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We demonstrate acoustic tweezers used for disposable devices. Rather than forming an acoustic resonance, we locally transmitted standing surface acoustic waves into a removable, independent polydimethylsiloxane (PDMS)-glass hybridized microfluidic superstrate device for micromanipulation. By configuring
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and regulating the displacement nodes on a piezoelectric substrate, cells and particles were effectively patterned and transported into said superstrate, accordingly. With the label-free and contactless nature of
acoustic waves, the presented technology could offer a simple, accurate, low-cost, biocompatible, and disposable method for applications in the fields of point-of-care diagnostics and fundamental biomedical
studies.

Introduction
Manipulating micro-objects, such as cells and particles, is
critical in fundamental biological studies, biomedical diagnostics and therapeutics.1–4 Micro-object manipulation can
also play many key roles in the identification of common
pathologies which plague developing countries. For example,
separation and enrichment of immune cells or infected cells
from a sample of whole blood or sputum has diagnostic
implications for a plethora of diseases such as tuberculosis
(TB) and asthma. Similarly extraction of particles from different reagents is needed in point-of-care identification of
pathologies such as human immunodeficiency virus (HIV).5–7
Particularly, in the developing world, medical devices using
cell/particle manipulation need to be simple, accurate, lowcost, disposable, and portable.7,8
Acoustic tweezers are an attractive approach to manipulate
suspended micro-objects such as cells and microparticles
using acoustic waves.9–11 Gentle mechanical vibrations, generated by acoustic transducers, induce a pressure field to
move micro-objects in a contactless, label-free, and
contamination-free manner. Recently, both bulk acoustic
wave (BAW) and surface acoustic wave (SAW) based
approaches have shown their prowess in the manipulation of
macro- to nano- scale objects, regardless of an object's optical
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or electrical properties.10,12–14 A wide range of applications in
static or continuous flow such as manipulating cells, moving
organisms, aligning protein crystals, and patterning nanomaterials have been demonstrated by either BAW or SAW
tweezers.15–29 However, expanding the applications for acoustic tweezers is still limited by the complexity of device fabrication: a typical BAW-based microfluidic device is made of
materials such as silicon and glass, which are challenging to
implement with existing fast-prototyping methods, such as
soft lithography. Although SAW microfluidics offer an attractive alternative by directly bonding polydimethylsiloxane
(PDMS) microfluidic channels onto a piezoelectric substrate
with interdigital transducers (IDTs),30–35 concerns still
remain with the relatively high-cost and low-reusability of the
piezoelectric substrate.
A superstrate, as defined here, is a disposable device which
separates sample-handling units from excitation piezoelectric
transducers, and will alleviate prior concerns for acousticwave-generating units. In a typical superstrate device, the traveling SAW is generated as an excitation source by a reusable
SAW substrate, which usually is made with lithium niobate (a
relatively expensive single piezoelectric crystal wafer). Then,
this traveling wave transmits through a fluid-coupling layer
and propagates toward a disposable superstrate. Devices with
superstrates have been introduced into many diagnostic and
analytical practices. For instance, droplet mixing, droplet
rotating, and liquid pumping were achieved by coupling a
superstrate such as a glass substrate, a silicon phononic crystal, or a microfluidic device.36–41 In addition, particle or cell
trapping was accomplished in an SU8-glass composite microfluidic device from an acoustic resonance excited by a traveling SAW.42 However, dexterous cell/particle manipulation has
yet to be demonstrated using a low-cost, simple, disposable
superstrate device.
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In this work, we developed reusable acoustic tweezers to
realize acoustic manipulation of cells or particles with a SAW
platform and disposable superstrate devices. A typical PDMSglass microfluidic device was used as the superstrate, because
plastic and polymer materials such as PDMS, polyethylene, or
polycarbonate have been widely used to make disposable
devices due to advantages including low cost, simple fabrication, and rapid prototyping.43 However, soft materials, such
as PDMS, usually have a high acoustic attenuation coefficient, significantly absorbing the acoustic energy, which
make it difficult to form an acoustic resonance.44,45 To
address this, we replaced traveling SAWs with standing SAWs
(SSAWs) as an excitation source. By locally transmitting
SSAWs into the superstrate, cells or particles are manipulated
in a disposable device. Our method relies on the regulation
of displacement nodes in a piezoelectric substrate to conduct
cell/particle manipulations. In comparison with the acoustic
resonator approaches,42,46 our method can provide a more
dexterous control of the acoustic field in the disposable
device, which can be employed for all on-chip manipulations
such as trapping, patterning, separating, sorting, and transporting. It offers a simple, low-cost, versatile, and disposable
strategy for clinical diagnostics and fundamental biomedical
studies.

Working mechanism
Fig. 1a illustrates the working mechanism of the reusable
acoustic tweezers on a disposable superstrate device. The
apparatus includes a SAW substrate and a disposable PDMSglass device, which were assembled together with a thin layer
of coupling gel (Fig. 1b). The SAW substrate is a lithium niobate (LiNbO3) piezoelectric material coated with a pair of
paralleled interdigital transducers (IDTs) or two pairs of
orthogonally arranged IDTs. One-dimensional or twodimensional SSAWs can be generated by activating the SAW
substrates. The SSAWs propagate on the surface of the substrate and introduce a distribution of pressure nodes between
the IDTs. These SSAWs locally propagate into the top layer of
coupling gel, and then transmit through the glass substrate
entering the microfluidic chamber. Once the transmitted
acoustic waves meet with liquid, a pressure field is formed in
the PDMS-glass chamber. As a result, the cells and particles
injected into the disposable device will be trapped to positions above the displacement nodes on the SAW substrate.
After an acoustic manipulation experiment, the PDMS-glass
device can be easily removed from the SAW substrate.
Another disposable device can be subsequently assembled
onto the same SAW substrate, which can be done by adding
another drop of coupling gel without any need to clean the
SAW substrate. In addition, cells and particles can be trapped
and manipulated into different patterns or transported by
regulating the configuration or the location of the displacement nodes on the SAW substrate.
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Fig. 1 Acoustic tweezers on a disposable device. (a) Schematic of our
coupling method: a disposable microfluidic device can be coupled
onto a SAW substrate with a thin layer of coupling gel. After an
acoustic manipulation experiment, the disposable device can be
removed, and the SAW substrate can be reused for another
manipulation experiment. (b) Image of the disposable devices and the
SAW substrate.

Methods
To fabricate a SAW substrate we first chose 128° YXpropagation LiNbO3 (500 μm thick, double-side polished) as
the piezoelectric substrate. IDT fabrication followed the standard soft-lithography and lift-off technique. The LiNbO3
wafer was spin-coated with a 7 μm thick photoresist layer
(SPR3012, MicroChem, USA). Then, the designed IDT patterns (40 electrode pairs with wavelengths of 150 μm, 200
μm, 300 μm, 400 μm, respectively) were transferred from the
mask to the substrate by UV exposure and developed in a
photoresist developer (MF CD-26, Microposit, USA). After
depositing metal layers (Cr/50 Å, Au/600 Å) by e-beam evaporation (RC0021, Semicore, USA), IDTs were obtained with a
lift–off process. To make a PDMS-glass device, a single-layer
PDMS channel was created by standard SU8 soft-lithography.
After drilling holes for an inlet and outlet with a puncher (0.6
mm diameter, Harris Uni-Core, USA), the molded PDMS was

This journal is © The Royal Society of Chemistry 2015

View Article Online

Published on 28 October 2015. Downloaded on 29/11/2015 20:20:06.

Lab on a Chip

bound to a piece of cover glass (100 μm thick) by oxygen
plasma treatment (PDC001, Harrick Plasma, USA). The
superstrate-SAW substrate composite device was made by
directly bonding the PDMS-glass hybridized microfluidic
superstrate to SAW substrate with oxygen plasma treatment
(PDC001, Harrick Plasma, USA).
The disposable PDMS-glass device was assembled on top
of a SAW substrate with a layer of coupling gel, and fixed
with metal clamps. The uncured UV epoxy (NOA 61, Edmund
Optics Inc, USA) was chosen as the coupling material to
introduce the acoustic waves from the substrate to the above
device. In comparison with water or KY gel or other coupling
materials, UV epoxy can offer a lower evaporation rate and a
better coupling performance.
In the particle manipulation experiment, the device
assembly was mounted on the stage of an inverted microscope (TE2000U, Nikon, USA). Solutions of 10 μm diameter
polystyrene particles (Bangs liberates Inc, USA) were injected
into the microfluidic chamber of the disposable device by a
syringe pump (KDS210, KD Scientific, Germany) before turning on the acoustic field. Two independent radio frequency
(RF) signals, generated by a double channel function generator (AFG3102C, Tektronix, USA), were amplified with two
amplifiers (25A100A, Amplifier Research, USA). These signals
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were applied to IDTs individually in order to generate SSAWs
and achieve phase control. The motion of particles were
monitored or recorded with a CCD camera (CoolSNAP HQ2,
Photometrics, USA). In the cell patterning experiment, a
cooler plate (CP-31, TE Technology, USA) was used to control
the temperature during SSAW exposure. Solutions of HeLa S3
cells (CCL-2.2, ATCC, USA) were injected and patterned in the
same way as the particles. Images were acquired through an
upright microscope (SMZ1500, Nikon, USA) with a CCD camera (DS-L2, Nikon, USA). The input voltages on the devices
were 20–75 Vpp for manipulating polystyrene beads, and 40–
50 Vpp for patterning HeLa S3 cells.

Results and discussion
Demonstration of SSAW coupling
To develop a disposable device based on the acoustic tweezer
platform, we introduced SSAWs into a superstrate containing
a PDMS-glass microfluidic device. Before the coupling experiment, the distribution of displacement nodes on the SAW
substrate were tested using a pair of parallel IDTs with a
wavelength of 300 μm along the X axis of a 128° YXpropagation LiNbO3 substrate. Fig. 2a shows a twodimensional map of the transversal vibration distribution

Fig. 2 Characterization of local SSAW transmission. (a) 2D map of the transversal vibrations on the LiNbO3 substrate with a pair of parallel IDTs
using a wavelength of 300 μm. The red and blue colors indicate the displacement antinodes on the substrate, and the green color indicates the
displacement nodes. (b) 10 μm polystyrene particles were patterned into parallel lines with an interval distance of 150 μm by coupling 1D SSAWs
with a wavelength of 300 μm. (c) The plot of spatial distribution of displacement node on the substrate (red circles) and particles patterning
distribution in the disposable device (black curve) match with each other. The red circles show the distribution of the vibration amplitude, and the
locations with a vibration amplitude of approximately zero indicate the displacement nodes on the substrate. The black curve indicates the
location of patterned particles. (d) By using the same disposable device, 10 μm polystyrene particles were patterned into parallel lines with an
interval distance of 75 μm by coupling 1D SSAWs with a wavelength of 150 μm. Scale bar: 100 μm.
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after applying a RF signal (12.99 MHz, 34.5 Vpp) to the IDT
pair. The cross section of the 2D map as a sine wave presents
the transversal vibration amplitude distribution along the
wave propagation direction. The peak (red) and trough (blue)
of the sine wave indicate the displacement antinodes, while
the stable points on the substrate (green) show the displacement nodes.
Then, we employed the same SAW substrate for our coupling experiment. After assembling the disposable microfluidic device onto the SAW substrate, 10 μm polystyrene particles were injected into the microfluidic chamber. All the
particles were driven and trapped into the parallel lines with
an interval distance of 150 μm as the half-wavelength of the
excitation wave when applying an excitation frequency of
12.99 MHz (Fig. 2b). We compared the spatial distribution of
patterned particles (black curve) in the disposable device with
the displacement nodes (red circles) on the SAW substrate
(Fig. 2c), which match well. In addition, we coupled the same
disposable device onto a SAW substrate with a pair of parallel
IDTs using a wavelength of 150 μm. All the particles were
similarly patterned in parallel lines with an interval distance
of 75 μm in the disposable device, when applied a 23.33 MHz
and 34.5 Vpp RF signal (Fig. 2d). By coupling the same disposable devices onto the SAW substrate with a wavelength of
200 μm or 400 μm, the particles were patterned into parallel
lines with an interval distance of half-wavelength of the excitation waves, respectively. These patterning results at different excitation wavelengths indicate that the interval distance
depends on the wavelength of the excited SSAW rather than
the resonant frequency of the disposable device. Therefore,
we can achieve dexterous manipulations by controlling the
displacement nodes on the SAW substrate, regardless of
chamber dimensions and channel materials.

Quantitative study of the reusable acoustic tweezers
We further conducted experiments to quantitatively study our
coupling method. In this experiment, we assembled a PDMSglass device on a SAW substrate with a wavelength of 300
μm. 10 μm polystyrene particles were injected and randomly
distributed into the microfluidic chamber. Then, we applied
a RF signal with a frequency of 12.99 MHz and an input voltage of 50 Vpp to the IDTs. All the particles were patterned
into parallel lines. During the process, the particles experienced an acoustic radiation force and a Stokes drag force,
which drove the particles along the direction of wave propagation. The velocity of the particles reveals the acoustic radiation force. A video of the moving particles was recorded at
this input voltage. The trajectory of single particles are shown
in Fig. 3a, and the velocity of single particles were analyzed.
Then, we applied RF signals with the same frequency under
five different input voltages (29.1, 37.2, 45.8, 59.4, and 75.0
Vpp) after injecting new particles into the same device configuration each time. Each experiment under a given input voltage was repeated three times. The velocity of particles were
measured and plotted in Fig. 3b.
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Fig. 3 Quantitative study of the reusable acoustic tweezers. (a) The
particles were driven to a parallel line pattern via a coupled SSAW with
particle trajectories shown by blue lines. (b)–(c) The velocity of
particles in (b) a disposable acoustic tweezers device and (c) a directly
bonded device were plotted under different input voltages (29.1, 37.2,
45.8, 59.4, and 75.0 Vpp). Scale bar: 100 μm.

In addition, we also performed the patterning experiment
with a directly bonded acoustic tweezers device (PDMS layer
is directly bonded to the piezoelectric substrate, without the
glass substrate shown in Fig. 1a). This device contains the
same PDMS chamber and SAW substrate as used with the
superstrate technique, with a wavelength of 300 μm. When
a 12.99 MHz signal was applied to the IDTs with five different input voltages (29.1, 37.2, 45.8, 59.4, and 75.0 Vpp), the
velocities of the particles under different input voltages
were obtained as shown in Fig. 3c. The velocity results indicate an 85% to 90% loss of the coupled device's velocity
when compared to the directly bonded device. However, the
coupling method can provide a 10 μm polystyrene particle
with an acoustic radiation force around several to tens of
pN, which is large enough for many micromanipulation
applications.
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Moving a single particle using the reusable acoustic tweezers
In order to transport cells or particles, we used a phase shift
strategy to manipulate the location of the pressure nodes. By
adjusting the relative phase angle lag (Δϕ) of the RF signals
applied to a pair of IDTs, the displacement nodes on the
SAW substrate can be moved a distance (ΔD) along the perpendicular direction to the IDTs. As a result, the SSAW transmitted through a glass substrate can transport a trapped particle at the same distance and along the same direction
(Fig. 4a). The transported distance can be given as ΔD = (λ/
4π)Δϕ.47 For example, the trapped particles can be moved
with a distance of λ/4 by a relative phase angle lag of π. In
Fig. 4b, a single 10 μm polystyrene particle was trapped with
a SSAW of wavelength 300 μm, and moved 150 μm by gradually tuning a relative phase angle from 0 to 2π.
Manipulating cells using the reusable acoustic tweezers
In addition to particle patterning and transportation, we further explored our reusable acoustic tweezers with cell manipulation. We assembled a PDMS-glass microfluidic chip onto a
SAW substrate with two orthogonally arranged parallel IDT
pairs. A HeLa S3 cell suspension was injected into the PDMSglass microfluidic chip. Without an acoustic field, all the
cells were randomly distributed. Once a two-dimensional
acoustic field was applied, the cells were trapped into a dotlike array (Fig. 5a). The patterned cell assemblies were
dropped onto the glass substrate (coated with fibronectin) of

Fig. 4 Transportation of a single particle using the reusable acoustic
tweezers. (a) Schematic of particle transportation with phase angle
shift using our SSAW coupling approach. (b) A single particle was
moved by tuning a relative phase angle lag from 0 to 2π using a
coupled SSAW. Scale bar: 100 μm.

This journal is © The Royal Society of Chemistry 2015

Fig. 5 Cell manipulation using of the reusable acoustic tweezers. (a)
Images of 2D cell patterning with coupling method (without and with
SSAW field). (b) Time-lapsed images of trapped cells (HeLa S3) in a disposable device after being trapped, removed from the LiNbO3 substrate, and cultured in the incubator for a half-hour. (c) Cell viability
test using WST-1 assay. HeLa cells were treated through the disposable
device with or without coupled SSAWs or incubated at 65 °C for 1
hour. Cells without treatment or culture medium were used for a positive or negative control. Scale bar: 50 μm.

the PDMS-glass microfluidic chip by removing the acoustic
field. Within 20 minutes, all the cells began to attach onto
the glass substrate. The PDMS-glass microfluidic chip was
removed from the SAW substrate with the cell patterns well
preserved. As a result, the cells in the disposable device can
be cultured in a normal cell culture incubator. We recorded
the images of a target cell assembly every 5 minutes. Fig. 5b
shows that the cells were adhered to the glass substrate, and
started to undergo a spreading of morphology within a halfhour of incubation.
To exam the biocompatibility of our method, WST-1 assays
were conducted to measure the viability of cells after acoustic
treatment. We chose culture medium (first bar) and cells
without any treatment (last bar) as a negative and positive
control, respectively. Fig. 5c shows that cells treated at 65 °C
for 1 hour (second bar) has a similar absorbance value as the
culture medium (lower than 0.2); and the cells passed
through the disposable device with (third bar) or without
(fourth bar) coupled SSAWs have a similar viability as the
positive control (between 1.6 and 1.8). The p-values between
the groups of the disposable device with or without coupled
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SSAWs and the positive control were calculated as 0.2150 and
0.7139, respectively. Both p-values are larger than 0.05, which
indicates that our method has minimal impact on the cell
viability.
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Conclusions
We present a reusable acoustic tweezer technology which
introduces a SSAW field into a disposable PDMS-glass
device. Our platform technology can trap suspended microobjects for patterning with a tunable geometry or transportation through phase shifts. The successful application of
our approach is demonstrated by manipulating and culturing cells in a disposable device with confirmed cell viability. Based on the disposable, contactless, and label-free
acoustic tweezers, our approach offers a simple, low-cost,
and biocompatible method for manipulating cells and particles which can be integrated into various micro total analytical systems (μTAS), particularly in point-of-care
diagnostics.48–50
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