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High frequency acoustic on-chip integration for particle characterization

and manipulation in microfluidics
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This letter presents a microfluidic device that integrates high frequency (650 MHz) bulk acoustic
waves for the realization of particle handling on-chip. The core structure of the microfluidic chip is
made up of a confocal lens, a vertical reflection wall, and a ZnO film transducer coupled with a
silicon substrate for exciting acoustic beams. The excited acoustic waves propagate in bulk silicon
and are then guided by a 45° silicon mirror into the suspensions in the microchannel; afterwards,
the acoustic energy is focused on particles by the confocal lens and reflected by a reflection wall.
Parts of the reflected acoustic energy backtrack into the transducer, and acoustic attenuation
measurements are characterized for particle detection. Meanwhile, a strong acoustic streaming phe-
nomenon can be seen around the reflection wall, which is used to implement particle manipulation.
This platform opens a frontier for on-chip integration of high sensitivity acoustic characterization
and localized acoustic manipulation in microfluidics. Published by AIP Publishing.

https://doi.org/10.1063/1.5003414

Commercialized acoustic sensors in medicine have
made great progress in the past few decades. The representa-
tive ultrasound probe based devices are ultrasonography,' d-
mode ultrasonic diagnostic apparatus,” and scanning acoustic
microscopy.® Otherwise, ultrasonic methods are particularly
applicable to cell tests and medical diagnosis, because the
acoustic technique can implement a gentle way to biological
samples in a non-contact mode and characterize their stiff-
ness. Benefiting from this characteristic, scientists integrate
acoustic modulus into microelectromechanical system
(MEMS) devices for faster cost effectiveness, response time,
and mass production capability. In recent years, microflui-
dics platform has a booming development in clinical diagno-
sis and new drug screening, due to the unique advantages of
fast-response, real time, high sensitivity, and low cost detec-
tion and analysis.* The acoustic-microfluidic chip technique
is developed for on-chip specimen detection and manipula-
tion, which combines both the advantages of ultrasonic
technology and miniaturized platform. The highly integrated
platform shows great abilities for precise manipulation of
tiny samples in biology (proteins, cells, and micro-organisms
on the micrometer scale) and in-situ detection analysis.

Currently, the acoustic-microfluidics applications are
mainly two parts: acoustic sensors for signal processing and
acoustic actuators for sample preparation. The acoustic
bio-sensing applications concerned with quartz crystal micro-
balance (QCM) sensors’ and surface acoustic wave (SAW)
based sensors.® These types of acoustic detectors require no-
labeling of buffer media and avoid photo-bleaching.’
However, the test sample has to be coupled on the surface of
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the oscillating crystal, and the detection distance is limited to
the close vicinity of the sensor surface. Then, the flexibility
of the active area and sample concentration are restricted. On
the other hand, the acoustic actuators are implemented for
fast actuation of fluids® and efficient manipulation of objects
on the micro/nano-scale (particles, cells, and organisms).” So
far, the principal means for the on-chip actuator modulus con-
cludes: bulk standing acoustic wave (BSAW),IO’11 surface
standing acoustic wave (SSAW),'%!? and traveling surface
acoustic wave (TSAW) induced acoustic streaming.m_16 The
standing wave methods critically depend on the compressibil-
ity contrast and size of samples, so the sub-micron particle
manipulation lacks high sensitivity on account of the limita-
tion of the channel width and acoustic wavelength, while the
surface acoustic streaming technique can actuate objects
independent of these properties. Therefore, this technique is
potentially suitable for driving sub-micron particles, for
instance, microvesicles, bacteria, and virus. But the high fre-
quency surface acoustic device is hard to be fabricated in sili-
con based substrates, which restricts the cost reduction and
high integration. Furthermore, as traditional diagnostic tests
are commonly implemented at central laboratories with
bench-top analyzers, the acoustic integrated device shows
potential for cancer cell detection in the future.'®

Herein, we introduce a high frequency bulk acoustic
modulus (650 MHz) integrated microfluidic chip for acoustic
characterization and focused acoustic streaming actuation.
The acoustic beams propagate through the silicon substrate
and are focused into the microchannel. In the lens micro-
channel, particles are detected when passing through the
focus area. In the T shape focused channel, strong acoustic
streaming is performed for particles’ fast mixing and screen-
ing. Therefore, this work demonstrates a feasible integration

Published by AIP Publishing.
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(a)

of localized acoustic sensors and actuators in the same
microsystem.

For acoustic detection, a reflection mode is designed
with a reflection plane placed in the focused plane of the
lens, as shown in Fig. 1(a). The acoustic platform is made up
of five parts: (1) a 45° silicon mirror plane structure for
acoustic wave guiding; (2) a gold film as a matching layer
deposited on the 45° mirror; (3) a microchannel with a cylin-
drical structure for particle detection and actuation; (4) a
ZnO film used as a transducer for acoustic beam emitting
and receiving; and (5) Polydimethylsiloxane (PDMS) bond-
ing on silicon for device package. The propagated acoustic
beams in silicon are reflected by the 45° mirror so that the
direction of the beams is parallel to the flat of silicon wafer.
Experimental details can be found in our precious work.'” A
gold film is deposited on surfaces of 45° mirrors to avoid
mode conversion in acoustic reflection. In our case, a 1.2 um
thick gold film is matched for 500 MHz central frequency
because lower frequency is better for acoustic manipulation
due to lower acoustic attenuation and then most longitudinal
wave energy can be kept in the wave propagation.'®'® For
acoustic actuation, a T-design is chosen to push the particles
in an orthogonal direction, as shown in Fig. 1(b). A 650 MHz
frequency is used considering the frequency dependent
parameters, which represents the best compromise. When
the acoustic beam is focused, the dimensions of the spot in
the focal plane are in the range of the wavelength. In this
range of frequency, the wavelength in water is of a few
microns (1.5 um at 1 GHz). After waveguiding, the acoustic

(a) f
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FIG. 1. Schematic diagram of the
microsystem for excited acoustic beams
propagating in bulk silicon, reflected by
the 45° mirror, focused in the confocal
lens within the microchannel, and
reflected by the reflection wall and then
backtrack. (a) Acoustic characterization
for particle detection and (b) acoustic
manipulation for particle mixing and
separation. Blue planes/arrows indicate
the transmission paths of the generated
acoustic waves, and red planes/arrows
indicate the reflection paths of the
reflected acoustic waves.

beams transmit to the lens and focused into the particles-
deionized (DI)-water suspension within the microchannel.
The acoustic energy is absorbed by water and particles prior
to the reflection by the silicon reflection wall, and then the
beams backtrack to the transducer and are characterized.

Figure 2 shows the geometry design of the lens and ZnO
transducer. ZnO thin films are easy to obtain and to integrate
within the microfluidic chip by simple sputtering and lift-off
processes. Particularly, the thicknesses of the ZnO film we
can reach (~4 um) make it possible to work in this high fre-
quency range. The paraxial acoustic focal length of the lens,
as in the case of optical lens, the paraxial acoustic focal dis-
tance, is given by

n

f= R, ey

n—1

where f is the focus length measured from the top of the lens,
n is the relative acoustic index, n = %:5.7, vsi = 8432 m/s is
the longitudinal acoustic velocity in silicon, and v, = 1482 m/
s is in water at 20 °C.

Making use of the geometry relationship, the aperture
width A can be deduced from A =2Rsinf. The length of the
transducer is equal to the aperture so that all of the generated
acoustic beams can be focused by the lens. The length of the
transducer is linked to the aperture of the lens, while the
width of the transducer is linked to the depth of the micro-
channel. In our design, the width of the transducer is fixed to
be 120 um and the area S = 55080 um? has been planned in
order to match the real part of electrical impedance of the

Reflection wall

/T\

Lens in microchannel
457 mirror Transducer

R 7" onback side

180 um

FIG. 2. Scheme of the acoustic wave transmission through an acoustic lens. (a) Structure chart of the cylindrical lens and (b) photo of the 45° mirror-lens sys-
tem. The width of the reflection wall is 30 um. R is the radius of lens, 0 is the angle of aperture, a is the aperture, C is the center of the curvature, and F is the

focus. The length of the transducer is the same as that of the aperture.
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TABLE I. Geometrical parameters of the cylindrical lenses and correspond-
ing real parts of the impedance of the ZnO film transducer at 650 MHz.

Lens radius R (um) 80 100 120 150
Angle of curvature 0 (°) 60 60 60 60
Focal length F (um) 97 121 146 182
Aperture A (um) 139 173 208 260
Transducer area (um?) 16560 20760 24960 31200
Real part impedance (Q) 165.5 132.5 110.3 88

transducer. Setting at the resonance frequency f. =650 MHz
for the ZnO film and using the formula

A 11
R(fr):?rz—]c—o?frv ()

where C, is the static capacitance of the transducer. The real
part impedance of transducer R(Q) for different lens can be
calculated, as shown in Table 1.

For acoustic excitation integrated in the microsystem, the
incident acoustic wave undergoes various losses from the
transducer to the liquid in the channel. These losses include
acoustic diffraction along with propagation, absorption of
acoustic energy by the liquid, and reflection losses on the
interface of silicon/air/liquid. The propagation loss is a key
parameter for the acoustic platform which can determine the
useful signal to the noise ratio. The Vector Network Analyzer
(VNA, Rohde&Schwarz ZVAS8) was used to measure the
complex response of the device in the frequency domain and
provides the loss parameters.

In the case of the focalization of the acoustic beam by
lens, the amplitude distribution in the focal plane can be
modified with respect to the paraxial focal length. To deter-
mine the experimental focal distance of the acoustic lens, a
channel is designed with the same lens geometry on one side
of the channel and three different distances of a small reflec-
tor on the other side. As shown in Fig. 3, the distances of the
three reflectors (L1, L2, and L3) are the expected paraxial
focal length. The maximal channel width is designed from
the top of the lens to the reflection wall. The radius of the
lens is 150 um with an angle of aperture of 60°. Thus, the
predicted focal length is 364 um.

KI solution is commonly used in acoustic characteriza-
tion because its acoustic velocity is independent of concen-
tration and nearly constant.”® Here, 3mol/l KI solution is
injected into the lens and the S;; (return loss) reflection
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3.72 3.74 376 378  3.80  3.82
Time (10° Y s)

FIG. 4. Sy, parameters for the detection of 30 um PS balls in lens with dif-
ferent numbers. The inset figure shows the ball aggregation around the
reflection wall.

coefficient is measured. The acoustic beams are generated
from the ZnO transducer, reflected by the 45° mirror, and
propagate into the KI solution in the microchannel, focused
by the lens into the reflection wall, and then the beams return
along the original path and back to the transducer. The S;;
parameters reflect acoustic attenuation of the propagation in
this system. For channel L2, d (distance between the reflector
and the bottom of lens) is 182 um, and the amplitude of
2.92 x 107*V is the maximal in the three channels. This dis-
tance dy= 182 um is the predicted value for half of the para-
xial focal length, and the estimated value of the depth of
focus is around =5 um. In principle, for the channel with
more deviation of the d, there is higher acoustic attenuation
and thus the amplitude is lower. However, the figure displays
that channel L1 (2 um distance deviation) has the lowest
amplitude of 2.68 x 10_4V, while channel L3 (6 um distance
deviation) has a higher amplitude of 2.80 x 10~*V. Then, it
can be deduced that the virtual focal length is between
182 um and 188 um for the lens in this device.

30 um polystyrene (PS) balls are used to characterize
the detection sensitivity of the lens system (radius: 150 um
and focal length: 182 um). A microfluidic pump is used to
inject particles into the microchannel, and PS particles are
accurately driven to the focal area of the lens. As shown in
Fig. 4, the numbers of balls which remain in the lens are
counted and the S;; reflection coefficient is measured. The
amplitude of the transmitted signal on the linear scale of the

FIG. 3. Characterization of lens with
different focal lengths using the Sy,
reflection coefficient in the time

——L1 d=180um ; o
—12 d=182um domain. 3 mol/l KI liquid was used and
L3 d=188um L1: d=180 um, time echo is 376ns;

L2: d=182 um, time echo is 379ns;
L3: d =188 um, time echo is 384 ns. d:
distance between the reflector and the
bottom of lens.
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(a)

Flow direction,

Soun\&%{ﬁ'

30 dBm

network analyzer is normalized to 1V of the emitted signal.
For the case of pure water, the maximum amplitude of
1.18 x 107*V is presented which shows larger attenuation
with particle balls. Through controlling the liquid flow, the
number of balls one by one in the lens area is increased.
The S;; reflection coefficient for 1 ball of PS particles is
9.88 x 103V with a 16.3% deviation from water, and for
2 balls, the amplitude is decreased to 8.69 x 107>V with a
26.3% deviation from water. For 3 balls’ detection, the signal
can also be recognized with an amplitude of 7.80 x 107°V,
with a deviation of 33.8%. The deviation accuracy (around
10%) showed the ability for the lens system to discriminate
single particles in fluid. As the elastic balls gather in the
detection area, the acoustic attenuation is reduced and thus
the S;; amplitude is also decreased. On another aspect, when
the balls reach a certain quantity (several balls around 10
balls), the amplitude is too low to be discriminated from the
level of acoustic noise. As seen in the inset figure, ball aggre-
gation occurred around the reflection wall; this phenomenon
may be due to a diffusion process when the acoustic waves
are spread and absorbed by particles.

For suspended micro-objects in the acoustic field, they
are under a competitive interaction of the gravitational force,
the buoyancy force, the acoustic radiation force, and the
Stokes drag force induced by acoustic streaming. In our case
of particle manipulation, the acoustic streaming phenomenon
plays a leading role in agitation of particles in the micro-
channel. The streaming phenomenon is due to the absorption
of acoustic energy but independent of the particle size.
Thanks to the lens design, acoustic energy can be directed to
the focal region and the longitudinal vibrations attenuating
on the reflection wall generate highly localized velocity as
well as acceleration fields.

Here, the lens structure in a fork structure channel for
strong mixing is demonstrated to separate PS particles. As
shown in Figs. 5(a)-5(c), 9 um PS particles in water are
injected into the microchannel. When the acoustic field is
excited with a 30dBm input power, a strong streaming is

Appl. Phys. Lett. 111, 163503 (2017)

FIG. 5. Acoustic focusing in lens
(radius: 150 um and focus length:
364 um) for strong mixing of 9 um par-
ticles (a)—(c) and separation of 30 um
particles (d)—(f) in the T-shape micro-
channel. Red dashed lines indicate
30 pum particle movement.

40 dBMN,

-10 dBm

generated by highly focused acoustic energy while two vor-
tex streamlines formed around the focus plane. Particles in
the fluid in the lens area appear to rotate and align them-
selves along the streamlined shape. In this effect, streaming
motions are presented in the particle trajectory with a spheri-
cal focusing. When the input power is increased to 40 dBm,
the streaming motions are noticeably more vigorous beyond
the beam, and 9 um PS particles are highly stirred. To further
study the acoustic streaming effect in particles, 9 um PS par-
ticles and 30 um PS particles were injected into the T-shape
micro-channel. As shown in Figs. 5(d)-5(f), strong stream-
ings are excited in 30 dBm input power. Both large particles
(30 um) and small particles (9 um) are yielded to the acoustic
field and move in a vortex. However, when the input power
is decreased to —10dBm, larger particles which suffer larger
added mass force start to move in a straight line to the focus
point, while small particles still follow the vortex stream-
lines. After several seconds, the large particles reach the
focus point and stay still in the balance of viscous drag force
and acoustic radiation force.

In summary, a 650 MHz high frequency acoustic device
functioned locally has been developed in microfluidics. The
use of the confocal lens structure is validated and presents
excellent performance, and single particles can be discrimi-
nated in acoustic characterization. In addition, particle
manipulation depending on the size can be achieved in the
same device. Future work will aim at the integration process
for single cancer cell characterization and preliminary sepa-
ration in microfluidic chips for in situ analysis.

This work was supported by the National Natural
Science Foundation of China (No. 81572860), the National
Key R&D Program of China (No. 2017YFF0108600), and
the National Major Scientific Instruments Development
Project of China (No. 81527801). The French government
and University of Valenciennes for the Ph.D. grant support
and also Renatech Network which partially supported this
activity are acknowledged.
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