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Droplet-based microfluidic has emerged as a versatile tool for widespread applications, such as
biochemical analysis and synthesis, for which the generation and manipulation of the microdroplets
are fundamental. Acoustic based droplet control has shown advantages of good biocompatibility and
widescale tunability. Here, we demonstrate an acoustic controlled nozzle that is integrated with both gen-
eration and directed dispensing of microdroplets. The system can generate monodisperse microdroplets
with tunable sizes (50641 pm) at a highest throughput of 2000 droplets per second. Besides, by tuning
the acoustic frequency, the droplets can be steered to different directions after their formation, realizing
on-demand dispensing of the microdroplets. The controlled microdroplet generation and dispensing are
both attributed to the acoustic streaming effect induced by the nozzle vibration. Two basic mechanisms
for the droplet control were studied: (1) the correlation between the droplet size and the acoustic actuation
time, (2) the dependence of the droplet dispensing direction on the acoustic frequency. This work paves
the way towards programmable control over acoustic generation and dispensing of microdroplets, which

has great potential in the applications of bio-chemical analysis and synthesis.

DOI: 10.1103/PhysRevApplied.20.024067

I. INTRODUCTION

Droplet microfluidics focus on generation and manipu-
lation of droplets in the femto- to nanoliter volume range
[1,2]. The microdroplets have high surface area to vol-
ume ratios, thus providing faster heat and mass transfer
rate compared to the macroscale chemical reactors. And
they can be massively produced in portable devices and
then individually controlled for mixing, heating, and sens-
ing. Thus, droplet microfluidics have emerged as a fun-
damental technology for versatile biochemical analysis
[3]. For example, microdroplet-based digital polymerase
chain reaction (DPCR) [4], digital loop-mediated isother-
mal amplification (DLAMP) [5], and single-cell analysis
[6]. Moreover, the generation and manipulation of micro-
droplets also benefit drug delivery [7], tissue engineering
[8] and, single-cell cultivation [9]. In recent decades, there
have been considerable research efforts devoted to study-
ing microdroplet generation and manipulation, which bring
up the advances in the above fields [10,11].

In terms of droplet generation, the microfluid devices
can control the microdroplet size and generation rate by
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varying the flow rates [12], hydraulic pressure [13,14], or
channel geometry (e.g., T junction [15,16], flow focusing
[17,18], co-flow [19]). In addition, to enhance the con-
trollability over droplet generation, energy inputs other
than basic pumping can be added to modulate the balance
between shear stress and the surface tension during droplet
formation, including electrical [20], magnetic [21], opti-
cal [22], thermal [23], and acoustic actuations [24]. These
external field inputs not only provide active control over
droplet size [25] but also enable on-demand droplet gen-
eration [26], which benefit single-cell analysis and digital
PCR [27,28].

Apart from droplet generation, manipulation of the dis-
crete droplets (e.g., dispensing [29], separation [30], and
delivery [31]) also attract great research interests where
the external fields bring up the capability of active con-
trol [32]. For example, dielectrophoresis actuated micro-
droplet movement can direct them to the target outlets
in a microfluidic system, which can be controlled by a
fluorescence detection system and compose the so-called
fluorescence-activated droplet sorter [29,30,33]. In a simi-
lar manner, acoustic wave can also direct the droplet flow
and then sort the encapsulated cell within the droplets
[34,35]. To actively sort the droplets with different inclu-
sion amount, Huang et al. develop a single-step droplet
generation and sorting system based on the hydrodynamic
force at a vibrating interface [36].
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Among the various external field droplet control, acous-
tic methods show the advantages of good compatibility,
fast response, and widescale tunability, and thus have inno-
vated the strategies of droplet microfluidics [37]. More-
over, the ultrasound microdevices can be easily integrated
with microfluid environment and have low cost and save
the effort for magnetic or electrical labeling. For exam-
ple, Riefler ef al. showed a microdroplet generation system
based on the fluid interface vibration. When the fluid at
the interface nozzle tip resonates at a certain amplitude,
it overcomes the surface tension to eject microdroplets
[38]. Besides, acoustic waves can activate droplet gener-
ation based on acoustic-pressure-induced jetting [39,40].
The generation rate is around 20 per second [41]. Foresti et
al. developed an acoustophoretic three-dimensional (3D)
printing method, the ejection rate increases up to values
of 1000 Hz [24]. Recently, He et al. proposed a method
based on vibrating sharp-tip capillary, which can produce
droplets with high throughout up to 5000 Hz. The acous-
tic vibration at the sharp-tip capillary generates acoustic
streaming that extrudes the discrete phase to form micro-
droplets. The size of the microdroplets is controllable
based on the acoustic modulation [42]. Based on a similar
mechanism, the same group demonstrated the application
of the droplet generation system for digital bacteria enu-
meration and antibiotic susceptibility testing [43]. Besides
droplet generation, acoustic methods can also be used in
droplet manipulation, including size control [44,45], sep-
aration [46,47]. The integration of controllable droplet
generation and manipulation is preferred in biomedical
analyses, such as fluorescence activated droplet sorting
(FADS) [29], droplet-based drug release [36], and organ-
ism assembly [48]. For example, Li ef al. demonstrated a
strategy of droplet generation and manipulation based on
interfacial vibration at the nozzle tip. High-intensity vibra-
tion overcame the surface tension to generate droplets,
while low-intensity vibration generated a hydrodynamic
field that moved the discrete droplets [49]. These works
show that acoustic methods are promising for droplet
generation and manipulation. However, high-throughput
production of droplets and dispensing are conducted in a
separate manner, which is not fulfilling the requirements in
the applications of biochemical analysis. There still lacks
an acoustic method for integrating high-throughput droplet
generation and dispensing.

In this paper, we demonstrate an acoustic actuated
droplet microfluidic nozzle that integrates generating and
dispensing of microdroplets. The modulated acoustic
waves transmit through the nozzle and induce acoustic
streaming flows that extrude the fluid at the nozzle tip
and form microdroplets. The microdroplets’ production
rate can reach 2000 droplets per second. The correspon-
dence between microdroplet size and the acoustic actua-
tion time is studied, which shows a positive correlation
between them. The formed microdroplets have a wide

size range (50—641 pm) that can be actively controlled
based on acoustic actuation time. Interestingly, we find
that the acoustic streaming profile at the nozzle tip is
determined by acoustic frequency. Thus, the microdroplets
can then be steered and dispensed to on-demand zones
based on the acoustic streaming flow direction by tun-
ing the acoustic frequency. Numerical simulation verifies
the acoustic streaming profiles change based on different
acoustic frequency. These studies pave the way for an
integrated acoustofluidic device for droplet generation and
dispensing. And the acoustic device provides a good bio-
compatibility, simple setup, and portable size. Considering
the wide applications of droplet generation and dispens-
ing in biochemical analysis [1,3,12] and the advantages of
acoustic control [32], the present system has the potential
to improve the high-throughput analyzing equipment, such
as cytometer and digital PCR device.

II. MATERIAL AND METHODS

A. Device fabrication

To fabricate the droplet generation and dispensing sys-
tem, we attached a PZT transducer to one side of a metal
plate at first, and then a pulled-tip glass capillary was glued
to the center of the PZT transducer with the tip extend-
ing about 1.5 cm beyond the glass slide. The length of the
pulled tapered part is 5 mm and the outer diameter (OD) of
the tips of the prepulled glass capillaries is about 20 um.
The upper end of the glass capillary is connected to the
polyethylene tube. As shown in the simulation results in
Tables S3 and S4 within the Supplemental Material [52],
both the distance between the nozzle and the piezoelectric
plate and the capillary tube diameter influence the acous-
tic resonant frequency. Moreover, the depth of the nozzle
tip immersed in oil is kept constant as 5 mm during the
experiment. The variation of this depth may influence the
resonance magnitude among different devices. Thus, it is
useful to keep these parameters constant among the exper-
iments or the devices. We first filled the tube with water
or alginate (Sigma W201502) solution using a syringe,
then inserted one end of the polyethylene tube into a con-
tainer filled with water. In addition, we prepared the oil
phase by mixing mineral oil with EM 90 (3%, filled it in
a droplet tank made of glass, and inserted the lower end
of the glass tube into the oil phase. During the working
process, the PZT transducer was driven by a signal gener-
ator (AFG3022C, Tektronix, USA) and a voltage amplifier
(ATA-1372A, Aigtek, China).

B. Characterization of droplet generation and
dispensing
The droplet formation and dispensing process were
recorded using a high-speed camera (SKF20M). The opti-
cal images of the droplet were taken by digital microscope
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FIG. 1. The acoustic activated nozzle for both microdroplet generation and dispensing. (a) The schematic of the operating principle.
(I), (IT) The system consists of a nozzle and the acoustic transducer attached to it. When the nozzle is filled with water and immersed in
the oil and the water-oil interface is balanced right at the nozzle tip. While the PZT transducer is applied with a modulated alternative
current signal, the transducer generates acoustic waves, which transmit to the nozzle tip, then the water in the nozzle will extrude
and form microdroplets. (III) The microdroplet size is positively correlated to the acoustic actuation time (AT). (IV) The droplets
can be dispensed at different directions while the acoustic frequency changes. (b) The microdroplet size decreases as the acoustic AT
decreases from 10 to 0.5 ms. Scale bar: 100 pm. (c) At the acoustic frequencies of 116, 127, and 140 kHz, the droplets are directed
to the left, middle, and right of the nozzle tip, respectively. Scale bar: 100 um. (d) Combining the controls of both droplet size and
directions, the acoustic activated nozzle can regulate the microdroplet on-demand size and dispensing direction. Scale bar: 200 um.

(Keyence VHX-7000). And the diameters of droplets were  is conducted by the ABAQUS finite-element package with
obtained by analyzing the images using ImagelJ software. a linear perturbation-frequency module. Here, the model
consists of the PZT actuator, the glue layer and the cap-

illary tube. One side of the PZT actuator is applied to a

C. Numerical simulation fixed boundary condition. The glue part bonds the capillary

teristics of the system, the modal analysis of the device  capillary tube, and its thickness is 0.1 mm, the geometry
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FIG. 2. The hydraulic pressure regulation setup for controlling the water-oil interface. (a) The hydraulic pressure is regulated based
on the height difference between the water-air interface and the oil-air interface. (b) The flow rate of the nozzle filament (water)
increases as the height difference increases. (c)}—<e) By tuning the height difference, the position of the water-oil interface can be
controlled. (e) At the critical state, the water-oil interface stabilizes at the nozzle tip, where acoustic waves can activate the droplet

generation. Scale bar: 1 mm.

of the capillary tube is obtained via Keyence VHX-7000
microscope measurements. The distance between nozzle
end and PZT is 15 mm. The vibration modes and nature
frequencies of the whole structure and capillary tip can
both be obtained.

Furthermore, to explore the mechanism of microdroplet
generation and dispensing, the numerical modeling of
acoustic streaming field was conducted with the finite-
element method (FEM) software COMSOL Multiphysics,
similar to a previously published method [50]. To simplify
the calculation, we used a two-dimensional model. And
the numerical simulation process consists of three steps.
First, the solid mechanics and pressure acoustics module
in the frequency domain was employed to solve the acous-
tic field produced by a piezoelectric plate and propagating
along the nozzle. Then, the thermoviscous acoustics mod-
ule in the frequency domain was used to obtain the first-
order acoustic velocity fields, where the nozzle vibration
calculated from the last module was substituted as the

initial boundary conditions of the oil phase. Finally, the
body force calculated from the thermoviscous acoustics
module was substituted to the laminar flow module to cal-
culate the acoustic streaming profile (more detail of the
numerical simulation can be seen within the Supplemental
Material [52]).

III. RESULTS AND DISCUSSION

The operation principle and the schematic of the setup
is shown in Fig. 1(a) I and II. The system consists of
a capillary nozzle, a PZT transducer, a hydraulic pres-
sure regulation reservoir filled with water, and a collec-
tion reservoir filled with oil. While the PZT transducer
is applied with an alternative current signal, the trans-
ducer generates acoustic waves, which transmit through
the capillary to the nozzle tip, the liquid in the nozzle
will be pumped out. When the modulated acoustic energy
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Acoustic controlled microdroplet generation. (a) While the acoustic is turned on, the induced acoustic streaming effect

extrude the water from the nozzle tip. (b) Numerical simulation shows the nozzle vibration actuated by the transducer. Scale bar:
1 mm. (c) Numerical simulation presents the acoustic streaming effect from the nozzle vibration. Scale bar: 1 mm. (d) The process of
droplet generating includes the water extrusion and pinch off while the acoustic is turned on and off, respectively. Scale bar: 50 pm.
(e),(f) The generated microdroplet size can be controlled by tuning of the actuation time [(¢) AT =5 ms; (f) AT = 0.5 ms]. Scale bar:

50 pm.

transferred to liquid phase, the intermitted acoustic stream-
ing occurred [51]. While the vibration is turned on, the
water is pumped out from the nozzle. And while the vibra-
tion is turned off, the extruded water will break into a
droplet due to the Laplace pressure. Therefore, the actu-
ation time of acoustic wave determines the amount of
water coming out from the nozzle, which is the size of the
formed droplets [Fig. 1(a) III]. Interestingly, we find that
the droplets translate to different directions while different
acoustic frequencies are applied on the capillary. As shown
in Fig. 1(a) IV, when the acoustic frequency changed, the
nozzle vibrates at different modes, thus inducing different
acoustic streaming profiles. The streaming flow will then
exert a draft force on the generated droplets at the noz-
zle tip then direct them to the corresponding directions. As
shown in Fig. 1(b) of experimental tests, by differing the
actuation time of 0.5 and 10 ms, the generated droplet has
a corresponding diameter of 79 and 208 pm, respectively.

We also find three acoustic frequencies at which the gen-
erated microdroplets are directed to the left, middle, and
right of the nozzle, respectively [Fig. 1(c)]. In combina-
tion of the droplet generation and steering, we demonstrate
generating droplets with on-demand sizes and steer them
immediately to different collection zones [Fig. 1(d)].

In order to adjust the water-oil interface located at the
nozzle tip, we used two reservoirs, respectively, contain-
ing water and oil and regulated the water-oil interface
by tuning their height difference. The schematic is shown
in Fig. 2(a). The water-oil interface was governed by
the gravity (G) and hydraulic pressure (/) produced by
the height difference between water-air and oil-air inter-
faces, capillary force (F¢,) produced by the capillary inter-
face, and the interfacial force (F,). Thus, while the other
properties keep constant, the positions of the water-oil
interface has a correspondence to the hydraulic pressure,
which is the height difference between water-air and oil-air
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FIG. 4. Results of microdroplet generation. (a) The relationship between droplet volume and actuation time under different input
voltages of 17.6 Vpp (black), 19.1 Vpp (red), 20.1 Vpp (blue), respectively. (b) Optical images show that the droplet diameters range
from 641 to 50 um at the different conditions of the actuation time and input voltages. Scale bar: 200 pm. (c) Size distribution of
generated droplets at various actuation time under the input voltage of 20.1 Vpp. The coefficients of variance are all below 2%.

interfaces (defined as H). As shown in Fig. 2(b), when the
H was larger than 5 cm, the water would come out from
the capillary, and the flow rate increased as H increased.
And the velocity reached 3.13 pl/min when the H was
7 cm. On the other hand, when the H was smaller than
—3 cm (negative symbol indicates that the water-air inter-
face was lower than oil-air interface), the oil entered the
capillary, and the flow rate was 0.72 pl/min when H was
set as —5 cm. Indeed, we also studied the process of the
flow through the time-lapse photos. From Fig. 2(c) when H
was 5 cm the water came out from the capillary, and when
the gravity exceeds the capillary force the water would fall
in the form of water droplets. And as shown in Fig. 2(d),
when H was —3 cm, the oil entered the capillary. As above,
the optimized H was between —2 and 4 cm, because the
liquid level was stable in this interval [Fig. 2(e)].

After locating the position of water-oil interface at the
nozzle tip, we studied the process of acoustic activated
droplet generation. A FEM simulation shows that there is
vibration along the axial orientation of the capillary while
external acoustic source is applied [Fig. 3(b)]. Then inter-
nal fluid was subjected to the centrifugal force generated
by the oscillating motion of the capillary tip, and thus was

pumped out of the tip. Moreover, the vibrating capillary
led to acoustic streaming in the oil phase [Fig. 3(c)], which
extruded the water phase out of the nozzle tip. We exper-
imentally verified the principle of the droplet generation
process. As shown in Fig. 3(d), the process includes two
parts: pumping and pinch off. When the acoustic was on,
the water can be constantly pumped out from the capillary.
Under high-speed microscopy, the shape of the droplet
driven by vibrating nozzle tip was captured. The acous-
tic streaming flow dragged the extruded water phase to a
spheroid with a thin connection to the nozzle tip [Fig. 3(d)],
of which the thickness gradually decreases as close to the
tip of the nozzle tip. When the acoustic was off, the thin
connection broke up due to Laplace pressure and formed a
discrete microdroplet.

As shown in Figs. 3(e) and 3(f), when the modu-
lated acoustic wave was applied on the nozzle, discrete
monodisperse microdroplets were generated. In Fig. 3(e),
we set the actuation time as 5 ms. The water at the noz-
zle tip was pumped out from the capillary from 0 to 5 ms.
At 5 ms, the acoustic signal was turned off, and then the
pinch off occurred immediately, resulting in droplet gen-
eration. From 5 to 10 ms, the acoustic signal was off,
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Acoustic controlled microdroplet dispensing. (a) The microdroplet can be dispensed at different directions while the acoustic

frequency changes. (b) Droplet size and direction in relation to acoustic frequency and actuation time. (c) Numerical simulation of
the different acoustic streaming profiles with varied acoustic frequency and maximum velocity magnitude (left: 115 kHz, max: 80 um
s~!, middle: 125 kHz, max: 700 um s~!, right: 134 kHz, max: 250 um s~!). Scale bar: 200 um. (d),(¢) Combining the controls of both
droplet size and directions, the droplets with on-demand sizes can be dispensed to the required collection zones, respectively. Scale

bar: 100 pm.

thus the acoustic streaming stopped and there was no
water extruding from the nozzle tip. This process repeated
and continuously generated monodisperse microdroplets.
When the actuation time decreased to 0.5 ms, a simi-
lar series of process was recorded [Fig. 3(f)], but with
a smaller droplet size due to decreased water amount at
each actuation period. When the actuation time was at
500 ms, the droplets fell due to gravity before the acoustic
actuating ended; when the actuation time was short as
0.2 ms, it did not generate droplets. Thus, we chose the
range of 0.25-250 ms for this study, at which it can

produce droplets stably. This correspondence between
droplet size and the acoustic actuation time allows size
control of the microdroplet generation.

Besides acoustic actuation time, the droplet size might
also be determined by the acoustic amplitude. We chose a
voltage ranging from 17.6 to 20.1 Vpp, because it can pro-
duce droplets in a stable way across a wide range of actu-
ation times. When the voltage was below this range, the
vibration induced centrifugal force was not able to induce
droplet generation, while we ran the short actuation time
(0.25 ms). When the voltage was above this range, the high
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pumping pressure will cause the jetting mode leading to
nonuniform droplets. The increase of vibration amplitude
leads to a larger centrifugal force for forming the droplet.
It also increases the acoustic streaming intensity, which
pumps out more fluid from the nozzle. Thus, the increase
of amplitude results in larger droplets under the same actu-
ation time. As shown in Fig. 4(a) and Table S5 within the
Supplemental Material [52], we studied the relationships
between droplet volume and actuation time under differ-
ent input voltage. At an input voltage of 20.1 Vpp, when
the actuation time was tuned from 250 ms (two droplets
per second) to 0.25 ms (2000 droplets per second), the
droplet volume changed from 138 +4.8 to 113 £8 pL.
Besides, when the actuation time was fixed at 250 ms, the
droplet volume changed from 103 to 138 nL if the volt-
age changed from 17.6 to 20.1 Vpp. In addition, we found
a linear relationship between the volume and droplet gen-
eration rate as verified within the Supplemental Material
[52]. Besides, for fluids with different alginate concen-
trations of 0.5, 1, and 1.5%, the corresponding dynamic
viscosity is 6.09, 12.71, 24.59 mPa.s. We can also find
that the linear relationship between the volume and rate
of droplet generation as shown in Fig. S1 within the Sup-
plemental Material [52]. The bigger viscosity of the liquid
results in smaller droplets under the same actuation time.
Moreover, we find that the culture fluid (DMEM, low glu-
cose) can also control the generation of droplets, as shown
in Fig. S3 within the Supplemental Material [52]. Cor-
respondingly, Fig. 4(b) presented the optical images of
droplets formed as a function of varying voltages and actu-
ation time. When the actuation time was fixed, higher input
voltage produced larger droplets; on the other hand, when
the input voltage was fixed, longer actuation time gener-
ated smaller droplets. By modulating these two parameters,
droplet diameter could be tuned from a maximum value of
641 pm (20.1 Vpp, 250 ms) to less than 50 um (17.6 Vpp,
0.25 ms). The droplet volume accordingly ranged from
67 pL to 138 nL. The coefficient of variations (CVs) of the
droplet diameters that produced under all conditions were
less than 2% [Fig. 4(c)], reflecting outstanding droplet
monodispersity.
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Alternant same-size droplet generation and dispensing based on the acoustic actuation of controlled frequencies and

In addition to the generation of droplets, the acoustic
streaming flow can also be exploited to direct the droplets
into different positions in a controlled manner. As shown
in Fig. 5(a), a multiwell reservoir was placed in the contin-
uous phase, the direction of droplet can be changed from
left to right by changing the input acoustic frequency. With
different acoustic frequency, the vibration mode of the noz-
zle differs, inducing the corresponding acoustic streaming
flow profiles. Based on this mechanism, we can control the
directions of the droplets dispensing by tuning the acoustic
frequency. As shown in Fig. 5(b), while the acoustic fre-
quency was, respectively, setas 116, 127, and 140 kHz, the
microdroplets were correspondingly directed to left, mid-
dle, and right of the nozzle tip. These frequencies were
selected by experimental tests across a frequency sweep-
ing from 75 to 179 kHz with a step of 1 kHz. Moreover,
the correlations between the droplet size and the actuation
time stay positive along with different acoustic frequencies
[Fig. 5(b)]. Numerical simulations revealed the acoustic
streaming profiles and vibration modes at different acous-
tic frequencies [Figs. 5(c) and S4 within the Supplemental
Material [52]]. Though the acoustic frequencies at the
simulations (115, 125, 134 kHz) slightly differs from the
experimental frequencies due to the parametric errors, the
simulated acoustic streaming profiles accord well with the
microdroplet dispensing directions shown in Fig. 5(d).
Based on the two control mechanism: actuation time-
controlled droplet size and acoustic frequency-controlled
dispensing direction, we realized an integrated acoustic
nozzle that can programmatically control the size and the
dispensing of the microdroplets. As a demonstration, we
generated 85-, 123-, and 102-pm droplets and directed
them, respectively, to the left, middle, and right of the noz-
zle tip [Fig. 5(e)]. Besides, the acoustic streaming profiles
can be changed with varied acoustic frequency under the
different viscosity (0.5% alginate) of the liquid as shown
in Fig. S2 within the Supplemental Material [52].

Moreover, based on the mechanism of acoustic
frequency-based droplet direction, we demonstrated alter-
nant microdroplet dispensing to the left and middle direc-
tion of the nozzle tip, as shown in Fig. 6. The pulsed
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acoustic signals of 115.5 and 128.5 kHz were alternately
applied to the transducer. The pulse widths kept con-
stant at 5 ms, while the amplitudes were, respectively,
22 and 13.2 Vpp. In such a condition, the droplets were
dispensed in separate directions but with the same size.
The capability of simultaneous generating and dispensing
the microdroplets makes it a potential tool for on-demand
droplet dispensing [29,36,48].

IV. CONCLUSION

In this work, we developed an acoustic actuated
microfluidic nozzle that integrates generating and dispens-
ing of microdroplets. It is cost effective and portable, which
consists of an acoustic source and a glass nozzle. Taking
advantage of the huge centrifugal force generated by the
vibration of the glass capillary and the optimized hydraulic
pressure, it can pump liquid with a precise acoustic switch.
After input a pulse modulation sinusoidal signal, uniform
droplet of the required controllable size can be obtained
by actively controlling the input voltage and actuation
time with high throughput (2000 droplets per second),
wide-range sizes (50—641 pum), and excellent monodis-
persity (CV under 2%). Furthermore, the system shows
the capability of on-demand microdroplet dispensing. By
controlling the acoustic frequency and actuation time of
system, droplets of different sizes can be deposited in
different reservoirs. Overall, we report an innovative sim-
ple setup for generating and dispensing microdroplets. The
simplicity and the low cost of the system has potential
for miniaturization and integration of droplet manipulation
system, which will facilitate a variety of applications of
monodisperse microdroplets.
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