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Abstract

On-demand droplet formation is of crucial importance to the engineering applications of
droplet microfluidics. This work presents an experimental investigation on active control of
droplet formation using stacked piezoelectric actuators. Two stacked piezoelectric actuators
are placed adjacent to the continuous phase channel, producing periodic excitations on the
continuous phase flow. It is found that droplet formation greatly depends on the excitation
frequency and voltage. Droplet formation synchronizes piezoelectric excitation at a small
excitation frequency, i.e., droplet formation frequency equals excitation frequency and
its subharmonics. Beyond a critical value of the excitation frequency, a neglected effect
of excitation frequency on droplet generation is observed. The droplet generation fre-
quency could be increased up to ~2.6 times that without excitation. The droplet generation
frequency exhibits a stepwise increase with rising excitation voltage. When the droplet
formation frequency equals the excitation frequency, droplet formation undergoes filling,
necking, and pinching-off. When the droplet formation frequency is half of the excitation
frequency, additional refilling and re-necking stages are observed. The regime diagram of
the droplet formation frequency in the synchronization mode is presented. The scaling of
the generated droplet length is deduced. Since periodic excitations are employed on the
continuous phase flow, the proposed active control method could minimize the detrimental
impact on biochemical reagents within droplets.

Keywords: droplet formation; active control; on-demand droplet generation; piezoelectric
actuators; microfluidics

1. Introduction
Droplet microfluidics has emerged as a fascinating tool across a wide range of fields,

such as single-cell analysis [1–3], protein aggregation [4–6], and drug delivery [7–10]. It
enables massive production of microscale droplets from immiscible fluids, which is benefi-
cial to the manipulation of small-volume reagents in isolated compartments [10–13]. One
of the key requirements for droplet microfluidics is on-demand production of monodis-
persed droplets, which is crucial to the quantitative analysis of biochemical reactions and
programmable synthesis of nanoparticles [8,13].

Many microfluidic devices have been developed to generate uniform droplets, both pas-
sively and actively. Passive devices produce droplets through innovative design of channel ge-
ometries, including T-junctions [14–21], co-flowing channels [22], and cross-junctions [23–30].
Once passive devices are fabricated, the droplet size can be altered by adjusting the flow
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rates of the dispersed phase and continuous phase fluids. However, the response time can
be quite long, e.g., several or even tens of minutes [8,29,31]. Due to the simplicity of pas-
sive methods, the flow physics behind droplet formation has been extensively investigated.
Several modes of droplet formation have been revealed, including squeezing, dripping and
jetting [23,27,28,32–38]. Channel confinement, also referred to as the squeezing mechanism,
is responsible for droplet generation in squeezing mode [35,39,40], while Rayleigh–Plateau
instability is the dominant mechanism for other modes [8,32,41].

In comparison with passive approaches, active methods have faster response and
higher uniformity. Droplet formation in active devices can be adjusted by employing
external actuators, which can be classified as electrical, magnetic, thermal, mechanical,
and acoustic [8,31,42]. Electrical devices apply high-voltage (~10 kV) electric fields on the
dispersed phase, introducing an additional electric force on the liquid interface [43–46].
Permanent magnets or electromagnets could exert magnetic fields on ferromagnetic fluids,
generating ferromagnetic droplets [47,48]. Thermal methods employ a focused laser to
locally heat the fluids, which could change fluid viscosity and interfacial tension [31].
However, droplet formation in squeezing mode is less sensitive to temperature, since
pressure forces are much larger than viscous forces at small capillary number [31]. Me-
chanical approaches use membrane valves or a mechanical vibrator to physically deform
the channel or introduce pressure fluctuations to the dispersed phase [31,49]. Acoustic
control integrates interdigitated transducers on the microfluidic chip, producing surface
acoustic waves (SAWs) [50,51]. The SAW imposes acoustic forces on the thinning neck
during droplet formation. Therefore, active control introduces additional excitation on
the interface between the dispersed and continuous phases, manipulating the production
of monodispersed droplets. However, most of the active actuators are exerted on the
dispersed phase, which may impair the bioactivity of the reagents.

Previous numerical investigations [52,53] have shown the feasibility of active droplet
generation with pulsatile flow of the continuous phase. In this work, we present an
experimental achievement for continuous phase perturbations. Two stacked piezoelectric
actuators are used to exert excitations on the continuous phase. The proposed active
method could achieve on-demand control of droplet formation, minimizing the detrimental
impact on biochemical reagents within droplets. The dependence of droplet formation on
excitation frequency and voltage is explored at various flow rates of the dispersed phase.
The droplet generation frequency and size in synchronized regimes are analyzed. Then,
the droplet formation process and physical mechanism in different synchronized regimes
is discussed. Finally, we present the regime diagram of the droplet generation frequency
and the scaling equation of the generated droplet length.

2. Experimental Methods
2.1. Design of the Microfluidic Device

A schematic diagram of the microfluidic chip with piezoelectric actuators is shown in
Figure 1. It consists of three inlets, a cross junction, two excitation chambers and an outlet.
The microfluidic channel has a depth and width of h = w = 200 µm. The continuous phase
is injected through inlet 1, while the dispersed phase flows through inlet 3. The droplets are
generated at the cross junction of the microfluidic chip. Two piezoelectric actuators with
shells are placed into two chambers, which are connected to the continuous phase channels.
Each excitation chamber has a diameter of 6 mm, and the chamber center has a lateral
displacement of L1 = L2 = 5 mm away from the cross junction. Before experiments, the
continuous phase fluid is also injected into the excitation chambers through inlet 2 to fully
drain the air. The polymethyl methacrylate (PMMA) chip is fabricated by a high-precision
CNC machine (DA-600T, OSDIOU, Dongguan, China).
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Figure 1. (a) Schematic assembly and (b) photograph of the microfluidic chip with stacked piezoelec-
tric actuators.

The assembly of the piezoelectric actuators on the microfluidic chip is illustrated
in Figure 1a. Two stacked piezoelectric actuators (PSt100/1.65 × 1.65/5H, Coremorrow,
Harbin, China) are used for active control of droplet formation. Each actuator has a size of
1.65 mm × 1.65 mm × 5 mm and a maximum input voltage of 100 V. The piezoelectric stack
actuators are placed into two shells. Each shell has an upper cover and a circumferential
cover. The piezoelectric stack actuators are adhered to the upper cover and then assembled
into the circumferential cover. The waterproof silicone adhesive is used to seal the gap
between the piezoelectric stack actuator and the shell, to avoid liquid leakage. Finally, each
shell is mounted on the excitation chamber. As the piezoelectric stack actuators deform, the
fluid in the excitation chamber is pushed outwards or pulled inwards, producing pulsative
flow in the continuous phase microchannels.

2.2. Experimental Setup and Fluid Properties

The experimental setup consists of two syringe pumps, a microfluidic chip, a signal
generator, a piezoelectric ceramic driver, a collector and an industrial camera, as shown
in Figure 2. Syringe pumps (LSP02-3B, Longer, Baoding, China) are used for the injection
of the dispersed and continuous fluids into the microfluidic chip. The signal generator
(SDG2122X, Siglent, Shenzhen, China) is employed to produce the sinusoidal signal. The
piezoelectric ceramic driver (HPV-3C0150A0500, Boshi, Suzhou, China) is used to amplify
the signal, driving the piezoelectric stack actuators synchronously and in phase. Under
the excitation of the piezoelectric actuators, active control of droplet formation at the cross
junction is achieved. The photographs of droplet formation under each excitation were
captured for 30 s using an industrial camera (GP-660V, Gaopin, Suzhou, China). The
droplet generation frequency is determined by synchronization of the adjusted camera
frame rate and droplet movement. The droplet length is measured by the software ImageJ
(version: 1.52a) and averaged every five sequential droplets.
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Figure 2. Photograph of the experimental setup.

To achieve periodic excitations in this work, a sinusoidal signal is used to drive the
piezoelectric stack actuators, which can be expressed by

E(t) = E0sin(2πf et) + E0 (1)

where E0 and f e denote the excitation voltage and frequency, respectively. t represents
the time.

The axial displacement ε(t) of the piezoelectric stack actuator can be described by

ε(t) = ε0sin (2πf et) + ε0 (2)

where ε0 = d33E0, and d33 is the effective displacement coefficient, d33 = 4.19 × 10−8 m/V,
provided by the supplier (Coremorrow, Harbin, China).

The motion of the piezoelectric actuator leads to a change in the fluid volume in the
chamber, which can be expressed by

Ve(t) = ε(t)A = d33E0sin(2πf et)A + d33E0A (3)

where A is the cross-sectional area of the piezoelectric stack actuator.
The flow rate in the chamber caused by the piezoelectric excitation can be calculated by

Qe(t) =
dVe(t)

dt
= 2π fe Ad33E0 cos(2π fet) (4)

Thus, the flow rate in each continuous phase microchannel is given by

Qce(t)
2

=
Qc

2
+ Qe(t) =

Qc

2
+ 2π fe Ad33E0 cos(2π fet) (5)

where Qc is the flow rate at the inlet of the continuous phase. This fluctuation in the flow
rate of the continuous phase could change local force balance during droplet formation. As a
result, the droplet formation can be controlled by the excitation of the piezoelectric actuators.

The fluid properties of the dispersed and continuous phases are presented in Table 1.
The dispersed phase fluid used in this work is liquid paraffin (Aladdin, Shanghai, China)
with a density of 0.84 g/cm3 and a dynamic viscosity of 16.07 mPa·s, and the contin-
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uous phase is distilled water with a density of 1.0 g/cm3 and a dynamic viscosity of
0.89 mPa·s. The interfacial tension between the dispersed phase and the continuous
phase is 46.7 × 10−3 N/m. For droplet visualization, the dispersed phase was dyed with
0.02%w/w Solvent Blue (Macklin, Shanghai, China).

Table 1. Fluid properties of the dispersed and continuous phases.

Fluids Viscosity
µ (Pa·s)

Density
ρ (kg/m3)

Interfacial Tension
σ (N/m)

Liquid paraffin 16.07 × 10−3 0.84 × 103
46.7 × 10−3

Distilled water 0.89 × 10−3 1.0 × 103

3. Results and Discussion
3.1. Dependence of Droplet Formation on Excitation Frequency

Under the excitation of the piezoelectric actuators, droplet generation can be actively
manipulated. Figure 3 presents photographs of droplet formation at various excitation
frequencies. These photographs were chosen based on the variation tendency of droplet
formation. The flow rates of the dispersed phase and the continuous phase are fixed at
Qd = Qc = 700 µL/h. The piezoelectric stack actuators are driven with an excitation voltage
of E0 = 40 V. In the absence of piezoelectric excitation, droplets are formed with a length of
ld/w = 2.25 at a frequency of f d = 14 Hz. Once the piezoelectric actuators are driven with
an excitation frequency of f e = 10 Hz, droplets are produced at a frequency of f d = 10 Hz,
and the droplet length is 20.79% longer than that without excitation. When the excitation
frequency increases to f e = 20 Hz, smaller droplets with a length of ld/w = 1.77 are formed
at a frequency of f d = 20 Hz. At f e = 35 Hz, the droplet length is reduced to ld/w = 1.07,
which is roughly half that without excitation. The droplet generation frequency is still equal
to the excitation frequency of the piezoelectric actuators, i.e., f e = f d = 35 Hz. However,
as the excitation frequency further rises to f e = 45 Hz, droplets are formed at a frequency
of f d ≈ (1/2) f e. This indicates that one droplet is produced every two periods of the
excitation. The droplet length increases to ld/w = 1.63, due to the reduced generation
frequency. Further, at f e = 80 Hz, droplets are generated with a length of ld/w = 2.38 at a
frequency of f d = 13 Hz, which is roughly equal to that without excitation. Note that droplet
formation is mainly in squeezing mode. This is different from the numerical investigations
of active droplet formation with pulsatile flow [52], in which jetting and thread flow are
also observed. The difference can be ascribed to the low flow rates of the dispersed and
continuous phases used in this work.

Figure 4 presents the dependence of the droplet generation frequency on the ex-
citation frequency of the piezoelectric actuators at various flow rates of the dispersed
phase. Three flow rates of the dispersed phase are examined, including Qd = 500 µL/h,
Qd = 700 µL/h, and Qd = 1000 µL/h. The flow rate of the continuous phase is fixed at
Qc = 700 µL/h, and the excitation voltage is chosen as E0 = 40 V. Without excitation, the
droplet generation frequency varies from f d = 11 Hz to f d = 17 Hz with the increase in the
flow rate of the dispersed phase from Qd = 500 µL/h to Qd = 1000 µL/h (Figure 4a). Note
that 1/f d exhibits a linear relationship with w3/Qd, i.e., 1/f d = 1.12w3/Qd + 0.026. The
dimensionless droplet volume in a cross-junction has a linear scaling with the flow rate
ratio of the dispersed phase and the continuous phase [25,33], which is given by

Vd
w3 = α + β

Qd
Qc

(6)

where α and β are coefficients, which depend on the channel geometry and fluid properties.
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Figure 3. Photographs of droplet formation at various excitation frequencies (Qd = Qc = 700 µL/h,
E0 = 40 V).

Figure 4. Effect of the excitation frequency on the droplet generation frequency (Qc = 700 µL/h,
E0 = 40 V): (a) without excitation, (b) with excitation.

Based on mass conservation, the droplet volume Vd has a relationship with the flow
rate of the dispersed phase Qd and the droplet generation frequency fd, which can be
expressed by

Vd =
Qd
fd

(7)

By combining Equations (6) and (7), we have

1
fd

= α
w3

Qd
+ β

w3

Qc
(8)

Once excited, the droplet generation frequency f d presents a linearly rising tendency
with the increase in the excitation frequency f e before reaching a steady state. Specifically,
at small f e (8 ~ 80 Hz), the droplet generation frequency equals the excitation frequency
and its subharmonics, i.e., f d = f e, f d = f e/2, and f d = f e/3. This indicates that the droplet
generation frequency is synchronized with the excitation frequency. In contrast, the droplet
generation at large f e (>80 Hz) is independent of the excitation frequency. This is similar
to the findings in the investigation of droplet generation in co-flow with a mechanical
vibrator on the dispersed phase [49]. Beyond a critical frequency, the vibration frequency
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exhibits a weak effect on droplet generation [49]. In synchronization mode, the droplet
generation frequency equals the vibration frequency [49]. However, subharmonic fre-
quency synchronization is not observed in their work. Note that the maximal droplet
generation frequency is f d = 30 Hz at Qd = 500 µL/h, f d = 38 Hz at Qd = 700 µL/h, and
f d = 42 Hz at Qd = 1000 µL/h. This indicates that the droplet generation frequency could
be increased to ~2.6 times that without excitation. Moreover, all f d for three Qd fit well
in synchronization mode. This suggests that the droplet generation frequency could be
independent of the flow rate if the excitation frequency remains unchanged. Therefore, the
droplet generation frequency could be precisely controlled with excitations of the stacked
piezoelectric actuators.

Figure 5 presents the averaged value and standard deviation of the dimensionless
droplet length at various excitation frequencies. The flow rate of the continuous phase is
fixed at Qc = 700 µL/h and the piezoelectric stack actuators are driven with an excitation
voltage of E0 = 40 V. Without excitation, the droplet length exhibits a linear relationship with
the flow rate of the dispersed phase, i.e., ld/w = 0.65Qd/Qc + 1.58 (Figure 5a). This linear
scaling is consistent with numerical investigations of droplet generation in cross-junctions
with the lattice Boltzmann method [40]; the relationship between the dimensionless droplet
length and the flow rate ratio is given by

ld
w

= ε + φ
Qd
Qc

(9)

where ε and φ are the coefficients. The difference of the fitting coefficients between this
work and numerical investigations can be ascribed to the difference in channel geometry
and fluid properties.

Figure 5. Effect of excitation frequency on droplet length. (Qc = 700 µL/h, E0 = 40 V): (a) without
excitation, (b) with excitation.

With excitation, the droplet length for all Qd gradually decreases to a minimal value at
small excitation frequency and rises to a steady value for f e > 100 Hz. This indicates that the
excitation frequency has a significant effect on the droplet size at small excitation frequency.
The droplet length at Qd = 1000 µL/h reduces from ld/w = 3.95 at f e = 10 Hz to ld/w = 1.30
at f e = 42 Hz. The ascending tendency of the droplet length can be ascribed to the increase
in the droplet generation frequency (Figure 4b). The maximal and minimal droplet lengths
with excitation are 156.75% and 51.59% that without excitation, respectively. This indicates
that the droplet length could be adjusted over a large range at a fixed flow rate.
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3.2. Dependence of Droplet Formation on Excitation Voltage

The excitation voltage E0 determines the displacement of the piezoelectric stack ac-
tuators, which affects the fluctuation of the flow rate of the continuous phase. Figure 6
presents photographs of droplet formation at various excitation voltages. The flow rates of
the continuous phase and the dispersed phase at the inlets are fixed at Qc = Qd = 700 µL/h.
The excitation frequency is chosen as f e = 36 Hz, while the excitation voltage is varied from
E0 = 15 V to E0 = 40 V. It can be observed that the droplet length at an excitation voltage of
E0 = 15 V is ld/w = 2.89, which is the largest among the range of the examined voltages.
As the excitation voltage rises to E0 = 20 V, the droplet length reduces to ld/w = 2.06. The
droplet length remains roughly unchanged with the increase in the excitation voltage from
E0 = 20 V to E0 = 30 V. Further, at E0 = 35 V and E0 = 40 V, the droplet length becomes
ld/w = 1.23. Also, it is evident that the droplet generation frequency at E0 = 35 V and
E0 = 40 V is highest among the excitation voltage range of E0 = 15 V ~ 40 V. Therefore, it
can be inferred that the droplet length may exhibit a step reduction with the increase in the
excitation voltage.

Figure 6. Photographs of droplet formation at different excitation voltages (Qd = Qc = 700 µL/h,
f e = 36 Hz).

Figure 7 presents the dependence of droplet generation frequency on excitation voltage.
The excitation voltage is varied from E0 = 11 V to E0 = 49 V. Two excitation frequencies
are chosen, i.e., f e = 45 Hz and f e = 60 Hz. It can be observed that the droplet generation
frequency exhibits a step increase with the increase in the excitation voltage for both
f e = 45 Hz and 60 Hz. For example, under excitation at f e = 45 Hz, the droplet generation
frequency for Qd = 1000 µL/h rises from f d = 15 Hz at E0 = 11 V to f d = 22.5 Hz at E0 = 18.5 V
and then remains unchanged until E0 = 33.5 V. Further, the droplet generation frequency
increases to f d = 45 Hz at E0 = 41 V and 45 V. Note that the subharmonic synchronization of
f d = f e/2 occurs at E0 = 18.5 ~ 33.5 V for Qd = 1000 µL/h, E0 = 26 ~ 49 V for Qd = 700 µL/h,
and E0 = 41 ~ 49 V for Qd = 500 µL/h. The minimal voltage for f d = f e/2 reduces with the
increasing flow rate of the dispersed phase. Under the excitation of f e = 60 Hz, the droplet
generation frequency for Qd = 1000 µL/h is f d = 20 Hz at E0 = 11 ~ 26 V to f d = 30 Hz
at E0 = 33.5 ~ 49 V. With the increase in the excitation voltage, the disturbance on the
flow rate of the continuous phase is enhanced. The rising flow rate of the continuous
phase would accelerate the neck thinning rate in squeezing mode, under the effect of
the enlarged squeezing force [8]. As the excitation voltage increases beyond a critical
value, one droplet is formed from every three excitation periods to every two excitation
periods. As a result, the frequency synchronization varies from f d = f e/3 to f d = f e/2. In the
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numerical simulations of droplet formation with pulsatile flow of the continuous phase [52],
the droplet generation frequency remains unchanged with the increase in the excitation
amplitude. The step rising tendency is not observed in their work, which may be due to
the small width ratio of the continuous phase channel to the dispersed phase channel.

Figure 7. Effect of the excitation voltage on the droplet generation frequency (Qc = 700 µL/h).
(a) f e = 45 Hz, (b) f e = 60 Hz.

Figure 8 presents the average value and standard deviation of the dimensionless
droplet length at various excitation voltages. The flow rate of the dispersed phase is varied
from Qd = 500 µL/h to Qd = 1000 µL/h, and the droplet generation is excited at f e = 45 Hz
and f e = 60 Hz, respectively. It can be seen that the droplet length exhibits a step reduction
with the increase in the excitation voltage. Specifically, under excitation at f e = 45 Hz, the
droplet length for Qd = 1000 µL/h reduces from ld/w = 2.80 at E0 = 11 V to ld/w ≈ 2.02
at E0 = 18.5 ~ 33.5 V, and further decreases to ld/w ≈ 1.25 at E0 = 41 ~ 49 V. The droplet
length for Qd = 700 µL/h reduces from ld/w ≈ 2.09 at E0 = 11 ~ 18.5 V to ld/w ≈ 1.56 at
E0 = 26 ~ 49 V. The droplet length for Qd = 500 µL/h reduces from ld/w = 2.05 at E0 = 11 V
to ld/w ≈ 1.64 at E0 = 18.5 ~ 33.5 V, and further decreases to ld/w ≈ 1.26 at E0 = 41 ~ 49 V.
Under excitation at f e = 60 Hz, the droplet length for Qd = 1000 µL/h reduces from
ld/w ≈ 2.21 at E0 = 11 ~ 26 V to ld/w ≈ 1.64 at E0 = 33.5 ~ 49 V. With the increase in the
excitation voltage, the step reduction in the droplet length can be ascribed to the step
increase in the droplet generation frequency. In the numerical simulations of droplet
formation with pulsatile flow of the continuous phase [52], excitation amplitude has a
weak impact on droplet volume. In contrast, in the investigation of droplet formation with
the dispersed phase excitation, droplet volume rises linearly with excitation voltage [54].
The difference between the present work and previous studies may be ascribed to the
microchannel geometry and flow conditions.

3.3. Evolution and Mechanism of the Droplet Formation in the Synchronization Mode

The droplet length and generation frequency can be controlled by adjusting the ex-
citation frequency and the excitation voltage of the piezoelectric actuators. Within the
synchronization mode, the droplet generation frequency equals the excitation frequency
and its subharmonics, e.g., f d = kf e, where k = 1, 1/2, and 1/3. To explore the physical
mechanism behind this, the evolution of the droplet formation for the regimes of f d = f e

and f d = f e/2 is examined in this section.

https://doi.org/10.3390/mi17091069

https://doi.org/10.3390/mi17091069


Micromachines 2026, 17, 1069 10 of 17

Figure 8. Effect of the excitation voltage on the droplet length (Qc = 700 µL/h). (a) f e = 45 Hz,
(b) f e = 60 Hz.

Figure 9 presents sequential photographs of the droplet formation process at f e = 25 Hz
and f e = 40 Hz, corresponding to f d = f e and f d = f e/2, respectively. The flow rates of
the dispersed phase and the continuous phase are fixed at Qd = Qc = 700 µL/h, and the
excitation voltage is chosen as E0 = 40 V. Under excitation of f e = 25 Hz, droplet formation
undergoes three stages, i.e., filling, necking, and pinching-off. Note that the head of the
dispersed phase at the end of the filling stage fully blocks the continuous phase in the
cross-junction. The incoming flow of the continuous phase would squeeze the droplet
neck until the droplet is pinched off. This is similar to droplet formation in squeezing
mode without excitation [33,55,56]. However, there is a slight difference from the unexcited
counterparts in the filling stage, that is, the head of the dispersed phase expands into
two upstream channels of the continuous phase at the filling stage. This is due to the
reduced flow rate of the continuous phase in the descending stage of each excitation period.
Under excitation at f e = 40 Hz, the droplet generation frequency is half the excitation
frequency. This indicates that one droplet is generated every two periods of excitation. The
droplet generation undergoes five stages, i.e., filling, necking, refilling, re-necking, and
pinching-off. Note that there is a gap between the head of the dispersed phase and the
channel wall at the necking stage. This indicates that the head of the dispersed phase is not
large enough to block the continuous phase during the first period of the excitation. Thus,
the dispersed phase continues to fill the cross-junction. Further, the head of the dispersed
phase fully blocks the continuous phase at the refilling stage. As a result, the accumulated
pressure caused by the incoming flow of the continuous phase would squeeze the neck and
finally generate a droplet.

According to the Hagen–Poiseuille law, the flow rate Q in a microchannel is linearly
related to the pressure drop ∆p, i.e., Q = ∆p/Rh, where Rh is the flow resistance [57].
Therefore, the pressure change ∆pcj at the junction caused by the flow rate fluctuation could
be expressed by

∆pcj = Qe(t)Rhc = 2π fe Ad33E0Rhc cos(2π fet) (10)

where Rhc is the flow resistance along the continuous phase channel.
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Figure 9. Evolution of droplet generation in the synchronization mode (Qd = Qc = 700 µL/h,
E0 = 40 V). (a) f e = 25 Hz, f d = f e and (b) f e = 40 Hz, f d = f e/2.

The pressure change could lead to a variation in the flow rate of the dispersed phase
at the junction. Therefore, the total flow rate of the dispersed phase at the junction can be
calculated by

Qd(t) = Qd +
2π fe Ad33E0Rhc cos(2π fet)

Rhd
(11)

where Qd is the flow rate at the inlet of the dispersed phase, and Rhd is the flow resistance
along the dispersed phase channel.

If a droplet is generated at a frequency of f d, the droplet volume can be calculated by

Vd =
∫︂ 1

fd
0

Qd(t)dt =
∫︂ 1

fd
0

[Qd +
2π fe Ad33E0Rhc cos(2π fet)

Rhd
]dt (12)

In the synchronization mode, we have f d = kf e, where k = 1, 1/2, and 1/3. The result
of Equation (12) is given as

Vd =
Qd
fd

=
Qd
k fe

(13)

where the coefficient k depends on the excitation frequency and voltage. Equation (13)
indicates that the droplet volume is inversely proportional to the excitation frequency
in the synchronization mode. The change in k is due to the transition between three
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synchronization regimes, which may be responsible for the step variation of the droplet
length with the increasing voltage.

As shown in Figure 9, the head of the dispersed phase grows in the filling stage. If the
head volume could fully block the continuous phase, the droplet would eventually pinch
off. Therefore, the head volume Vhead should be larger than a critical value Vblock.

Vhead =
∫︁ ∆tfilling

0 Qd(t)dt =
∫︁ ∆tfilling

0 [Qd +
2π fe Ad33E0Rhc cos(2π fet)

Rhd
]dt

= Qd∆tfilling + γE0 sin(2π fe∆tfilling) ≥ Vblock

(14)

where ∆tfilling is the duration time of the filling stage, and the coefficient γ = Ad33Rhc/Rhd.
The sinusoidal function in the expression of Vhead suggests that the effect of the excitation
voltage is related to the excitation period. As E0 decreases beyond a critical value, such
that Vhead < Vblock, more excitation periods are required to block the continuous phase.
This is the reason why the droplet generation frequency exhibits step reductions with
decreasing excitation voltage. As f e increases, ∆tfilling reduces, and the first term Qd∆tfilling

in Equation (14) decreases. Once Vhead < Vblock, more excitation periods are required to
generate a droplet. This is responsible for the subharmonic phenomenon of the droplet
generation frequency and the excitation frequency. As the excitation frequency further
rises, the duration of each cycle is much shorter than the filling time of the dispersed
phase, and the effect of the excitation frequency becomes more weakened. As a result, the
synchronization mode is absent.

3.4. Regime Diagram of the Droplet Generation Frequency

As discussed in previous sections, droplet formation could be altered by controlling
the excitation voltage and frequency of the stacked piezoelectric actuators. When the
excitation frequency f e is below a critical value, the droplet generation synchronizes with
the piezoelectric excitations, producing monodispersed droplets. The droplet generation
frequency equals the excitation frequency and its subharmonics, i.e., f d = f e, f d = f e/2,
and f d = f e/3. The boundaries between these regimes depend on the excitation frequency
and voltage.

Figure 10 presents the regime diagram of the droplet formation frequency at different
flow rates of the dispersed phase. The excitation frequency varies from f e = 10 Hz to
f e = 65 Hz while the excitation voltage changes from E0 = 11 V to E0 = 42 V. It can be
observed that the droplet formation frequency under the excitations has three regimes,
i.e., f d = f e, f d = f e/2, and f d = f e/3. Although the boundaries among these regimes exhibit
a step increase with the rising excitation voltage, they could be approximately fitted with a
linear scaling. At Qd = 500 µL/h, the boundaries among the regimes of f d = f e, f d = f e/2
and f d = f e/3 are described by f e = 0.54E0 + 11 and f e = 0.64E0 + 23, respectively. The
boundaries among the three regimes at Qd = 700 µL/h are given by f e = 0.68E0 + 13 and
f e = 0.79E0 + 26 while those at Qd = 1000 µL/h are expressed by f e = 0.85E0 + 14 and
f e = 0.89E0 + 30. Therefore, the boundaries among each regime of the droplet generation
frequency can be roughly given by the scaling of f e = αE0 + β, where α and β depend on
the flow rate of the dispersed phase. To achieve good control of droplet formation using
piezoelectric actuators, it is suggested that the excitation voltage and frequency be chosen
to ensure a droplet generation frequency within the regime of f d = f e.
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Figure 10. Regime diagram of the droplet generation frequency in synchronization mode
(Qc = 700 µL/h).

3.5. Scaling of the Generated Droplet Length

For a long droplet travelling in a square microchannel, the relationship between the
droplet length ld and the droplet volume Vd can be approximately expressed by

Vd = χldw2 − ξ (15)

where χ and ξ are coefficients, and w is the channel width.
By substituting Equation (15) into Equation (7), we have

ld
w

= A
Qd

w3 fd
+ B (16)

where A = 1
χ and B = ξ

χw3 . This suggests that the dimensionless droplet length is
proportional to the flow rate of the dispersed phase and inversely proportional to the
droplet generation frequency.

Figure 11 presents a scaling of the dimensionless droplet length at various flow rates
of the dispersed phase. The flow rate of the dispersed phase increases from 500 µL/h to
1000 µL/h, and the excitation frequency varies from f e = 8 Hz to f e = 200 Hz. It can be seen
that all data collapse onto a linear scaling of ld

w = 1.01 Qd
w3 fd

+ 0.48. Note that the droplet
generation frequency is linearly related to the excitation frequency in the synchronization
mode, i.e., f d = kf e, where k = 1, 1/2, and 1/3. It is suggested that the piezoelectric actuators
be operated in the region of f d = f e, where the droplet generation frequency range is larger
than that in other regimes. Consequently, the generated droplet length can be adjusted
based on the scaling of ld

w = 1.01 Qd
w3 fe

+ 0.48.
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Figure 11. Scaling of the droplet length with the droplet generation frequency (Qc = 700 µL/h).

4. Conclusions
This work presents an experimental investigation on the active control of droplet

formation in a cross-junction with continuous phase excitations. Two stacked piezoelectric
actuators are placed adjacent to the continuous phase channels, producing flow fluctuations
of the continuous phase. The dependence of the droplet formation on the excitation
frequency and voltage of the piezoelectric actuators is examined in detail, and the evolution
of droplet formation in synchronization mode is unveiled. The main conclusions can be
drawn as follows.

(1) Droplet formation exhibits a dominant dependence on the excitation frequency
of the piezoelectric actuators. The droplet generation frequency f d is linearly related to
the excitation frequency f e in the synchronization mode, i.e., f d = kf e, where k = 1, 1/2,
and 1/3. Beyond a critical value, the effect of excitation frequency on droplet formation
can be neglected. The droplet generation frequency can be increased up to ~2.6 times that
without excitation.

(2) The droplet generation frequency exhibits a stepwise increase with the rising
excitation voltage. Correspondingly, the droplet length decreases in a stepwise manner
with the increase in the excitation voltage. The stepwise variations can be ascribed to the
transitions between synchronization regimes.

(3) Droplet formation under excitation is mainly in the squeezing mode. The evolution
of droplet formation for f d = f e includes three stages, i.e., filling, necking, and pinching-off.
In contrast, droplet formation for f d = f e/2 undergoes additional stages of refilling and
re-necking. This is because the head of the dispersed phase at the junction during the
first period of the excitation is not large enough to block the continuous phase.

(4) The regime diagram for the droplet generation frequency in synchronization mode
is presented. The boundaries among three regimes of f d = f e, f d = f e/2, and f d = f e/3
exhibit a step increase with the rising excitation voltage. In spite of this, the boundaries can
be approximately fitted by the equation f e = αE0 + β, where α and β depend on the flow
rate of the dispersed phase.

(5) Droplet formation can be effectively controlled in the synchronization mode. The
droplet length is proportional to the flow rate of the dispersed phase and inversely propor-
tional to the droplet generation frequency, given by a scaling of ld

w = 1.01 Qd
w3 fd

+ 0.48.
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In this work, the mass flow rate of the continuous phase, viscosity ratio, and interfacial
tension are fixed. Future work could investigate the effect of the capillary number, viscosity
ratio, and interfacial tension on the scaling law of droplet generation.
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