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ARTICLE INFO ABSTRACT

Keywords: In droplet-based microfluidic platforms, precise separation of microscale droplets of different chemical compo-
Ultrasonic surface acoustic wave sition is increasingly necessary for high-throughput combinatorial chemistry in drug discovery and screening
Acoustofluidics

assays. A variety of droplet sorting methods have been proposed, in which droplets of the same kind are
translocated. However, there has been relatively less effort in developing techniques to separate the uniform-
sized droplets of different chemical composition. Most of the previous droplet sorting or separation techniques
either rely on the droplet size for the separation marker or adopt on-demand application of a force field for the
droplet sorting or separation. The existing droplet microfluidic separation techniques based on the in-droplet
chemical composition are still in infancy because of the technical difficulties. In this study, we propose an
acoustofluidic method to simultaneously separate microscale droplets of the same volume and dissimilar acoustic
impedance using ultrasonic surface acoustic wave (SAW)-induced acoustic radiation force (ARF). For extensive
investigation on the SAW-induced ARF acting on both cylindrical and spherical droplets, we first performed a set
of the droplet sorting experiments under varying conditions of acoustic impedance of the dispersed phase fluid,
droplet velocity, and wave amplitude. Moreover, for elucidation of the underlying physics, a new dimensionless
number ARp was introduced, which was defined as the ratio of the ARF to the drag force acting on the droplets.
The experimental results were comparatively analyzed by using a ray acoustics approach and found to be in good
agreement with the theoretical estimation. Based on the findings, we successfully demonstrated the simultaneous
separation of uniform-sized droplets of the different acoustic impedance under continuous application of the
acoustic field in a label-free and detection-free manner. Insomuch as on-chip, precise separation of multiple kinds
of droplets is critical in many droplet microfluidic applications, the proposed acoustofluidic approach will
provide new prospects for microscale droplet separation.

Droplet separation
Acoustic radiation force
Acoustic impedance

1. Introduction

A variety of microfluidic platforms have been established to facilitate
microscale chemical and biomedical assays [1,2]. In particular, droplet-
based microfluidic systems, where liquid spheres are dispersed into
another immiscible liquid, are broadly used to provide independent
environments for the encapsulated samples in numerous applications
including drug screening [3,4], biological assays [5,6], and combina-
torial chemistry [7]. Droplet-based microfluidics has experienced an
unprecedented development in the last decade since the droplets, usu-
ally on the nano- to picolitre scale, can be produced and processed at
high-throughput where the encapsulated samples within a droplet are
isolated in the engineered microenvironment without cross-
contamination, Taylor dispersion, or undesirable sample loss. Most
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droplet microfluidic applications involve unit operations, which serve
basic building blocks of the droplet microfluidic applications, such as
sorting, separation, splitting, merging, reinjection, and trapping.
Droplet separation with precise control of their trajectory within the
microchannel are essential in various droplet microfluidic applications.
Variety of active and passive techniques are available for separation of
microdroplets. In inertial microfluidics platform, deterministic lateral
displacement [8,9] and pinched flow fractionation [10] are most famous
size-based droplet separation techniques. Recently, Chang et al. [11]
demonstrated deformation-based droplet separation technique based on
droplet viscosity, velocity, and volume. Li et al. [12] achieved inertial
microfluidic droplet separation based on size. These passive methods
provide simple operation at high-throughput; however, their practical
applicability may be limited due to the inability of on-demand droplet
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manipulation, the formation of unwanted by-products, and heavy
dependence on fluid properties, flow conditions and microchannel ge-
ometry. Alternatively, active approaches based on dielectrophoresis
[13,14], Optophoresis [15,16], magnetophoresis [17,18], acousto-
phoresis [19,20], and thermocapillary [21,22] offer versatile droplet
separation for practical applications.

The on-chip droplet separation process is associated with markers
such as size [8], deformability [11], intrinsic properties [15] and addi-
tional labels [23]. However, available droplet separation devices based
on their properties still demand several upgrades, such as the capability
to separate multiple droplets simultaneously, the ability to separate
high-speed droplets, and successful separation considering significant
retention distance. Jung et al. [15] and Cho et al. [16] suggested the
optofluidic separation of the droplets possessing different concentration
of Calcium Chloride in an aqueous solution. They produced two kinds of
droplets with different refractive index mismatch and investigated the
droplet lateral displacement when the droplets were subject to an optical
radiation force. Nevertheless, they only performed droplet sorting ex-
periments of single kind and the droplet streamwise velocity allowed for
successful separation were highly limited to < 10 mm/s under contin-
uous laser excitation at ~ 5 W. Niu et al. [24] demonstrated separation of
water and ethylene glycol droplets based on their dielectric constant;
however, their method needs charged droplets for detection. In their
work, Zhao et al. [14,25] used dielectrophoresis for separation of the
hexafluorophosphate and silicone droplets based on electrical conduc-
tivity. Despite successful separation of two droplets of different chemical
species, their dielectric device is only applicable for ionic or charged
droplets for the separation operation and involve high electrical power
(~650 V). Furthermore, fluorescence activated droplet sorting (FADS)
methods have been developed for various droplet microfluidic applica-
tions including detecting enzyme activity [13,26]. However, these
methods require both the presence of a fluorophore label within the
droplets for detection and on-demand laser excitation, and they are not
applicable to simultaneous separation of multiple droplets with varying
chemical composition in a label-free and detection-free manner.

Herein, we propose an acoustofluidic method for on-chip, label-free,
detection-free droplet separation based on chemical composition by
using ultrasonic surface acoustic wave (SAW)-induced acoustic radia-
tion force (ARF). By utilizing the ARF acting on the droplets of dissimilar
chemical composition, which leads to different acoustic impedance
values, we can translocate the microscale water-in-oil droplets into
different outlets in a deterministic manner for high-throughput droplet
separation. For in-depth investigation on the SAW-induced ARF acting
on the droplets, we conducted ray acoustic analysis and introduced a
new dimensionless ARp, which was defined as the ratio of the ARF to the
drag force acting on the droplets. The experimental results of droplet
sorting of single kind under varying acoustic impedance contrast across
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the droplet interface, wave amplitude, and droplet velocity were found
to be in good agreement with the theoretical estimation based on ray
acoustics. Based on the findings, we achieved the acoustofluidic sepa-
ration of the uniform-sized droplets of different chemical composition
without any labelling on droplets or detection prior to separation for the
first time. We believe that the proposed ultrasonic SAW-based acous-
tofluidic approach is a promising next-generation technique for on-chip
droplet separation.

2. Materials and methods
2.1. Device configuration and operation

In this study, a cross-type acoustofluidic chip was used which is
composed of polydimethylsiloxane (PDMS) microchannel affixed to a
piezoelectric lithium niobate (LiNbOs) substrate and slanted finger
interdigital transducer (SFIT), as shown in Fig. 1(a). Similar cross-type
acoustofluidic devices were previously used for particle separation
[27,28]. The resonant frequency of the SFIT was estimated by dividing
the speed of sound in LiNbOs (c;s) by the acoustic wavelength (1), i.e.,
fresonant = €5/, and the actual working frequency range was measured to
be 110-138 MHz. In our cross-type microfluidic chip, the PDMS
microchannel was aligned in front of the SFIT such that the SAWs were
allowed to propagate normal to the flow direction. An acoustic window
was introduced in the microchannel to minimize the undesirable wave
attenuation in the PDMS by viscoelastic damping [29]. The micro-
channel comprised of four inlets for two dispersed phase fluids (i and iii),
a continuous phase fluid flows (ii) at a double T-junction, and one sheath
fluid flow (iv), and two outlets (v and vi). For the droplet separation
experiments, the aqueous liquids of two kinds and the continuous phase
oil met at the double T-junction. Two kinds of droplets were alterna-
tively produced when the continuous phase fluid encountered with the
disperse phase fluids from both sides. A single kind of droplets were
produced by utilizing only one dispersed phase fluid for the droplet
sorting experiments. In the proposed system, a Hele-Shaw geometry was
utilized having a small microchannel height compared to the channel
width. The dimensions of the microchannel used for cylindrical droplets
sorting and separation experiments were such that the width of the
continuous phase channel (w.) was 80 pm, the width of narrow
constriction structure of the dispersed phase channel (wq) was 40 pm,
and the height (h) was 50 pm. A tapered microchannel geometry was
used for the dispersed phase fluids to reduce the flow instability and
prevent the undesirable droplet coalescence at the double T-junction
[30]. The additional sheath flow was introduced to control inter-
distance between droplets and the droplet velocity (V) in the acoustic
field. For the experiments of the spherical droplets, we utilized a
microchannel with w, = wg = 30 pm and h = 180 pm. The main
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Fig. 1. (a) A schematic diagram of an acoustofluidic chip for separation of microscale droplets by surface acoustic wave (SAW)-induced acoustic radiation force
(ARF). (b) Trajectories of droplets with varying (b1) acoustic impedance, (b2) acoustic power and (b3) droplet streamwise velocity, when they are exposed to

acoustic field.
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microchannel where the droplets interacted with the acoustic field has
the width (w,) of 500 pm and 600 pm for droplet sorting and separation
experiments, respectively. OptiPrep™ (composed of 60 % iodixanol in
water with a density of 1.320 g/ml, Sigma Aldrich) and deionized (DI)
water at varying mixing ratio were used as the dispersed phase liquids to
produce the droplets of varying acoustic impedance value. These liquids
have acoustic impedance values of 2 MRayl (OptiPrep™) and 1.5 MRayl
(DI water), respectively. OptiPrep™ is a widely used liquid in biomed-
ical science, especially for clinical testing since it is non-ionic and non-
toxic to cells [31,32]. A fluorocarbon oil (HFE-7500, 3 M; Z, = 1.01
Mrayl; u. = 1.24 cP) was chosen as the continuous phase fluid as well as
sheath fluid such that there was considerable acoustic impedance
contrast between the droplets and the carrier fluid. A non-ionic,
biocompatible surfactant (Pico-Surf™ 1) was added to the carrier fluid
to stabilize droplet production and avoid undesirable coalescence of the
droplets in oil.

2.2. Working mechanism

Rayleigh-type travelling SAWs are produced from an SFIT by the
inverse piezoelectric effect when an AC signal with the resonant fre-
quency of the SFIT is applied to the transducer. The acoustic beamwidth
(wp) of the Gaussian-profile SAWs produced by the SFIT was carefully
designed as wo = 101.26 pm so that droplet diameter was comparable to
the beamwidth for the droplets to experience the ARF effectively [33].
The standard interdigital transducer with parallel electrode fingers with
the same effective acoustic beamwidth can be also used as an alternative
[34]. The Rayleigh-type SAWSs, propagating on the piezoelectric sub-
strate, refracted into the fluid domain within the microchannel in the
form of longitudinal waves (LWs) at the Rayleigh angle. The refracted
waves can be decomposed into the horizontal component in the wave
propagation direction and the vertical component in the direction
perpendicular to the wave propagation, as well as the substrate. In the
microchannels used in the experiments, the height was much smaller
than the width. The cylindrical and spherical droplets were geometri-
cally confined in the Hele-Shaw microchannel such that the droplet
vertical motion was highly restricted. Despite the fact that the vertical
contribution was neglected, the theoretical model based on the ray
acoustics approach provided useful physical insights to investigate the
phenomena observed in the experiments. When exposed to the SAW-
induced acoustic field, the microscale water-in-oil droplets flowing in
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the microchannel experience the ARF due to the inhomogeneous
geometrical wave scattering off the droplets [35], induced by a signifi-
cant acoustic impedance contrast across the water/oil interface [36,37].
The ARF can be decomposed in the scattering component in the wave
propagation direction and the gradient component in the directions
perpendicular to the wave propagation [38]. The droplet sorting and
separation operations were achieved by the droplet lateral migration in
the wave propagation direction due to the scattering component of the
ARF. The gradient component of the ARF acts in two directions (one in
the flow direction and the other in the direction opposite to the flow,
both of which are perpendicular to the wave propagation). The droplets
with different acoustic impedance contrast values showed different
droplet trajectories; consequently, the sorting and separation experi-
ments were performed by changing acoustic impedance (Zy) of the
dispersed phase (Fig. 1(b1)), acoustic power (P,) applied to the trans-
ducer (Fig. 1(b2)) and droplet streamwise velocity (Fig. 1(b3)). A higher
acoustic impedance value results in an increase in the ARF magnitude,
resulting in an increased retention distance for the droplet and vice
versa. The acoustic impedance (Z) of any medium defines the resistance
to the acoustic propagation in the medium such that Z = pc, where p and
c are the density and speed of sound of that medium.

As in our earlier studies [36,37], a ray acoustics approach, in which
acoustic waves are regarded as a set of momentum-carrying phonon rays
in analogous to ray optics [38-40], was used to theoretically investigate
the ARF acting on the droplets under varying conditions. As shown in
Fig. 2(a), the Gaussian acoustic beam incident on liquid droplets is
assumed to be a combination of rays with a finite momentum (p).
Sequential wave reflection and transmission occur as the acoustic beam
interacts with the droplet interface, and the ARF acting on the droplets
can be obtained by determining the momentum change of a beam
obeying Snell’s law. In our theoretical model, the LWs were assumed to
be coaxial and loosely focused, where w, was significantly larger than
the 1. The dynamic droplet migration in the acoustic field was simplified
in our ray acoustics model, where the static droplet was exposed to a co-
axial Gaussian-profile acoustic wave, for quantitative investigation on
the ARF acting on the droplets. In both experiments and numerical
calculation, we assumed the continuous application of the acoustic wave
on the droplets. When the Dy > h, the droplets were assumed to be
vertically squeezed between top and bottom walls, having a cylindrical
shape. Below is the expression for the scattering component of acoustic
radiation force, Fs, as described in our previous studies [36,37]:
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Fig. 2. (a) A schematic diagram of the phonon ray path in ray acoustics, when interacting with the medium of different acoustic impedance, is used to calculate
acoustic radiation force. (b) Numerically calculated results using the ray acoustic approach for cylindrical Hele-Shaw droplets. The scattering component of acoustic
radiation force acting on cylindrical droplets (F;.) was plotted as a function of acoustic impedance (Z;) of the dispersed phase. (c) The scattering component of
acoustic radiation force acting on spherical droplets (F; ;) was plotted as a function of Z;.
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where I is the acoustic intensity, c. denotes the speed of sound in the
continuous fluid, 6 is the incident angle and 6, is the transmission angle.
The Fresnel reflection (R) and transmission (T) coefficients are defined
as: [39]
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Fig. 2(b) shows the theoretical calculation of F, . as a function of Zg
based on the ray acoustic model when Dy = 105 pm and h = 50 pm. The
wave amplitude is proportional to the P, applied to the SFIT. At a fixed P,
and the same continuous phase fluid, the ARF increases with increasing
acoustic impedance value of the dispersed phase fluid as the wave
reflection dominates over transmission. For the same dispersed and
continuous phase fluids, the droplets experience increased SAW-induced
ARF under increased P, conditions. The ARF acting on the droplets in the
geometric scattering regime originates from the serial wave reflection
and transmission at the liquid-liquid interface. As the impedance
mismatch increases, the reflected portion increases accordingly, result-
ing in an increase in the magnitude of the ARF. Due to the curved
interface of the droplets exposed to the acoustic wave, the reflection
coefficient is not zero even when the acoustic impedance values of the
dispersed and continuous phase liquids are the same due to the rays
having non-zero incident angles. Moreover, the acoustically transparent
liquid-liquid interface, in which the acoustic impedance of the two
liquids are the same, deforms when exposed to an acoustic beam, as
reported by Issenmann et al. [41]. This interface deformation occurs
toward the less compressible liquid, which was the dispersed phase
liquid of the droplet in our experiments. The deformed interface resulted
in the varying radius of curvature along the droplet interface, causing
the pressure imbalance within the droplets. As a consequence, the
droplets are assumed to migrate in the wave propagation direction due
to the in-droplet pressure gradient. Between the two walls of the Hele-
Shaw microchannel, the generated cylindrical droplets were vertically
squeezed. It dramatically increases the drag force, which can be esti-
mated as Fq. = 6rcucD§Vd/h where i is the dynamic viscosity continuous
phase fluid [29].

On the other hand, in case of Dy < h, the droplets are supposed to be
spherical. The scattering component of acoustic radiation force on the
sphere, Fj, is given as:

21 /2
Fr.s = L/ / / I(Dtls 67 (.D)Q¥Dd2‘Yln(29)d6d(p (5)
4Cc 0 0
where ¢ is the polar angle. Fig. 2(c) shows the numerically calculated
results for the scattering component of the ARF acting on the spherical
droplets (when Dg = 105 pm) as a function of Z; at varying electrical
input power applied to the transducer. Unlike the numerical calculated
results of cylindrical droplet, we can see the small variation in the
magnitude of F; even when the acoustic impedance values of a dispersed
phase. Possible reason of the contrast between Fig. 2(b) and Fig. 2(b)
could be justified from the governing equations. As the ARF acting on
the cylindrical component is proportional to the height of microchannel
as well as diameter of the droplet (Eq. (1)). On the other hand, ARF on
spherical droplets are proportional to the square of droplet diameter (Eq.
(5)). The Stoke’s drag force for a spherical droplet dispersed in a carrier
fluid and within a confined microchannel is given as Fy; = 3nu*DgVyq
where where p* is the effective viscosity which incorporates the vis-
cosities of both continuous and dispersed phases and can be expressed
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as:

U+ 24, /3

Ho=He (6)
L4 p. /1y

where 4 is the dynamic viscosity of a dispersed phase fluid. As in the
results for cylindrical droplets, the spherical droplets are subject to a
greater ARF as the acoustic impedance of the droplet dispersed phase
fluid increases under the same continuous oil phase fluid at fixed P,. At
the same fluid conditions, the droplets experience an increased SAW-
induced ARF as the applied electrical power to the SFIT increases.

3. Results and discussion
3.1. Sorting and separation of Hele-Shaw droplets

Fig. 3 (a) shows the staked microscopy images of the droplet sorting
experiments with varying acoustic impedance ratio (Z3/Z.) ranging from
1.49 to 1.98. For Zsbased droplet sorting experiments, we used the
mixed solution of DI water and OptiPrep™ as a dispersed phase fluid
such that their acoustic impedance ratio ranges between 1.49 (pure DI
water) and 1.98 (OptiPrepTM). The acoustic impedance for the mixed
solution at varying ratio was calculated as 1.58, 1.68, 1.78 and 1.88 with
minimal or no changes in viscosity [42]. Using a single T-junction up-
stream, we produced equal-sized aqueous droplets (D4 = 105 pm) whose
acoustic impedance varied depending on the ratio of the DI water and
iodixanol under the fixed droplet velocity (V4 = 10.8 mm/s). Since the
droplets in the Hele-Shaw microchannel experience a considerable drag
force dependent on droplet diameter and velocity, we kept Vg and Dy
fixed in the Zg-based sorting and separation experiments to isolate the Z;
effect under uniform flow-induced drag force. Fig. 3(a) shows different
droplet trajectories at Zy3/Z. = 1.49-1.98 under the fixed P, = 0.5 W.
Unless otherwise specified, we utilized the 120 MHz SAW applications to
observe the impact of ARF on the droplet. As the Z3/Z, value increased
from 1.49, 1.58, 1.68, 1.78, 1.88 to 1.98, the droplet retention distance
dr was measured to increase from 111.72, 120.81, 142.82, 148.01, 167
to 186.37 pm, respectively. This can be attributed to the increased
portion of the wave reflection at the droplet interface compared to the
wave transmission, resulting in an increase in the SAW-induced ARF
magnitude. Vindicating the theoretical prediction discussed in previous
section, we observed a linear relationship between acoustic power and
retention distance for increasing acoustic impedance ratios. Fig. 3(b)
shows the various trajectories of the water droplets (Z3/Z, = 1.49) when
they were exposed to SAW-induced ARF in the main acoustic assessment
zone by altering the applied electrical power between 0.3 and 1.3 W.
Without applying the acoustic field, the droplet travels to the outlet
hydrodynamically without showing any deflection. With increasing
acoustic power, droplets deflected in the main acoustic deflection re-
gion, and the retention distance dg were measured until the maximum
point, taking the onset of acoustic radiation force as an origin. As the P,
value increased from 0.3, 0.5, 0.7, 0.9, 1.1 to 1.3 W, the droplet dg was
measured to increase from 84.92, 111.71, 146.72, 169.43, 203.64 to
243.91 pm, respectively. This is due to the fact that the ARF driven by
LWs is proportional to the applied acoustic power [43]. When the
transducer efficacy is amplified by simply tuning the P,, the incident ray
hitting the droplet interface changes the magnitude of reflected and
transmitted rays.

In addition to ARF magnitude, the measured retention distance is
also dependent on the drag force of the droplet moving in the micro-
channel. As discussed in previous section, drag force on cylindrical
droplets are proportional to the droplet diameter, droplet speed, and
height of the microchannel. When h and Dy kept constant, a droplet
having greater speed would be subjected to a localized acoustic force for
a shorter amount of time, resulting in a smaller retention distance. On
the other hand, slower droplet remains longer in the acoustic assessment
zone, causing a larger retention distance. Hence the performance of the
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Fig. 3. Experimental stacked microscopy images of cylindrical droplet sorting at f = 120 MHz. (a) Sorting based on acoustic impedance (Z;/Z. of 1.49-1.98) with
varying retention distance at P, = 0.5 W. The deflection of droplets having a larger Z; value is greater than that of droplets having a smaller Z4. (b) Sortingof DI water
droplet (Z4/Z. = 1.49) with varying P, (0.3-1.3 W). (c) Sorting of DI water droplet (Z4/Z. = 1.49) varying droplet streamwise velocity from 13 to 66 mm/s at P, =

1.01 W.

proposed approach is strongly reliant on the droplet streamwise veloc-
ity. Therefore, droplet behavior was further analyzed to achieve the
Vg-based sorting experiments, and the flow rate of sheath fluid was
carefully tuned from 50 to 10,000 pL/h. Fig. 3(c) shows the microscopic
image of the V4-based sorting of cylindrical droplets for varying droplet
streamwise velocity from 13 to 66 mm/s at P, = 1.01 W. As the V4 value
increased from 13, 24, 35, 45, 54 to 66 mm/s, the droplet retention
distance dp was measured to decrease from 139.85, 105.44, 93.88,
77.25, 66.66 to 63.15 pm, respectively. This can be accredited to the
increased magnitude of drag force, since the droplet moving faster will
come into contact with more fluid particles in surrounding. This
behavior could also be quantitatively discussed by using Eq. (7), which
specifies that, ARp number is inversely proportional to Vj.

For a better insight into the underlying phenomena and to predict the
droplet behaviors, a dimensionless number, ARp, has been introduced,
which is defined as:

(Z4)Z.)(P./nc.) (Dg* /W2)
(42 /1) DaVa

The numerator in Eq. (7) represents the applied momentum per
second and thus depicting the acoustic radiation force acting on a
droplet while the denominator refers to the droplet drag force. Hence,
ARp number accounts for the combined effect of acoustic radiation force
as well as the drag force. Additionally, the viscosity ratio of the
continuous and dispersed phase fluids is also included to consider the
effective viscosity that plays a role in the drag force acting on the
droplets [15,44].

The dimensionless number ARp is linearly proportional to the
acoustic impedance contrast (Z3/Z;) and the applied electrical power
(Pe) but inversely proportional to the droplet streamwise velocity (Vg)
according to the definition. The observed dg values were then scaled by
the Dy to investigate the phenomena based on the normalized droplet
retention distance with respect to the droplet size. Fig. 4 shows the in-
fluence of ARp on the dimensionless droplet retention distance (dr/Dq)
with varying Zg, P, and V4 where the black solid line indicates dg/Dq = 4
x 107> ARp. The least-square method was used to fit the experimental
data for the linear relationship between ARp and dgr/Dg. The dimen-
sionless droplet retention distance (dr/D4) was found to be proportional
to the ARp number for varying Zg, P, as well as V. The ARF scattering
component agreed well with the experimental results obtained by
measuring retention distances for each droplet. The upright error bars
representing the data points imply the standard deviation of the droplet
retention distance.
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Fig. 4. Experimental results of the Z;-based sorting of cylindrical droplets. Non-
dimensionlized retention distances (dr/Dg) is plotted as a function of dimen-
sionless ARp number.

Based on the investigation of sorting experiments of single kind we
separated two droplets of same size but different acoustic impedance
simultaneously and demonstrated Zz-based separation of cylindrical
droplets. When the acoustic impedance of the dispersed phase was
changed, a linear trend in droplet retention distance was realized which
is demonstrated in a droplet sorting experiment. This is because a
droplet with a greater acoustic impedance experiences higher magni-
tudes of SAW-induced ARF than a droplet with a lower acoustic
impedance as discussed in previous section. In this experiment, two
droplets (droplet A and droplet B) were produced and separated, whose
acoustic impedance values are Zg o = 2.0 MRayl and Z3 g = 1.5 MRayl, as
shown in Fig. 5(a). Without the application of acoustic force, both
droplets travel hydrodynamically to one outlet (Fig. 5(al)). When they
experienced ARF by applying P, = 1.52 W as shown in Fig. 5(a2), droplet
A was literally pushed more along the axial direction of ARF than droplet
B; consequently, their retention distances were 300 and 183 pm,
respectively (see Supplementary Movie 1). The retention distance
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Fig. 5. Microscopy images of Z;-based separation of cylindrical droplets having D4 = 100 pm, V4 = 26 mm/s, P, = 1.52 W and f = 120 MHz. (a) Representation of
simultaneous separation of two droplets (Zg4 = 2.0 MRayl and Z4 5 = 1.5 MRayl). (al) Without an acoustic field, two kinds of droplets moved toward the same outlet
with their trajectories remained undeflected. (a2) Under the SAW-induced acoustic field two droplets were separated witnessing significant the A dg. (b) Simul-
taneous separation of two droplets (Z;4 = 1.6 MRayl and Z; 5 = 1.5 MRayl) having minimum A Z,. (b1) Without an acoustic field, both droplets moved toward the
same outlet undeflected. (b2) Under the SAW-induced acoustic field two droplets were separated witnessing a significant A dg.

difference between two droplets (121 pm) because of acoustic imped-
ance difference was significant to separate droplets into different out-
lets. The expanded width of main acoustic assessment zone was used for
separation experiment in order to expose them to ARF for a to increase
the retention distance difference (Adg). Furthermore, as shown in Fig. 3
(a), the droplet retention distance monotonically increases with
increasing the acoustic impedance contrast. Based on the findings, two
kinds of droplets are expected be separated even with a small acoustic
impedance difference. However, the stability of the droplet separation
can be ensured with a sufficient Adg, which also requires a sufficient
AZjg. In this regard, we demonstrated the acoustofluidic droplet sepa-
ration droplets of with AZ; = 0.5 Mrayl. We performed additional
droplet separation experiments with AZ; = 0.1 MRayl as shown in Fig. 5
(b), to verify that the droplets can be separated using the proposed
method only with a small acoustic impedance difference. The simulta-
neous separation of these droplets was successful witnessing Adg of 71
pm despite having a minimum AZjy (see also Supplementary Movie 1). In
our sorting and separation experiments, we produced nanolitre droplets
with a large surface area (Dg = 100 pm) that predominately provides
opportunities for the biological assays that cannot be encapsulated
within a small volume [45,46].

The cylindrical and spherical droplets investigated in this study were
in the geometrical scattering regime, where the droplet diameter (Dq)
was much larger than the wavelength 1 [35]. In the previous studies
using longer-wavelength standing waves for droplet sorting [19,20], the
D4 was comparable or much smaller than the 1 in the fluid. For example,
Li et al. [19] utilized the standing SAWs-induced ARF with their wave-
length ranging from 360 to 400 pm only for the cylindrical droplets
sorting with their diameter of 40-50 pm, without the droplet separation
of multiple kinds. Also, in these studies, the droplets were assumed to as
solid microspheres in the Mie scattering regime, and the droplet lateral
migration (i.e., retention distance, dg) was limited by the formation of
the acoustic pressure nodes and antinodes [47]. Furthermore, when the
droplet size diameter is comparable to the acoustic wavelength, the
contribution of the travelling SAW-induced Eckart streaming effect
would become significant, as reported by Schmid et al. [48] (Dg = 25 pm;
A =23-24.5 pm). Hence, we have chosen the parameters such as Dg, Vg,
and P, to maximize the difference in the Adg between the droplets of
varying Zg in the acoustofluidic device used in this study and to mini-
mize the effects of the acoustic radiation effect to facilitate the separa-
tion of the equal-size droplets using the travelling SAW-induced ARF in a
label-free, detection-free manner. We hypothesize that if the smaller

droplets are used, the microchannel should be further optimized
accordingly for droplet separation even with reduced Adg.

3.2. Sorting and separation of spherical droplets

Hypothesizing that excessive drag force could be avoided by utilizing
smaller droplets in a broader microchannel, we produced multiple
droplets such that diameter of the droplets was smaller than the height
to achieve Z;-based sorting and separation experiments. The sorting
experiments for six types of droplets possessing different acoustic im-
pedances ratios (1.49 to 1.98) were characterized exactly in a similar
manner as Hele-Shaw droplets. Droplet diameter in these experiments
was ~ 105 pm, however, unlike cylindrical droplets, we investigated
spherical droplet at a much slower speed (V4 = 4.5 mm/s) so that they
can be exposed to ARF for a significant amount of time. Fig. 6(a) shows
the experimental staked microscopy images of Zj;-based sorting of
spherical droplets at P, = 0.16 W. The d values of droplets having Z;/Z,
of 1.49, 1.58, 1.68, 1.78, 1.88, and 1.98 are 282.8, 289.44, 302.03,
299.18, 208.47 and 320.3 pm, respectively. The retention distance for
all the results are linearly increasing for increasing acoustic impedance
values validating the hypothesis based on ray-acoustics. In addition,
much smaller magnitude of force was needed for spherical droplets to
deflect from their original path significantly since we have avoided the
drag force utilizing microchannel of higher height. Hence, the sorting
experiments were characterized at much lower acoustic power i.e. in
between 0.02 and 0.16 W as shown in Fig. 6(b). The alteration of these
acoustic power causes the acoustic radiation force of different magni-
tude. As the P, value increased from 0.02, 0.04, 0.06, 0.08, 0.10 to 0.12
W, the droplet retention distance dr was measured to increase from
50.37, 100.88, 141.57, 170.41, 204.31 to 236.29 pm, respectively.
When amplitude of acoustic power was increased to maximum voltage,
the magnitude of ARF was increased and the droplets were translocated
toward the maximum point resulting in highest dg in main acoustic
assessment zone. We were able to handle droplets at quite low acoustic
power (<1.5 W for cylindrical droplets and < 0.6 W for spherical
droplets) compared to other platforms, such as dielectrophoresis (4-1.8
kVp.p [13], 0.6 kVp, [26]) and optophoresis (<5 W [15,16]).

We further extended our work on Vg-based sorting activity for
spherical droplets and measured retention distances with an increasing
flow rate of sheath fluid from 500 to 3500 pL/h keeping the other pa-
rameters fixed such that Dy =~ 105 pm, P, = 0.11 W, and f = 120 MHz.
Fig. 6(c) shows the experimental microscopy images of DI water droplets
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Fig. 6. Experimental stacked microscopy images of spherical roplet sorting at f = 120 MHz. (a) Sorting based on acoustic impedance (Z4/Z. of 1.49-1.98) with
varying retention distance at P, = 0.16 W. The deflection of droplets having a larger Z, value is greater than that of droplets having a smaller Z;, (b) Sortingof DI
water droplet (Z4/Z, = 1.49) with varying P, (0.02-0.12 W). (c) Sorting of DI water droplet (Z4/Z. = 1.49) varying droplet streamwise velocity from 4.5 to 9 mm/s at

P.=0.2 W.

of different speed when the acoustic power was fixed at 0.2 W. The
streamwise droplet velocity is proportional to flow-induced drag force,
so at fixed acoustic radiation force, we altered droplet speed from 4.5
mm/s to 9 mm/s, and corresponding retention distances were measured.
As the Vy value increased from 4.5, 5.5, 6.6, 7.5, 8.3, to 9 mm/s, the
droplet retention distance dg was measured to decrease from 273.26,
220.79, 170, 140.01, 130, to 98 pm, respectively. Finally, the plot be-
tween dimensionless retention distance and ARp was performed for the
overall results with varying Zg, P, and V4 as shown in Fig. 7. Once again,
the dimensionless ARp was found to be nearly proportional to the
dimensionless retention distance (dgr/Dg4). The dimensionless retention
distance and ARp were found to have a linear relationship as the fitted
line using the least-square method indicates. However, compared to the
Hele-Shaw droplets, the retention distance differences of spherical
sorting experiments were not significant enough, since spherical drop-
lets moving in the microchannel having a diameter much smaller than
the height, thereby experiencing much smaller magnitude of drag force.
This is witnessed in drag force equation presented in earlier section,
which indicates that drag force experienced by cylindrical droplet is
inversely proportional to the height of the microchannel. On the other
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Fig. 7. Experimental result of the Zg-based sorting of spherical droplets. Non-
dimensionlized retention distances (dr/Dg) is plotted as a function of dimen-
sionless ARp number.

hand, drag force on the spherical droplets are dependent on the diameter
and the speed of the droplet. In addition, droplets may have experience
wall-induced drag force of inconsistent magnitude depending on their
spatial position in the main acoustic assessment zone as modeled by
Jung et al. [15]. Lastly, cylindrical droplets being constrained between
the top and bottom walls, vertical migration are limited compared to
spherical droplets where they have enough space to move vertically. In
the mid- and long-term, we intend to conduct a complete examination of
the wall-induced drag force and vertical migration of the droplet within
microchannel.

It was noted from droplet sorting experiments of single kinds that
retention distances difference of each experiments possessing different
Z4values was not significant as compared to cylindrical droplets. Similar
behavior was also realized in Zzbased separation results of spherical
droplets and noted retention differences of two droplets was only 43 pm.
Nevertheless, this difference between two droplets was significant to
separate droplets into different outlets and successfully achieved
Zs-based separation results of spherical droplets. As shown in Fig. 8(a),
two droplets (droplet A and droplet B) were produced and separated,
whose acoustic impedance values are Z;4 = 2.0 MRayl and Zgp = 1.5
MRayl. Without SAW, both droplets travel hydrodynamically to one
outlet (Fig. 8(al)). When they experienced ARF by applying P, = 0.15 W
as shown in Fig. 8(a2), droplet A was literally pushed more along the
axial direction of ARF than droplet B; consequently, their retention
distances were 226 and 206 pm, respectively (see Supplementary Movie
2). Furthermore, as shown in (Fig. 8(b)), an additional droplet separa-
tion experiments were performed with Z; = 1.5 and 1.6 MRayl and
verified that the droplets can be separated using the proposed method
only with AZ; of only 0.1 Mrayl (see also Supplementary Movie 2). As
can be found in the movies, the upstream droplets decelerated right
before the acoustic field due to the presence of the gradient component
in the direction opposite to the flow and were laterally deflected by the
scattering component of the ARF. Right after passing through the
acoustic field, the downstream droplets accelerated due to the gradient
component in the flow direction. With increasing P,, the increased wave
amplitude would amplify the contributions of both scattering and
gradient components of the ARF.

It should be noted also that the droplet separation was achieved even
at extraordinary speed (99 mm/s) with significant dg which outperforms
many existing droplet sorting devices offered by dielectrophoresis (2-3
mm/s [49] & 35 mm/s [23]) optophoresis (<15 mm/s [15,16]), and
magnetophoresis (3.2 mm/s [50]). Furthermore, the droplet production
rate was approximately 50 droplets per second; nonetheless, it was not
the limited value in the proposed method. If the droplets were produced
a priori at faster rates and injected into the microchannel, the number of
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(b) Z,,=1.6MRayl and Z,5 = 1.5 MRayl

Fig. 8. Microscopy images of Z;-based separation of spherical droplets having Dy = 90 pm, and f = 120 MHz. (a) Representation of simultaneous separation of two
droplets (Zg4 = 2.0 MRayl and Z; 5 = 1.5 MRayl) at P, = 0.61 W and V4 = 99 mm/s. (al) Without an acoustic field, two kinds of droplets moved toward the same
outlet with their trajectories remained undeflected. (a2) With application of acoustic fled two droplets were separated witnessing significant the Adg. (b) Simul-
taneous separation of two droplets (Zg4 = 1.6 MRayl and Zgq g = 1.5 MRayl) having minimum AZ; at and P, = 0.41 W and V4 = 82 mm/s (b1) Without an acoustic
field, both droplets moved toward the same outlet undeflected. (b2) With application of acoustic fled two droplets were separated witnessing a significant A dg.

the droplets separated per second would have been increased accord-
ingly. Moreover, as can be predicted from our theoretical model with
ARp and validated by the experimental results, for improved throughput
in droplet separation, the acoustic impedance contrast should be
increased, the P, should be increased, and the V4 should be decreased.
However, it should be noted that the increased electrical power may
induce the non-linear acoustic streaming body force acting on the
droplets, which is not desirable for the separation of the equal-sized
droplets by acoustic radiation. Droplet sorting and separation experi-
ments in this study were performed under the P, of < 1.5 W, which
corresponds to 24.49 Vpp, much less than other microfluidic droplet
sorting and separation techniques as explained in the earlier section.
Despite the moderate electrical power level, there may have been the
undesirable heating effect, which can result in thermo-capillary droplet
migration. The thermo-capillary droplet migration velocity is inversely
proportional to the viscosity of the dispersed phase fluid [22]. The vis-
cosity slightly increases with increasing concentration of iodixanol in
water [42]. In our experiments of the droplet sorting and separation, we
observed that the dy increased with increasing Z4, which also involved
increasing viscosity of the dispersed phase, leading to the decreased
thermo-capillary droplet migration effect. Therefore, we can conclude
that the primary working mechanism of the droplet sorting and sepa-
ration proposed in this study is the surface acoustic wave-driven ARF,
which causes the difference in the retention distance between multiple
kinds of the droplets with varying acoustic impedance. In addition, we
achieved the droplet sorting and separation operations in a wide range
of the droplet velocity. The droplet velocity ranged from 13 to 66 mm/s
for cylindrical droplets and from 4.5 to 99 mm/s for spherical droplets.
The Peclet number for heat transfer is expressed as Pe = hVy/D, where Dy
is the thermal diffusivity of the continuous phase fluid. The Pe value
ranged from 18.07 to 91.77 and 22.52 to 495.58 for cylindrical and
spherical droplets, respectively. Since the Pe was much greater than 1 in
all experimental conditions, the heat diffusion required a much longer
time compared to the convection. Therefore, we assumed that the
moving droplets were not significantly affected by the heated side wall.
Based on the ray acoustics model, the smaller droplets would experience
the acoustic radiation force with decreased magnitude, and the differ-
ence in the droplet lateral migration would decrease accordingly, which
suggests that the further optimized microchannel design is required for
successful droplet separation at downstream bifurcation. As for the cy-
lindrical droplets, we investigated the sorting and separation of the
spherical droplets, whose size was much larger than the acoustic

wavelength, in the geometrical scattering regime. Previously, Leibacher
et al. [20] utilized the bulk acoustic wave-driven standing pressure
nodes (1 = 1000 pm) for the acoustic sorting of the spherical droplets
with the diameter of approximately 200 pm, not separation of multiple
droplets as demonstrated in this work. In this long-wavelength
approach, the droplet lateral migration was constricted by the loca-
tions of the acoustic pressure nodes and antinodes [47].

4. Experimental

The SFIT composed of Cr (30 nm) and Au (100 nm) was patterned on
a 500 pm thick, 128° Y-cut, X-propagating LiNbO3 substrate (MTI Korea)
by e-beam evaporation and lift-off processes. A rectangular micro-
channel was made by soft lithography process by mixing PDMS base and
curing agent (Sylgard 184A and 184B, Dow Corning) of ratio 10:1 (w/
w). It is then bonded on the substrate via oxygen plasma bonding
(Covance, Femto Science). Before conducting experiments, the bonded
microchannel was coated with fluorocarbon liquid (EGC-1720, 3 M).
The wet microchannel was then left in an oven at 85 °C for 30 min after
the fluorocarbon liquid gently flowed through the channel. The SIFT was
composed of total 40 electrode pairs, and the total aperture was 1000
pm. The frequency range of SFIT was between 110 and 138 MHz, with
electrodes spacing (4/4) varied from 7 to 9 pm, measured by a vector
network analyzer (E5071B, Agilent Technologies), and SAW pulses were
generated using Belektronig SAW generator (DE/BSG-F10, Belektronig).

Varied iodixanol concentration in water and deionized water
(dispersed phase-1, Sigma Aldrich and dispersed phase-2, Sigma
Aldrich) and fluorocarbon oil (continuous and sheath flow fluid,
Novec™ 7500, 3 M) were flowed using syringe pumps (neMESYS Cetoni
GmbH and Chemyx Fusion 4000). The Iodixanol droplets were dyed
with Erioglaucine disodium salt (Sigma Aldrich) to differentiate
amongst water droplets in separation experiments. To stabilize and
avoid coalescence of the droplets in oil, 1 wt% Pico-Surf™ 1 biocom-
patible surfactant was added to the carrier fluid. Experimental results
were recorded using a high-speed camera (VEO 710L, Phantom Ametek)
mounted on a light microscope (IX73, Olympus) at 700 frames per
second. Furthermore, mathematical modeling of acoustic radiation force
and experimental results was analyzed using MATLAB and ImageJ
software.
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5. Conclusions

We developed an ultrasonic SAW-based acoustofluidic method for
simultaneous separation of droplets with different acoustic impedance
in a label-free, detection-free manner at high-throughput. The under-
lying physical mechanism was investigated by using ray acoustics
analysis on the droplet sorting experimental data under varying working
conditions of the acoustic impedance of dispersed phase fluid, acoustic
power, and droplet streamwise velocity. For better understanding of the
acoustofluidic droplet sorting and separation phenomena, a new
dimensionless number ARp, defined as a ratio of acoustic force based on
ray acoustics and drag force, was introduced to find the relationship
between the ARp and the droplet lateral migration normalized by the
droplet diameter. The proposed acoustofluidic technique can be utilized
in many droplet microfluidic applications where label-free, detection-
free and continuous separation of droplets with varying chemical
composition is required.
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