signal. These features make it possible
to dynamically reshape the SAW wavefield and Gor’kov potential
field to various distributions, achieving dynamic and reconfigurable
particle manipulation by modulating phases and amplitudes at dif-
ferent frequencies inmultitone excitation signals. In addition, we de-
velop a general analytical model that considers multiple SAWs with
different frequency–wave number components propagating in differ-
ent directions. Through analytical simulations and experiments, we
demonstrate that with a single device, the wave number–spiral acous-
tic tweezers can achieve multiple functions, including multiconfigura-
tion one-dimensional (1D) and 2D patterning, on-chip cell patterning
and culture, dynamicmanipulation and reconfiguration of 2D patterns,
and dynamic translation of single microparticles along complex paths.
RESULTS
Principles of wave number–spiral acoustic tweezers
Wave number–spiral acoustic tweezers are composed of M pairs of
IDTs, evenly distributed around the coordinate origin O (Fig. 1A).
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The detailed configuration is given in fig. S1. The devices are designed
in such a way that the wave numbers of SAWs generated by IDTs
gradually change with respect to directions, tracing two central sym-
metric spirals in the wave number space (Fig. 1B). The frequencies are
also direction dependent (Fig. 1C), which can be derived theoretically,
as f ðqÞ ¼ kðqÞ

2p⋅sðqÞ, where k(q) and s(q) are the direction-dependentwave
number and slowness of SAWs, respectively.

The wave number–spiral design enables a new dynamic feature:
frequency-based steering of standing SAWs. The direction and wave
number of standing SAWs can be adjusted by tuning the excitation
frequency. For example, when an input electrical signal contains a single
frequency fm, themth pair of IDTs in the wave number–spiral acoustic
tweezers will be excited and will generate counterpropagating SAWs
with the wave number km. The interference of counterpropagating
SAWs will create standing SAWs with pressure node lines perpendic-
ular to the direction qm.

The wave number–spiral design allows all the IDTs in the acoustic
tweezers to be controlled simultaneously and independently with only
two multitone excitation signals. This allows the resultant SAWwave-
fields to be dynamically reshaped without using complex and costly
electronics like multiple-channel function generators and high-end
programmable electronics. As shown in Fig. 1A, two independentmul-
titone signals are adopted to control two groups:½IDTL

m�M and½IDTR
m�M

on the left and right sides, respectively. The principle of controlling
multiple IDTs with multitone signals is presented in section S1 and
Tian et al., Sci. Adv. 2019;5 : eaau6062 31 May 2019
fig. S2. In this method, the phases and amplitudes of SAWs generated
by different IDTs can be adjusted independently by modulating the
phases and amplitudes at the corresponding frequencies in the multi-
tone excitation signals. As a result, by carefully designing themultitone
excitation signals, we are able to manipulate the SAW wavefield gen-
erated by the wave number–spiral acoustic tweezers and, thus, the re-
sultant Gor’kov potential field and acoustic radiation force on particles/
cells in the system.

To explore the capability of wave number–spiral acoustic tweezers,
we developed a general analytical model (section S2). This model
considers multiple SAWs with different frequency–wave number com-
ponents propagating in different directions, allowing rapid simulations
of the SAW wavefield, Gor’kov potential field, and acoustic radiation
force generated by wave number–spiral acoustic tweezers. Through
analytical studies, we derived the solutions for potential well distribu-
tions, as well as the relation between phase change and spatial
translation vector (section S3 and fig. S3).Moreover, we demonstrated
a new form of single potential wells, named “multitone potential
wells,” which can be generated by minimizing SAWs at multiple fre-
quencies (section S4 and fig. S4). By further introducing the subarray
concept (40) to the wave number–spiral acoustic tweezers, we
discovered that two independent multitone potential wells can be
generated with two subarrays (section S4 and fig. S5). The position
of each potential well can be independently controlled by properly
modulating the phase differences of the corresponding subarray.

Compared to the IDT array–based acoustic tweezers recently pro-
posed by Baudoin and colleagues (37–39), our wave number–spiral
acoustic tweezers offer the following three advantages: (i) Our design
introduces the frequency multiplexing concept by taking advantage
of the frequency–wave number filtering capability of IDTs. SAWs
propagating in multiple directions can be simultaneously and inde-
pendently controlled simply by using an excitation signal with mul-
tiple frequency components. Hence, our design reduces the system
complexity and does not require delicate programmable electronics
with complex wiring and connections. (ii) Our tweezers can easily
control wavelengths of SAWs for generating potential well patterns
with different periods. (iii) Our frequency-multiplexed IDT arrays
can generate and modulate continuous SAWs propagating in mul-
tiple directions by using continuous multitone excitation signals.

Device design and characterization
Wave number–spiral acoustic tweezers with five pairs of IDTs were
designed and fabricated for proof-of-concept experiments. Figure 2
(A and B) shows a schematic (Fig. 2A) and a photo (Fig. 2B) of the
fabricated wave number–spiral acoustic tweezers. Five pairs of IDTs
are deposited onto an X-cut lithium niobate (LiNbO3) substrate, with
each IDT covering 30°. No IDTs are designed in the ranges of −60° to
−30° and 120° to 150° because SAWs are very weak in these directions.
All the IDTs are divided into two groups, and in each group, five IDTs
are linked to form a rosette-shaped IDT cluster. Hence, only two input
channels are needed for powering and controlling all the IDTs. At the
center of wave number–spiral acoustic tweezers, a two-layer polydi-
methylsiloxane (PDMS) device containing a microfluidic chamber is
directly attached onto the substrate. Since the bottom layer of the PDMS
device is only ~30 mm thick, the energy of SAWs propagating in the
substrate can transmit through the thin bottom layer and then enter
the microfluidic chamber with negligible loss. After use, the PDMS
chamber can be easily peeled off and disposed, and the substrate with
IDTs can be recycled.
Fig. 1. Principle of wave number–spiral acoustic tweezers. (A) A schematic of
wave number–spiral acoustic tweezers. The acoustic tweezers are composed of
M pairs of IDTs, evenly distributed around the coordinate origin O. In each pair,
two IDTs [denoted as IDTLm and IDTRm (m = 1, 2,⋯,M)] are symmetrically arranged on
different sides of the originO. Onemultitone signal encodedwith phases ½ϕL

m�M and
amplitudes ½ALm�M at frequencies [fm]M is the excitation for M IDTs (denoted as
½IDTLm�M) on the left side; another signal with phases ½ϕR

m�M and amplitudes ½ARm�M
at frequencies [fm]M is forM IDTs (denoted as ½IDTRm�M) on the right side. (B) The wave
numbers k of SAWs generated by IDTs gradually change with respect to direction q,
tracing two central symmetric spirals in the wave number space. (C) The wave fre-
quencies f also gradually change with respect to direction q, as derived by f ðqÞ ¼
kðqÞ

2p⋅sðqÞ, where s(q) is the slowness of SAWs.
2 of 9



SC I ENCE ADVANCES | R E S EARCH ART I C L E
The fabricated wave number–spiral acoustic tweezers were exper-
imentally characterized by first tuning the excitation frequency and
examining the standing SAW wavefields with 10-mm polystyrene
beads. Resonant frequencies (denoted as f1 to f5) of the five IDT pairs
were determined: 20.1, 23.3, 10.8, 12.1, and 13.9 MHz, respectively.
The wave numbers and slowness values of SAWs generated at the five
frequencies were also determined. As shown in Fig. 2 (C to E), the
wave numbers, frequencies, and slowness values at different angles ob-
tained from the experiment agree with the theoretical values.

When standing SAWs are generated by two pairs of IDTs, the re-
sultant acoustic radiation force will move micro-objects to potential
wells (at localminima ofGor’kov potential fields) and trap them there,
as illustrated in Fig. 2A. The strength of the acoustic radiation force
can be determined by the gradient of the potential field, which de-
pends on several parameters including sizes and material properties
of the micro-objects being manipulated, properties of the fluid,
SAW frequencies, and input power of IDTs. To effectively manipulate
micro-objects (e.g., 10-mmpolystyrene beads), the applied acoustic ra-
diation force is usually greater than 5 pN (10). By tuning the input
power applied to the IDTs, the generated acoustic radiation force
can be increased to 150 pN, which is limited by the capability of our
power amplifier. Moreover, by adjusting the phases and frequencies of
the excitation signals, we can dynamically reshape the wavefields of
standing SAWs, achieving dynamic and reconfigurable particle/cell
manipulation. For example, two trapped particles can be translated
Tian et al., Sci. Adv. 2019;5 : eaau6062 31 May 2019
in-plane simultaneously along the direction of vector ep (or eq) by
tuning the phase differences between two IDTs in the pth (or qth) pair
(p ≠ q and p, q ∈ [1,2,⋯,5]). The two particles can also be rotated
around their z axis by switching the excitation frequency. More
functions are experimentally demonstrated in the subsections below,
includingmulticonfiguration 1D and 2D patterning, dynamic manip-
ulation and reconfiguration of 2D patterns, and dynamic translation
of single microparticles along complex paths.

Multiconfiguration 1D and 2D patterning
Wave number–spiral acoustic tweezers allow independent generation
and control of SAWs in multiple directions by properly designing the
excitation signals. As SAWs in more directions are independently
controlled, it becomes possible to generatemore standingwave patterns
and thus pattern particles/cells in more configurations. To explore the
particle patterns that can be achieved by the fabricated acoustic tweez-
ers chip with five pairs of IDTs, we performed both analytical simula-
tions and microparticle patterning experiments.

Wave number–spiral acoustic tweezers can generate 2D standing
SAWs by usingmodulated excitation signals with two frequencies. For
example, when the modulated excitation signals contain two frequen-
cies [ f1, f4], the first and fourth pairs of IDTs will be excited and then
generate orthogonal standing SAWs with wave numbers of k1 and k4
in directions of e1 and e4. As predicted by the analytical simulation
(Fig. 3A), the interference of orthogonal standing SAWs generates a
Fig. 2. Device design and characterization of the wave number–spiral acoustic tweezers. (A) A schematic of the designed proof-of-concept wave number–spiral
acoustic tweezers, which are composed of five pairs of IDTs divided into two groups. In each group, five IDTs are interlinked so that only two input channels are needed for
powering and controlling all the IDTs. If 2D standing SAWs are generated by two pairs of IDTs, then the resultant acoustic radiation force will trap micro-objects in the
potential wells. By adjusting the phases, amplitudes, and frequencies of excitation signals, we can dynamically reshape the wavefields of standing SAWs, thus achieving
dynamic and reconfigurable particlemanipulation. (B) A photo of a fabricated chip with five pairs of IDTs deposited on an X-cut LiNbO3 substrate. A disposablemicrofluidic
chamber is bonded on top of the substrate and filled with red dye for visualization. Y and Z are crystallographic axes for illustrating the orientation of the X-cut LiNbO3

substrate; x, y, and z are local coordinate axes as references for the wave number–spiral acoustic tweezers. The wave numbers (C), frequencies (D), and slowness values
(E) at different angles obtained from the experiment (red circles) agree well with their theoretical values (blue asterisks).
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Gor’kov potential field with 2D periodic peaks (at pressure antinodes)
and valleys (at pressure nodes). The pressure nodes are distributed in
the form of a 2D rectangular grid array, which can also be considered
as a 2D rectangular lattice having a rectangular unit cell with periods
of p/k1 and p/k4 in directions of e1 and e4.

More lattice configurations than the 2D rectangular lattice can be
achieved by using modulated excitation signals with other frequency
combinations. Figure 3 (B and C) plots analytical Gor’kov potential
fields of two other representative cases: when the modulated excita-
tions contain frequency combinations [ f1, f5] (Fig. 3B) and [ f3, f4]
(Fig. 3C). For these two combinations, the angles between generated
standing SAWs are 60° and 30°, respectively. The resultant potential
fields are on oblique lattices with different parallelogram unit cells that
have different edge lengths and interior angles. Microparticles in the
potential fields shown in Fig. 3 (A to C) can be expected to move to
potential valleys and become trapped there. Microparticle patterns in
multiple 2D lattice configurations can be expected to form by using
modulated excitations with different frequency combinations.

Figure 3 (D to F) shows experimental results for three represent-
ative frequency combinations [ f1, f4] (Fig. 3D), [ f1, f5] (Fig. 3E), and
[ f3, f4] (Fig. 3F). As expected, different 2Dmicroparticle patterns are
formed at potential valleys in different 2D lattice configurations. The
density of microparticles in Fig. 3F is higher than those in Fig. 3D
and Fig. 3E, which could be caused by the larger size of potential
wells in Fig. 3F and variations of seeding densities. The experimental
results in panels D to F of Fig. 3 agree well with analytical predictions
in panels A toC of Fig. 3 from the perspective of lattice configurations.
The agreement of analytical and experimental results verifies that the
wave number–spiral acoustic tweezers can patternmicroparticles in 2D
lattice configurations simply by using excitations with two frequency
components. Meanwhile, wave number–spiral acoustic tweezers can
control the 2D lattice configuration (such as edge lengths and interior
Tian et al., Sci. Adv. 2019;5 : eaau6062 31 May 2019
angles of unit cells) and achieve multiconfiguration 1D (section S5 and
fig. S6) and 2D patterning by properly selecting the frequency combi-
nation. In addition, for any frequency combinations, the lattice config-
urations can be analytically predicted (section S3).

On-chip cell patterning and culture
In addition to 1D and 2D multiconfiguration patterning of micro-
particles, experiments were performed to explore the potential appli-
cations of the wave number–spiral acoustic tweezers for on-chip cell
patterning and culture. For the proof of concept, two types of cells,
U937 and HeLa cells, were patterned using the fabricated device. To
maintain the optimal environment for cells, we placed the device in a
customized cell culture chambermounted on the stage of an inverted
optical microscope (see Materials and Methods).

The experimental results in Fig. 4 (A and B) show that the U937
cells suspended in fresh RPMI 1640 medium were successfully pat-
terned in 1D parallel and 2D rectangular lattice configurations. As
shown in Fig. 4A, cells can be patterned in parallel chains of single
cells. At some locations of Fig. 4B, it is also possible to distribute only
one cell per potential well. In addition to patterning U937 cells, we
performed experiments to pattern HeLa cells and then culture the
patterned cells in a disposable microfluidic chamber attached on
top of the SAW substrate. We injected the HeLa cells suspended in
fresh Dulbecco’s Modified Eagle Medium (DMEM) into the dispos-
able microfluidic chamber. After the cells were patterned under 1D
standing SAWs, the amplitude of SAWs was gradually decreased to
zero so that the patterned cells could settle down on the bottom
PDMS layer of the disposable microfluidic chamber. The cells grad-
ually adhered to the bottom PDMS layer while maintaining the orig-
inal 1D parallel pattern with some slight cell movements, as shown in
the optical microscopy images captured after 1 and 3 hours (Fig. 4, D
and E). At the end of 6 hours, the captured image (Fig. 4F) shows an
Fig. 3. Multiconfiguration 2D patterning of microparticles via wave number–spiral acoustic tweezers. (A to C) Simulated Gor’kov potential fields for wave
number–spiral acoustic tweezers, when excitation signals contain different frequency combinations [f1, f4], [f1, f5], and [f3, f4], respectively. (D to F) Experimental
results (optical microscopy images) taken for the three frequency combinations [f1, f4], [f1, f5], and [f3, f4], respectively. The experimental results show that micro-
particles are patterned on 2D lattices with different spatial periods, edge lengths, and interior angles. The blue parallelograms are used for illustrating unit cells of 2D
lattices. Scale bars, 100 mm.
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expanded cell pattern indicating the spreading of adhered cells, which
is caused by cell movement.

To examine the biocompatibility of our method, we performed cell
viability assays on cells under three conditions: without any treatment
(control), flowing through the acoustic tweezers (10 ml/min) without
SAWs, and flowing through the acoustic tweezers with SAWs [with
an excitation of 15 peak-to-peak voltage (Vpp) at 12 MHz]. Cell viabil-
ities were obtained by counting live/dead cells stained with calcein AM
(acetoxymethyl) and SYTOX orange (see Materials andMethods). The
test results in Fig. 4C indicate that viabilities are nearly identical among
these three conditions for both U937 and HeLa cells.

Dynamic manipulation and reconfiguration of 2D patterns
Dynamic, time-variant acoustic fields enable dynamic and reconfigur-
able particle/cell manipulation. With the capability to simultaneously
and independently control both the phases and amplitudes of SAWs
with multiple wave numbers in different directions, wave number–
spiral acoustic tweezers make it possible to dynamically manipulate
SAWwavefields and, thus, particle positions. Experiments were per-
formed using wave number–spiral acoustic tweezers to dynamically
manipulate and reconfigure 2D patterns of 10-mmpolystyrene beads.
Figure 5 (A to D) shows experimental results of four powerful dy-
namic capabilities, including pattern translation (Fig. 5A), pattern
transformation (Fig. 5B), pattern rotation (Fig. 5C), and parallelmerg-
ing (Fig. 5D).

Figure 5A shows that microparticles patterned on a 2D rectangu-
lar lattice are gradually translated in-plane (movie S1). The pattern
translation is carried out by gradually changing the phase difference
Dφ1 at frequency f1 in the modulated excitation signals with frequency
combination [ f1, f2] (fig. S7A). In addition, the 2D translation of other
patterns on oblique lattices is also possible, as proved by the analytical
study (section S3). Figure 5B shows that a 2Dmicroparticle pattern on
an oblique lattice with an interior angle of 60° is gradually transformed
Tian et al., Sci. Adv. 2019;5 : eaau6062 31 May 2019
to a different pattern on a rectangular lattice with an interior angle of
90° (movie S2). The pattern transformation is achieved by switching
the frequency combination from [ f1, f5] to [ f1, f4] (fig. S7B). Figure 5C
shows that the oblique angles ofmultiple beam-shapedmicroparticle
agglomerates on a 2D oblique lattice are rotated from 135° to 165°
simultaneously (movie S3). The pattern rotation is achieved by grad-
ually increasing the amplitude at frequency f4 and then decreasing the
amplitude at frequency f3 inmodulated excitation signals with the fre-
quency combination [ f3, f4] (fig. S7C). Figure 5D shows that three
pairs of microparticle agglomerates on an oblique lattice are merged
in parallel and become three larger particle agglomerates (movie S4).
The parallel merging is conducted through two steps (fig. S7D). First,
the frequency f1 is slightly increased by a small perturbation df so that
standing SAWs with a smaller wavelength can be generated and bring
the three pairs of agglomerates closer. Then, the frequency is restored
back to f1 with the phase difference shifted to Dφ1 + p so that the three
pairs can be merged in parallel and become three larger agglomerates.
Themaximumallowable velocity ofmoving a 10-mmpolystyrene bead
using our SAW-based acoustic tweezers is nearly 1600 mm/s (10),
which is limited by the capability of our power amplifier. For switch-
ing patterns of multiple particles, the fastest switching action needs
about 0.5 s using our acoustic tweezers. In the above, we have achieved
four dynamic behaviors, including pattern translation, pattern transfor-
mation, pattern rotation, and parallel merging, simply by modulating
the excitation signals of the wave number–spiral acoustic tweezers.

Dynamic manipulation of single microparticles
Wave number–spiral acoustic tweezers can control phases of SAWs
propagating in different directions, precisely, rapidly, and automat-
ically, thus enabling dynamic manipulation of single microparticles
with high precision, flexibility, and robustness. The principle for dy-
namic manipulation of single microparticles is illustrated in Fig. 6A.
The Gor’kov potential fields with acoustic radiation forces (small
Fig. 4. Cell patterning via wave number–spiral acoustic tweezers. The experimental results (optical microscopy images) show that U937 cells are successfully
arranged in (A) a 1D parallel pattern at the frequency f4, and (B) a 2D rectangular lattice with the frequency combination [f1, f4]. (C) For both U937 and HeLa cells,
viabilities are nearly the same among three conditions: without any treatment (“Control”), flowing through the device (10 ml/min) without SAWs (“Flow”), and flowing
through the device with SAWs with an excitation of 15 Vpp at 12 MHz (“Flow and SAW”). (D to F) Experimental results (optical microscopy images) after HeLa cells have
been patterned and cultured for 1, 3, and 6 hours. These results show that cells patterned by SAWs can be cultured in the disposable microfluidic chamber. Meanwhile,
the original pattern can be maintained with slight cell movements. Scale bars, 100 mm.
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arrows) generated by two orthogonal pairs of IDTs (denoted as pth
and qth pairs) are simulated for illustration purposes (Fig. 6A, top).
When phase differences change fromDφ toDφ+ dφ, the potential well
is shifted by a vector dx, and thus, a singlemicroparticle in the well can
be translated by dx. For two orthogonal pairs of IDTs, the relationship
between phase change dφ and spatial translation vector dx is derived
analytically (section S3) and summarized in Fig. 6A (bottom). For two
pairs of IDTs not orthogonal to each other, a more general relation
between dφ and dx is also derived (section S3).

On the basis of the relation of phase difference and trapping po-
sition described in Fig. 6A, single microparticles can be moved along
any desired path. When two orthogonal pairs of IDTs are turned on,
Tian et al., Sci. Adv. 2019;5 : eaau6062 31 May 2019
potential wells are generated in a 2D grid-like pattern and the target
microparticle will be driven to the closest potential well, where it is
then trapped. The trapped particle’s position is set as the coordinate
origin. The following dynamic single-particle translation can be per-
formed in three steps, as illustrated in Fig. 6B. First, the desired path
is spatially sampled to generate an array of points at coordinates
[x1, x2,⋯, xN]. Second, the coordinates are transformed to phase dif-
ferences [Dφ1,Dφ2,⋯,DφN] according to the relation given in Fig. 6A.
Third, the dynamic single-particle translation is executed by follow-
ing the predetermined phase differences and gradually modulating
them in excitation signals. We performed experiments using the wave
number–spiral acoustic tweezers to translate a 10-mm polystyrene bead
Fig. 5. Experimental results (optical microscopy images) for dynamic manipulation and reconfiguration of 2D microparticle patterns via wave number–spiral
acoustic tweezers. (A) Through phase control, microparticles on a 2D rectangular lattice are gradually translated in-plane, with the rectangular lattice configuration
unaffected. (B) Through frequency control, a 2D microparticle pattern on an oblique lattice is gradually transformed to a different pattern on a rectangular lattice. (C) Through
amplitude control, multiple beam-shaped microparticle agglomerates are simultaneously rotated from 135° to 165°. (D) Through frequency and phase control, three pairs of
microparticle agglomerates are merged in parallel and become three larger agglomerates. Scale bars, 100 mm.
Fig. 6. Dynamic manipulation of single microparticles via wave number–spiral acoustic tweezers. (A) The principle for dynamic manipulation of single micro-
particles. The Gor’kov potential fields with acoustic radiation forces (small arrows) generated by two orthogonal pairs of IDTs are simulated (top). When phase differ-
ences change from Dφ to Dφ + dφ, where Dφ = [Dφp, Dφq] and dφ = [dφp, dφq], the potential well is shifted by a vector dx, and thus, a single microparticle trapped in
the well is translated by dx. The relation of phase difference and trapping position is summarized in a table (bottom). (B) Dynamic single-particle translation along
desired paths can be performed through three steps. First, through spatial sampling, the desired path is converted to an array of points at coordinates [xn]N. Second, the
coordinates are transformed to an array of phase differences [Dφn]N. Third, the dynamic single-particle translation is executed by following the predetermined phase
differences and gradually modulating them in excitation signals. (C) Stacked optical images acquired during dynamic manipulation show that microparticles can be
translated along complex paths, and their trajectories precisely depict four letters: “D,” “U,” “K,” and “E.” Scale bar, 50 mm.
6 of 9
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along four different paths and write the letters “D,” “U,” “K,” and “E”
(movie S5). Figure 6C presents stacked optical images acquired during
the dynamic manipulation. The images show that the particle trajec-
tories precisely depict the four letters, even accounting for the curvature
of the letters “D” and “U.” In our experiment, the dynamic manip-
ulation is automatically performed by sequentially applying the pre-
determined phase differences through a function generator controlled
by a MATLAB program. Since changing the phase through a pro-
grammable function generator is very fast (less than 0.1 s), the speed
of moving a microparticle along a desired path is mainly determined
by the particle velocity driven by the acoustic radiation force. In addi-
tion, in order to ensure that the particle movement closely follows the
desired trajectory, the moving velocity should be stable. Our experi-
mental investigation shows that the allowable velocity with an error
less than 10% is nearly 15 mm/s for moving a 10-mmpolystyrene bead.
The experimental results demonstrate that wave number–spiral acoustic
tweezers can achieve precise dynamic manipulation of single micro-
particles simply by modulating the phase differences encoded in
the excitation signals.
DISCUSSION
In this study, we developed wave number–spiral acoustic tweezers
that can dynamically reshape SAW wavefields and thus achieve dy-
namic and reconfigurable particle/cell manipulation simply by mod-
ulating multitone excitation signals. The wave number–spiral design
offers frequency-based steerability, which allows the direction and
wave number of standing SAWs to be adjusted by tuning the excita-
tion frequency. Moreover, the wave number–spiral design introduces
another feature: SAWswith distinct frequency–wave number compo-
nents propagating in multiple directions can be controlled simulta-
neously and independently by using multitone excitation signals.
Both the phase and amplitude of SAWs in each direction can be pre-
cisely controlled by modulating the phase and amplitude at the cor-
responding frequency encoded in the multitone excitation signal.
With these features, multiconfiguration patterning, dynamic and re-
configurable manipulation, and many other functions are available in
a single device. Moreover, wave number–spiral acoustic tweezers have
automatic, robust, and flexible control simply by modulating multi-
tone excitation signals without using complex and costly electronics
like multichannel function generators and high-end programmable
electronics.

We developed an analytical model for wave number–spiral acous-
tic tweezers. This model considers multiple SAWs with different
frequency–wave number components propagating in different direc-
tions, allowing rapid simulations of the SAW wavefield, Gor’kov
potential field, and acoustic radiation force generated by the wave
number–spiral acoustic tweezers. As a result, this model can be used
as an efficient tool to explore the potential capabilities and design
possibilities of acoustic tweezers. The solutions for potential well dis-
tributions were derived through analytical studies, along with the rela-
tion between phase change and spatial translation vector. The analytical
solutions can be used not only for predicting the potential well patterns
but also for guiding the dynamic manipulation process and design of
acoustic tweezers. Moreover, using our analytical model, we found a
new type of single potential well, multitone potential wells, which are
formed by minimizing the multitone SAWs. The single well is present
at the global potential minimum, which is surrounded by other local
potential minima. Because the potential gradient toward the global
Tian et al., Sci. Adv. 2019;5 : eaau6062 31 May 2019
minimum is steeper than the gradients toward local minima, the
acoustic radiation force driving particles to the global potential
minimum is higher than the forces driving particles to the local po-
tential minima. This means that particles are easier to trap at the
global minimum by using the same input power for exciting IDTs.
As the acoustic radiation forces toward the local minima become
stronger with larger input power, the chance that particles fall into
local minima will increase. By introducing the subarray concept to
wave number–spiral acoustic tweezers, our acoustic tweezers are able
to generate two independent multitone potential wells using two
subarrays. The position of each potential well can be independently
controlled by properly modulating the phase differences of the cor-
responding subarray.

Through proof-of-concept experiments, we demonstrated mul-
tiple functions using a single device, including multiconfiguration
1D and 2D patterning, on-chip cell patterning and culture, dynamic
manipulation and reconfiguration of 2D patterns, and dynamic trans-
lation of single microparticles along complex paths. Wave number–
spiral acoustic tweezers also increase the functionality of a single device
because of the ability to dynamically reshape the SAW wavefields to
various distributions. In addition, the fabricated device used in our
experiments provides twomore attractive features for practical imple-
mentations. A rosette-shaped IDT cluster with multiple interlinked
IDTs only requires one input channel for powering and independently
controlling all the IDTs in the cluster. Moreover, we designed a dis-
posable microfluidic chamber with two-layer PDMS that can be peeled
off and disposed of after each test, allowing reuse of the substrate to
avoid cross contamination between different tests. The energy of SAWs
in the substrate can directly transmit into the microfluidic chamber
without coupling agents like water, oil, or other ultrasonic couplants.

Our work with wave number–spiral acoustic tweezers moves one
step forward toward developing dynamic acoustic tweezers that can
achieve more sophisticated operations and functionalities with lower
requirements on system complexity and electronics. We believe that
the wave number–spiral design will advance a wide range of applica-
tions, like bioprinting, fabrication of cell assemblies, cell-cell interac-
tions, single-cell analysis, biosensing, and microscale assembly.
MATERIALS AND METHODS
Device fabrication
A schematic and a photo of the fabricated wave number–spiral acoustic
tweezers are given in Fig. 2 (A and B). Five pairs of IDTs were deposited
on an X-cut LiNbO3 substrate (thickness, 500 mm and double side pol-
ished) using standard lithography, evaporation, and lift-off techniques
(16). As shown in Fig. 2, each IDT covers 30°. In the directions −60° to
−30° and 120° to 150°, there are no IDTs, since SAWs are very weak in
these directions because of the anisotropic properties of the LiNbO3

substrate. In addition, all the IDTs are divided into two groups. In each
group, five IDTs are linked, forming a rosette-shaped IDT cluster, such
that only two input channels are needed for powering and controlling
all the IDTs.

The disposable microfluidic chamber (fig. S8A) is composed of two
layers of PDMS, including a top layer with a microfluidic chamber
(height, ~60 mm) and a thin bottom layer (thickness, ~30 mm) for
sealing the chamber. The top layer was fabricated through standard soft
lithography and mold-replica techniques (fig. S9, A to D). To fabricate
the bottom layer, a thin layer of PDMSmixture was coated on a silicon
wafer through spin coating (fig. S9E) and then baked at 65°C for 20min.
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After that, the top layer was placed on the bottom layer with the open
chamber facing downward and baked at 65°C for 40 min to bond the
two layers together and seal the chamber (fig. S9F). The sealed chamber
was peeled off from the silicon wafer and cut to the desired size for use
(fig. S9G).

Before each test, a sealed microfluidic chamber was bonded on the
LiNbO3 substrate with IDTs (fig. S8B). The bonding was performed in
three steps. First, a drop of ethanol was added on the substrate. Then,
the chamber was placed at the desired location. Last, the substrate with
a chamber on top was baked at 65°C for 10 min. After these three
steps, the chamber was successfully bonded on the substrate but could
also be peeled off without damaging the substrate (fig. S8C). Hence,
after each test, we removed and disposed the chamber to make it pos-
sible to reuse the substrate and avoid cross contamination between
different tests. In addition, the energy of SAWs in the substrate could
directly transmit into the microfluidic chamber through the thin bot-
tom PDMS layer without using any additional coupling agents such as
water, oil, or other ultrasonic couplants.

Experimental setup
The fabricated acoustic tweezers chip wasmounted on the stage of an
inverted optical microscope (TE2000-U, Nikon) with a disposable
microfluidic chamber attached on top.Microparticles/cells were infused
into the chamber through a 1-ml syringe (309659, Becton Dickinson)
by an automated syringe pump (neMESYS, CETONI). The SAW ex-
citation signals were generated by a two-channel arbitrary function
generator (AFG3102C, Tektronix), amplified to 15Vpp throughpower
amplifiers (25A250A, Amplifier Research), and then sent to the IDTs
to generate SAWs.Note that the function generator was controlled by a
MATLAB program to achieve rapid, precise, and automatic manipu-
lation of SAW wavefields, along with manipulation of microparticles/
cells in the microfluidic chamber. In addition, the MATLAB program
made it possible to generate a multitone signal in which the amplitude,
phase, and delay time of each tone could be preciselymodulated. Images
and videos were taken by Nikon imaging software (NIS-Advanced,
Nikon) through a charge-coupled device digital camera (CoolSNAP
HQ2, Photometrics).

Microparticle and cell sample preparation
Polystyrene beads (10 mm;Bangs Laboratories Inc.) were suspended in
deionized water to an approximate concentration of 1 × 106 ml−1.
U937 cells [purchased from the American Type Culture Collection
(ATCC)] were cultured in RPMI 1640 medium (Gibco, Life Technol-
ogies) containing 10% fetal bovine serum (Gibco, Life Technologies)
and 1% penicillin-streptomycin (Mediatech). HeLa cells (purchased
fromATCC)were cultured inDMEM(Gibco, Life Technologies) con-
taining 10% fetal bovine serum (Gibco, Life Technologies) and 1%
penicillin-streptomycin (Mediatech). Both the U937 and HeLa cells
were maintained in a cell culture incubator (Nu-4750, NuAire) with
a temperature of 37°C and a CO2 level of 5%. Before each experi-
ment, U937 (or HeLa) cells were harvested and resuspended in fresh
RPMI 1640 medium (or DMEM) to an approximate concentration
of 1 × 106 ml−1.

On-chip cell culture
A fabricated acoustic tweezers device with a microfluidic chamber
attached on top was placed in a customized cell culture chamber
(INUBTFP-WSKM-GM2000A, Prior Scientific) mounted on the
stage of an inverted optical microscope (TE2000-U, Nikon). For bet-
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ter adhesion of HeLa cells, the microfluidic chamber was precoated
with fibronectin (50 mg/ml; Extracellular Matrices, Corning) at 4°C
for 24 hours. Throughout the experiment, the temperature and CO2

level inside the cell culture chamber were maintained at 37°C and
5%, respectively. A humid environment necessary for cell culture
was maintained by evaporating deionized water in the chamber.

Cell viability
Cell viability assays were performed on cells under three condi-
tions: without any treatment (control), flowing through the device
(10 ml/min) without SAWs, and flowing through the device with SAWs
(with an excitation of 15 Vpp at 12MHz). For each condition, live/dead
cell staining was conducted using calcein AM for live cells and SYTOX
orange for dead cells (Molecular Probes, Life Technologies). The cell
viability was obtained by counting live and dead cells. Cells were
counted as dead if they showed any amount of SYTOX orange stain.
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