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Transition between stream and droplet regimes in a coflow is typically achieved by adjusting the
capillary numbers (Ca) of the phases. Remarkably, we experimentally evidence a reversible transition
between the two regimes by controlling exposure of the system to acoustic standing waves, with Ca fixed.
By satisfying the ratio of acoustic radiation force to the interfacial tension force, Caac > 1, experiments
reveal a reversible stream drop transition for Ca < 1, and stream relocation for Ca ≥ 1. We explain the
phenomenon in terms of the pinching, advection, and relocation timescales and a transition between
convective and absolute instability from a linear stability analysis [P. Guillot et al., Phys. Rev. Lett. 99,
104502 (2007)].
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A continuous stream of a fluid in contact with another
immiscible fluid can break into drops hallmarked by the
Rayleigh-Plateau instability [1,2]. The instability is a direct
consequence of the minimization of interfacial energy,
related to interfacial tension and hydrodynamic force [3].
In a confined system such as a microchannel, drops are
typically produced using a flow-focusing or T junction [4–
6]. Drop formation can occur either at the junction, as
observed in squeezing and dripping regimes, or down-
stream at the end of a liquid jet, as in the jetting regime [7–
9]. While the dripping regime is a consequence of absolute
instability, droplets in the jetting regime are produced
through convective instability [10,11]. At higher Ca of
the streams, growth of instability is suppressed as it gets
entirely convected downstream resulting in the parallel
flow regime and droplets are not formed [9,12]. The
transition from the stream to the droplet regime and vice
versa is typically achieved by adjusting the flow rate,
consequently modifying the Ca of the phases [4]. However,
the transition between the regimes achieved by altering the
Ca inherits a longer time delay due to the response time of
the fluidic system [13,14]. One means of generating drops
while operating at a higher and fixed Ca, and achieving fast
reversible transition between stream and droplet regimes
would be to trigger the system with an external perturba-
tion. Acoustic radiation force (ARF) due to standing bulk
acoustic waves (BAW) can relocate coflowing immiscible
streams [15,16] and introduce perturbation [14]. The
transition between stream and drop regimes by controlling
the acoustic field will be advantageous as it does not require
changing the Ca and therefore can offer a fast response
time. This would be of significant scientific interest, and
also of great value for technologies that require on-demand
and fast transition between the stream and drop regimes,

such as microfluidics [17,18], emulsification [19], and
encapsulation [20,21]. Despite great technological potential
and scientific as well as industrial interest in droplet
microfluidics, on-demand controlled generation of droplets
at high Ca and reversible transition between the stream and
drop regimes without altering the Ca have never been
demonstrated.
In this Letter, we report for the first time the observation

of a reversible transition between stream and droplet
regimes by exposing a coflow of immiscible liquids to a

FIG. 1. Schematic of acoustic-driven on-demand and reversible
stream–droplet (SD) transition: the establishment of a coflow
system between stream 1 and 2 requires capillary numbers of both
streams to be nearly the same Ca1 ≈ Ca2, for Ca1;2 < 1, with
acoustic impedance Z1 > Z2, by switching on the acoustic field,
satisfying acoustocapillary number Caac > 1, stream to drop
transition is observed, the reversal of drop to stream occurs by
switching off the acoustic field. Length of the jet is Lj, width of
the neck is wn and droplet diameter is d.
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standing BAW, without altering the Ca of the two phases
(Fig. 1). Here, Cai ¼ ðμiUi=γ12Þ, i ¼ 1, 2 respectively, for
streams 1 and 2, μi is the dynamic viscosity and Ui is the
average velocity of the corresponding phase, and γ12 is the
interfacial tension between the phases. We use a micro-
channel device with a coflow system and identify the
conditions for reversible transitions in terms of the Ca and
acoustocapillary number Caac ¼ ðEacΔZW=γ12Þ, where
Eac is the acoustic energy density [22], ΔZ ¼ ðZ1 −
Z2Þ=Zavg is the normalized acoustic impedance contrast,
Zavg ¼ ðZ1 þ Z2Þ=2, Z1 and Z2 are, respectively, acoustic
impedances of streams 1 and 2, andW is the channel width
[16,20]. We characterize stream drop transition and stream
relocation in terms of the Ca of the phases. We study the
growth and suppression of instability upon switching ON

and OFF the acoustic field, respectively in terms of the
variation of the width of the stream at the necking region
and jet length with time. We explain the regimes in terms of
the relevant timescales and a transition between convective
and absolute instability.
The experiments are performed using a silicon-glass

microfluidic device comprising two inlet channels of
250 μm width leading through a Y junction to an expanded
channel of 370 μm width, with channel depth 100 μm
throughout (see S1 in Supplemental Material [23]). The
angle of the Y junction is kept large (>110°) to avoid
localized radiation force and streaming effects [24,25]. As
silicon and glass are hydrophilic, to facilitate the produc-
tion of aqueous droplets, channels are chemically treated
[26]. A pair of immiscible fluids are infused through the
inlets with a syringe pump to establish a stable coflow. The
different combinations of fluids used and their properties
are presented in Tables S1 and S2 in Supplemental Material
[23], which includes Refs. [27–29]. Surfactants [30,31] are
used to control interfacial tension (IFT) between the phases,
measured using the pendant drop method. In a given pair,
the stream of higher acoustic impedance is taken as the
inner phase, i.e., stream 1, and that of lower acoustic
impedance forms the outer phase, i.e., stream 2. Standing
BAW is produced in the expanded channel by actuating a
PZT transducer bonded [32] to the bottom of the device at
0–28 Vp-p and frequency range 1.9–2.3 MHZ, depending
on the fluid combination [33], using an amplified rf signal
from a function generator. By maintaining the half-
wavelength equal to the channel width, a standing wave
is formed with its node at the center of the channel and
antinodes at the side walls. For each pair of fluid, the
acoustic energy density is obtained experimentally (see S2
in Supplemental Material, which includes Refs. [34,35]).
The system is imaged with a high-speed camera through a
microscope.
A stable coflow with a flat interface is established by

maintaining, Ca1 ≈ Ca2, with Ca1;2 ≥ 0.01, as indicated by
the “coflow regime” in Fig. S1 (see S3 in Supplemental
Material, which includes Ref. [36]). For Ca1;2 < 0.01 and

Ca1 ≠ Ca2, owing to hydrodynamic instability, stream 1
forms a jet from which liquid droplets or plugs are
produced [4] (see S2 in Supplemental Material [23]).
The critical Ca in the present case is one order of magnitude
smaller compared to the transition Ca ≈ 0.1 between
threading and jetting regimes in a flow-focusing device
[4], which can be attributed to the vicinity of the stream 1 to
channel wall that tends to dampen perturbations [37]. The
width of stream 1 depends on flow rate ratios as w1 ∼
ðQ1=Q2Þ0.5 (see Fig. S3). When such a coflow system is
exposed to standing BAW, the dynamics will depend on
acoustic impedance contrast between the streams, ΔZ ¼
ðZ1 − Z2Þ [16]. If ΔZ ¼ 0, or, ΔZ ≠ 0 and acoustocapil-
lary number, Caac < 1, the native flow configuration will be
maintained. However, if ΔZ ≠ 0 and Caac > 1, stream 1,
having a higher acoustic impedance will relocate to the
nodal plane at the center of the channel, owing to the ARF
acting at the interface between the liquids. When we
exposed a coflow system of aqueous glycerol (80%) and
mineral oil with ΔZ > 0 and Caac > 1, for Ca < 1,
strikingly, we observed the aqueous stream breaks into a
continuous stream of droplets [Fig. 2(a) and Supplemental
Material [23], Movie 1]. The droplets migrate to the
channel center owing to the ARF [20]. Upon switching
off the acoustic field, the streams return to their native
coflow configuration. So, we observed reversible stream
drop (SD) transition simply by tuning the acoustic field ON

and OFF without altering the original flow condition, or the
Ca. On the other hand, for Ca > 1, stream 1 does not break
and instead relocates to the channel center as a liquid thread
[see Fig. 2(b) and Supplemental Material [23], Movie 2].
The streams regain their native configuration when the
acoustic field is turned off, depicting reversible stream
thread (ST) transition. Similar results were obtained with
other fluid combinations satisfying the above conditions.
When the coflow system shown in Fig. 2(a) is exposed to

standing waves, with ΔZ > 0, Caac > 1, and Ca < 0.5, we
observe perturbations along the interface, as shown in
Fig. 3(a)(i). There is a spatiotemporal variation in the width

(a) (c)

(b)

FIG. 2. Experimental images showing reversible (a) stream drop
(SD) transition, for Ca1;2 < 1 and Caac > 1, Movie 1, (b) stream
thread (ST) trasition, for Ca1;2 > 1 and Caac > 1, Movie 2. Stream
1: Aqueous glycerol (80%), Stream 2: mineral oil. (c) SD and ST
regimes for the different combinations of fluids as streams 1 and 2
presented in Supplemental Material, Table S1 [23].
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of streams, with amplitude growing with time, eventually
resulting in pinching of the stream [Fig. 3(b)(i)]. The stream
breaks into droplets leaving a jet whose length decreases
with time until a spatially steady jet of a fixed length is
established [Fig. 3(c)(i)]. The length of the steady jet is
found to be proportional to Ca of the streams, Lj ∝ Ca, in
agreement with literature [14]. The transition from stream
to droplet regime is attributed to propagation of instability
upstream, referred to as absolute instability [10]. The
spatial undulations at the tip of the jet leads to pulsing
of liquid in the form of a liquid bulb toward the center of the
channel and then to droplet pinch-off (see Supplemental
Material, Movie 1 [23]). The jet exhibits an oscillation
pattern similar to capillary wave-induced oscillation due to
surface tension gradient [38] that controls its thickness at its
neck [Fig. 3(b)(i)]. Immediately after pinch-off, marked by
“po,” the thickness of the neck increases linearly with time,
exceeds the native stream width, and attains a maximum
value, marked by “max.” Then it decreases linearly with
time, falls below the original stream width, and finally goes
to zero just when pinch-off occurs. When the acoustic
field is turned off, an opposite scenario is observed

[see Fig. 3(a)(ii)]: amplitude of neck thickness decreases
with time [Fig. 3(b)(ii)], and jet length increases with time
[Fig. 3(c)(ii)]. The neck travels downstream at a speed
equal to that of the stream indicating that instability is
convected downstream, returning to the stream regime. The
transition from droplet to stream regime is attributed to the
transition from absolute to convective instability wherein
instability is carried downstream by the flow and does not
perturb the system. When the coflow system in Fig. 2(b) is
exposed to sound waves, with ΔZ > 0, Caac > 1, and
Ca > 1, we observe the high impedance stream relocates to
the channel center as a liquid thread and is surrounded by
the continuous phase. Although the interface between the
streams appears to be undulated owing to the instability
arising from the ARF, the coflow configuration is main-
tained indicating the existence of convective instability [see
Fig. 2(b) and Supplemental Material [23], Movie 2]. Upon
switching off the acoustic field, the streams regain their
initial coflow configurations with both streams flowing
closer to the side walls.
First, we evaluated the possible role of acoustic stream-

ing on the instability and found that streaming has a
negligible effect on the stream breakup and relocation
phenomenon (see S12 in Supplemental Material [23]). The
acoustic radiation pressure (ARP) acting on the fluids is of
the order fp ≈ ΔhpL

2 i ∼ 10 Pa, whereΔhpL
2 i represents the

mean Lagrangian pressure difference across the interface
(see S10 in Supplemental Material [23], which includes
Refs. [39–43]). The streaming induced shear stress (SIS) is
scaled as η∇vR ≈ ηvR=δ, where vR is the streaming velocity
and δ is the size of the streaming vortex, which is defined as
the orthogonal distance from the boundary to the center of
the vortex [25]. From simulations (see Supplemental
Material S11 for the numerical model, which includes
Refs. [44–49] and S12 for acoustic streaming effect, which
includes Refs. [17,43,47,50]), we get vR ∼ 10−5 m=s and
δ ∼ 10 μm. So the ratio of the ARP to SIS scales as ∼103,
suggesting we can safely neglect the SIS. Further, our
simulation results (see Supplemental Material S13 for
numerical model, which includes Refs. [51–53], and S14
for simulation results) for the stream breakup by consid-
ering ARP and neglecting streaming effects reinstate that
here the droplet breakup phenomenon is indeed driven by
the ARP force. Here, Bo ≪ 1 and Reynolds number
Re ≪ 1, so the gravitational and inertial forces are also
negligible. So we note that ARF that tends to relocate the
streams, deforms the interface and triggers the initial
perturbation, and the interfacial dynamics is governed by
the interplay of ARF, IFT, and viscous forces. We note
that Kelvin-Helmholtz (KH) instability and pressure pulse-
induced instability are suppressed (see S8 in Supplemental
Material, which includes Refs. [54–58]). IFT amplifies the
initial perturbation which can then lead to the destabiliza-
tion of the interface attributed to the Rayleigh-Plateau
instability [9,10].

(a)

(b)

(c)

FIG. 3. (a) Experimental images showing the growth and
suppression of instability upon switching (i) ON and (ii) OFF

the acoustic field, respectively. (b) Variation of the dimensionless
width of the stream, w� ¼ ðwn − w1Þ=w1, at the necking region
with time, when the acoustic field is turned (i) ON and (ii) OFF.
(c) Variation of dimensionless jet length, L� ¼ ðLj=WÞ, with
time, when the acoustic field is switched (i) ON and (ii) OFF.
Stream 1: Aqueous glycerol (80%) at flow rate 5 μL=min,
Stream 2: mineral oil at flow rate 35 μL=min, applied voltage
16.1 Vpp, and frequency 2.1 MHz.
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We explain the coflow and droplet regimes in terms of
the (i) pinch-off timescale τpo ∼ ðμ1w1=γ1Þ which repre-
sents how fast the interface is pinched, (ii) advection
timescale τad ∼ ðW=UavÞ, whereUav is the average velocity
of the phases, and (iii) acoustic relocation timescale,
τre ¼ ðμW=Eaclρ̂Þ, where μ is the average viscosity, ρ̂ is
the normalized density contrast, and l ≈ 0.02 times the
channel width (W) [59]. The ratio of the pinch-off and
advection timescales gives Ca ¼ ðτpo=τadÞ. We find all
cases that exhibit droplet regime, τpo ∼ 10–100 ms and
τad ∼ 100–1000 ms, which gives Ca < 1. Since τpo < τad;
stream 1 gets pinched completely. Herein, IFTamplifies the
perturbation to minimize surface energy and viscosity fails
to dissipate the same, and flow is not adequately fast for the
disturbance to get convected downstream. Collectively
these effects result in the rapid growth of instability lead-
ing to stream breakup and droplet production. Here,
τre ∼ 100 ms, and τpo < τre < τad, so before the stream
relocates to the channel center, pinch-off takes place at a
short distance from the channel inlet producing droplets
[Fig. 2(a)]. Further, the acoustic migration timescale,
τac ∼ ðμ2W=d2EacΦkÞ ∼ 10 ms < τad, so droplets migrate
to the nodal plane within a short distance after pinch-off
region. In contrast, in all cases exhibiting stream relocation,
τpo ∼ 100–1000 ms and τad ∼ 100 ms, which gives Ca > 1.
Here, τre < 100 ms and τpo > τad > τre, so instability is
either suppressed by viscosity and/or convected down-
stream due to a faster flow thereby preventing stream
breakup, and the stream relocates to the nodal plane within
a short distance from the channel inlet [Fig. 2(b)]. In the
limit of Caac ≪ 1, we find that τre ≫ τpo, τad and stream
remains unperturbed for Ca > 0.01. For Ca < 0.01, τpo ≪
τad and breakup occurs even without the acoustic pertur-
bation (see Fig. S2 in Supplemental Material [23]).
Next, we verify the interpretation of our experimental

results from a linear stability analysis [60,61]. Stream 1,
which tends to relocate to the channel center, is surrounded
by stream 2 and therefore we can approximate the flow
configuration to be coaxial, wherein the stability is gov-
erned by the sign of the velocities (ṽ�∓) given as [60,61]
ṽ�∓ ¼f½Caβ3Gðβ;ξÞ∓ κFðβ;ξÞ�=½β9ð1−ξ−1Þ−ξ5�g. Here,
β ¼ ðw1=w2Þ, w1 and w2 are the width of stream 1 and
stream 2, respectively, ξ ¼ ðμ1=μ2Þ, μ1, and μ2 are the
viscosities of the stream 1 and stream 2, respectively,
κ ≈ 1.622 is a constant [60,61], Gðβ;ξÞ¼−4βþð8−
4ξ−1Þβ3þ4ðξ−1−1Þβ5, and Fðβ;ξÞ¼β4½4−ξ−1þ4lnðβÞ�þ
β6ð−8þ4ξ−1Þþβ8½4−3ξ−1−ð4−4ξ−1ÞlnðβÞ�. The above
expression is obtained from the resulting dispersion equa-
tion by considering the spatiotemporal variation of per-
turbations varying as eðikxþωtÞ, with k ¼ ðkr þ ikiÞ, and
ω ¼ ðωr þ iωiÞ. The velocities ṽ�þ and ṽ�− correspond to
the maximal growth rate ωr and extremal velocity of the
envelope of the perturbation, v ¼ ðωr=kiÞ. The sign of ṽ�þ
indicates whether the stream is stable or unstable. If ṽ�þ < 0
the stream is linearly stable, and for ṽ�þ > 0, perturbation

grows leading to instability. The sign of ṽ�− governs the
nature of the instability: if ṽ�− < 0, disturbances also travel
upstream and the stream becomes absolutely unstable, and
if ṽ�− > 0, instability is convective as disturbances are
convected downstream, and ṽ�−ðCa; β; ξÞ ¼ 0 represents a
transition between the two regimes. Herein, for all values of
Ca, β, and ξ, ṽ�þ > 0, so perturbation grows leading to
instability. We find that for Ca < 1, wherein stream droplet
(SD) transition occurs, ṽ�− < 0, indicating absolute insta-
bility. On the other hand, ṽ�− < 0 for Ca > 1, which
indicates that the instability is convected downstream
preventing stream break up and resulting in stream relo-
cation (SR). The experimental data obtained for the differ-
ent ξ, β, and Ca are presented on a ðβ; ξÞ plane with respect
to the ṽ�−ðCa; β; ξÞ ¼ 0 lines for Ca ¼ 1.0 (Fig. 4).
Strikingly, we observe that the large set of data collapses
well corresponding to the SD transition and SR regimes, as
can be seen by the grouping of the symbols.
In stream drop transition, while breaking of initial stream

results in nonuniform drops, once a spatially steady jet is
established, uniform drops are produced (see Supplemental
Material, Fig. S5 and Movie 1 [23]). The droplets are in the
size range 100–200 μm, and produced at ∼500 drops per
second. Since coflow condition requires Ca1 ≈ Ca2 and, the
size of the drops (d) is proportional to the stream width
(w1), by equating the Ca of the streams just upstream of the
breakup region, and approximating the droplet diameter
as the stream width and width of the continuous phase
is very close to the channel width, we get ðd=WÞ∼
ðμ1=μ2Þ1=2ðQ1=Q2Þ1=2. This simple scaling for droplet
diameter is in remarkable agreement with experimental
data (see Fig. S4). From experiments, we find that drop
diameter depends on the ratio of flow rates and viscosities
of streams, and is independent of the acoustic energy, given

FIG. 4. The line representing the transition between the
absolute and convective instability, i.e., ṽ�−ðCa; β; ξÞ ¼ 0 for
different values of β and ξ and fixed Ca ¼ 1, which demarcates
the stream drop (SD) and stream thread (ST) regimes.
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Caac > 1. The droplets migrate to the channel center mainly
due to the ARF, since the noninertial lift force [20] is much
smaller compared to the ARF (see S9 in Supplemental
Material [23]) and the acoustic streaming effect is negli-
gible (see S15 in Supplemental Material, which includes
Refs. [20,35,36,62–66]). The droplets can be isolated into a
separate outlet compared to the continuous stream by
satisfying the condition τac ≪ τad and designing the outlet
channels such that the streamline passing through the center
of the channel runs into the droplet isolation outlet (see
Fig. S6 in Supplemental Material [23]). The droplets can
contain particles, as shown in Fig. S7, which opens up the
possibility of applying the technique for particle handling
in microfluidics-based assays. Further, we find that the time
required to achieve stream drop and drop-stream transition,
from the time instant the acoustic field is turned on and off,
respectively, is only ∼10 ms, so we achieve fast fluid
handling. In contrast, the time required to achieve the above
transition by varying the Ca of the phases is >100 ms (see
S16 in Supplemental Material [23]). A much slower
response (by more than one order) observed in the latter
case is attributed to the response time of the fluidics system
due to its inherent fluid capacitance.
In summary, we studied a reversible transition between

stream and droplet regimes in a coflow system by tuning its
exposure to acoustic waves at a fixed Ca. Given acousto-
capillary number, Caac > 1: for Ca < 1, perturbation due to
the acoustic force grows leading to absolute instability and
droplet formation, and for Ca > 1, the instability is con-
vected downstream preventing droplet formation, and
stream relocation is observed. The technique offers means
of tuning from stream to droplet mode on demand, which
can find applications in microfluidics, emulsification, and
encapsulation.
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